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Abstract
Objective

To determine the association between electroencephalographic seizure (ES) and electroen-
cephalographic status epilepticus (ESE) exposure and unfavorable neurobehavioral outcomes
in critically ill children with acute encephalopathy.

Methods

This was a prospective cohort study of acutely encephalopathic critically ill children undergoing
continuous EEG monitoring (CEEG). ES exposure was assessed as (1) no ES/ESE, (2) ES, or
(3) ESE. Outcomes assessed at discharge included the Glasgow Outcome Scale-Extended
Pediatric Version (GOS-E-Peds), Pediatric Cerebral Performance Category (PCPC), and
mortality. Unfavorable outcome was defined as a reduction in GOS-E-Peds or PCPC score
from preadmission to discharge. Stepwise selection was used to generate multivariate logistic
regression models that assessed associations between ES exposure and outcomes while
adjusting for multiple other variables.

Results

Among 719 consecutive critically ill patients, there was no evidence of ES in 535 patients
(74.4%), ES occurred in 140 patients (19.5%), and ESE in 44 patients (6.1%). The final
multivariable logistic regression analyses included ES exposure, age dichotomized at 1 year,
acute encephalopathy category, initial EEG background category, comatose at CEEG initiation,
and Pediatric Index of Mortality 2 score. There was an association between ESE and un-
favorable GOS-E-Peds (odds ratio 2.21, 95% confidence interval 1.07-4.54) and PCPC (odds
ratio 2.17, 95% confidence interval 1.05-4.51) but not mortality. There was no association
between ES and unfavorable outcome or mortality.

Conclusions

Among acutely encephalopathic critically ill children, there was an association between ESE and
unfavorable neurobehavioral outcomes, but no association between ESE and mortality. ES
exposure was not associated with unfavorable neurobehavioral outcomes or mortality.
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Glossary

CEEG = continuous EEG monitoring; CI = confidence interval; ES = electroencephalographic seizures; ESE
= electroencephalographic status epilepticus; GOS-E-Peds = Glasgow Outcome Scale-Extended Pediatric Version; OR = odds
ratio; PICU = pediatric intensive care unit; PCPC = Pediatric Cerebral Performance Category; PIM2 = Pediatric Index of

Mortality 2; PRISM3 = Pediatric Risk of Mortality III.

Electroencephalographic seizures (ES) occur in 10%-40% of
critically ill children, and about one-third of patients with ES
experience  electroencephalographic  status  epilepticus
(ESE)."'* Because ES may be clinically undetectable, con-
tinuous EEG monitoring (CEEG) is increasingly used in the
pediatric intensive care unit (PICU) based on the premise
that ES identification and management may improve
1317 However, whether ES cause secondary brain
injury or merely signify more severe brain injury is uncertain.
There is mounting evidence of an association between high
ES exposure and unfavorable outcomes,*'>"® including evi-
dence provided by studies that adjust for a small number of
variables.*®*'%'* In a large and contemporary cohort of
consecutive critically ill children who underwent CEEG, we
evaluated the association between ES exposure and short-
term neurobehavioral outcomes using analyses that adjusted
for numerous variables reflecting brain injury type, encepha-
lopathy severity, and critical illness severity.

outcome.

Methods

Standard Protocol Approvals, Registrations,
and Patient Consents

The Institutional Review Board approved the study with a
waiver of written consent. The study was registered with
clincialtrials.gov (NCT03419260). Data unrelated to out-
comes have been published.'*'

Ethical Publication Statement
We confirm that this report is consistent with the journal’s
position on issues involved in ethical publication.

Intensive Care Unit CEEG Prospective
Observational Study

This was a prospective observational study of consecutive
critically ill children undergoing CEEG from April 2017 to
February 2019 in the PICU. CEEG utilization was guided by
an institutional pathway (figure) aligned with guidelines and
consensus statements.'>"> We included patients undergoing
CEEG with acute encephalopathy of any etiology. CEEG
indications were encephalopathy with or without a prior
clinical seizure or abnormal movements or vital sign fluctua-
tions. We excluded neonates (<30 days from birthdate),
children who underwent resective surgery for epilepsy, and
children with refractory status epilepticus managed for more
than 2 days at a different institution. We used Natus Neuro-
works (Middleton, WI) with international 10-20 system
electrode placement. The Electroencephalography Service
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interpreted the CEEG studies. The Critical Care Medicine
and the Neurology Consultation Services led patient man-
agement. Patients did not routinely receive prophylactic an-
tiseizure medications. For most patients with ES, clinicians
administered antiseizure medications, which were most often
levetiracetam and phenytoin.****

Data Acquisition

Clinical and EEG data were collected using REDCap (Re-
search Electronic Data Capture) prospectively. We catego-
rized encephalopathy as (1) epilepsy-related
(subcategorized as focal, generalized, mixed, or unknown);
(2) acute structural (subcategorized as hypoxic-ischemic,
hydrocephalus/shunt, injury, tumor/
oncologic, stroke, inflammatory, CNS infection, and brain
malformations); or (3) acute nonstructural (subcategorized
as sepsis, metabolic, sedation without known neurologic
problem, and toxin). Mental status was categorized as pres-
ence or absence of coma and baseline mental status. Patients
were scored as comatose if clinician notes indicated “coma” or
if a Glasgow Coma Scale score was listed as <8. Investigators
determined whether each patient was worse than baseline
mental status based on review of all available information;
some patients initially considered to have acute encephalop-
athy by treating clinicians were later determined to be at
baseline mental status. The Pediatric Index of Mortality 2
(PIM2) risk of mortality score was scored within 1 hour of
contact with a critical care medicine fellow or attending
physician.”®> The Pediatric Risk of Mortality III (PRISM3)

probability of death score was scored within 12 hours of
24

acute

traumatic  brain

admission.

EEG studies were interpreted clinically by electroencepha-
lographers on a critical care EEG service using a standardized
EEG reporting template™” aligned with a critical care CEEG
database®® that incorporated standardized terminology”’
with documented good interrater reliability.”** For research
purposes, a pediatric electroencephalographer (F.W.F.) reviewed
each EEG tracing to assess the background during the initial
30 minutes and the timing of onset of epileptiform discharges.
Concordant with prior studies,>®'®*°
EEG background as (1) normal/sleep, (2) slow-disorganized,
(3) discontinuous, (4) burst-suppression, or (S) attenuated-
featureless. The electroencephalographer then used the clin-
ical reports to guide review of the CEEG tracings for seizure
exposure in a targeted manner. If the report indicated there
were ES, possible ES, periodic or rhythmic patterns, or
other uncertain patterns, then the electroencephalographer

we categorized the
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Figure Summary of Intensive Care Unit (ICU) EEG Monitoring Pathway

| Acute encephalopathy and/or brain injury

¥

Indications
Q Assessing events of unknown etiology
Q Persistent encephalopathy following termination of convulsive status epilepticus
QO Acute encephalopathy of unclear etiology
Q Acute encephalopathy due to acute neurologic disorder
= Stroke
= Encephalitis
= Traumatic brain injury
=  Postoperative neurosurgery <2 years old
= Hypoxic-ischemic encephalopathy
Q Burst-suppression management (refractory status epilepticus, intracranial hypertension)

Q ECMO
¥

Monitoring components

EEG monitoring request and initiation
» ICU MD/NP:
= Uses EMR"“ICU EEG Monitoring” orderset or EEG monitoring order and seizure action plan medications
= Calls EEG technologist OR NeurolCU Consultation Service to initiate EEG monitoring
» NeurolCU Consultation Service:
= NeurolCU Consultation is recommended for patients with a known brain injury, acute neurologic condition, or if seizures occur
= Initiation: Confirms no transport is needed. Develops Seizure Action Plan. Calls EEG technologist if not already done
» EEG technologists:
= Obtains clinical information from the chart and/or discussion with ICU MD/NP/RN
= Initiates EEG monitoring with ICU RN
= Initiates EEG reportin EMR

EEG monitoring review

» Inter-disciplinary management by NeurolCU Consultation Service, ICU Services, and EEG technologists

» EEG service reviews the initial recording to identify electrographic seizures

» Timing of subsequent EEG reviews determined by the clinical course and initial EEG findings

> If electrographic seizures are identified, then EEG rereview occurs after the initial seizure management step

» EEG technologist screens EEG, documents preliminary interpretation, and calls EEG MD when necessary

» Events assessed if ICU RN/MD/NP pushes the EEG button to mark the event of interest or calls EEG technologist for rapid review of specific
concerning events

Standard results communication and documentation
» EEG technologist:
= Can convey preliminary findings to ICU MD/NP or NeurolCU Consultation Service
= Documents EEG initiation and discontinuation date/time in EMR EEG flowsheet
= Documents communication with ICU or NeurolCU Consultation Services in EMR EEG flowsheet
= Generates daily EEG report in EMR (including clinical and medication updates)
» EEG MD: Completes daily and final EEG Report in EMR which displays in EMR procedure tab
> NeurolCU Consultation Service:
= Attends morning EEG review rounds to discuss patients and subsequently consults with ICU MD/NP
= Documents the Seizure Action Plan and daily progress notes in EMR

Seizures or urgent results communication
» Seizure or urgent result notification in PICU:
= EEG technologist calls the PICU MD/NP and NeurolCU Consultation Service
= PICU MD/NP implements the Seizure Action Plan AND involves NeurolCU Consultation Service
» Subsequent seizure(s):
= EEG technologist calls NeurolCU Consultation Service.
= NeurolCU Consultation Service collaborates with EEG Service and ICU Service for management
» Management: Communication between ICU MD/NP/RN, NeurolCU Consultation Service, EEG technologist, and EEG MD

¥

Monitoring duration and discontinuation

Duration
» The duration of EEG monitoring is determined by the clinical context
» EEG monitoring is generally terminated after 24-48 hours if no electrographic seizures and no major changes have occurred in the patient's
condition
» If electrographic seizures occur, then EEG monitoring is continued until the patient has been seizure free for ~ 24 hours
» EEG monitoring may extend longer if:
= Ongoing risk for electrographic seizures
= Evolving acute neurologic brain injury
= Anti-seizure or sedative medications are being weaned/adjusted
» EEG monitoring may be terminated more quickly if:
= Patient is rapidly improving
= Clinical context and/or EEG background indicate low risk for electrographic seizures
= Patient transport is required
= No additional seizure management is clinically indicated

EEG monitoring discontinuation
» Approval obtained sequentially from: (1) EEG MD, (2) ICU MD and/or NeurolCU Consultation Service, and (3) EEG technologist

ECMO = extracorporeal membrane oxygenation; EMR = electronic medical record; PICU = pediatric intensive care unit.
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performed targeted review of the conventional EEG tracing.
ES exposure was categorized as (1) no ES/ESE, (2) ES, or (3)
ESE. Consistent with prior studies”” and published defini-
tions,”" we defined ES as an abnormal paroxysmal event that
differed from the background lasting >10 seconds with a
plausible electrographic field and temporal-spatial evolution
in morphology, frequency, and amplitude. Consistent with
prior studies,>® we defined ESE using standard nonconvulsive
status epilepticus criteria®' as either a greater than 30-minute
ES or recurrent ES totaling greater than 30 minutes within
1-hour epoch. EEG-only seizures had no clinical change
identified by bedside caregivers or by electroencephalogra-
phers reviewing video.

We assessed outcome at PICU discharge. The primary out-
come measure was the Glasgow Outcome Scale-Extended
Pediatric Version (GOS-E-Peds), which categorizes global
functional outcome using 8 levels, and it has high criterion-
related validity, discriminant validity, and sensitivity to injury
severity.>> It is recommended as a core global outcome
measure for pediatric traumatic brain injury research.*® Sec-
ondary outcome measures were mortality and Pediatric Ce-
rebral Performance Category (PCPC) which
categorizes functional impairment using 6 levels.** Pre-
admission GOS-E-Peds and PCPC scores were estimated
based on information provided by parents/guardians at the
time of admission or prior medical visits. Because GOS-E-
Peds was designed to assess outcome, several questions were
modified to assign preadmission scores. For example, “child
able to resume” was changed to “child able to perform.”
Unfavorable GOS-E-Peds and PCPC outcomes were defined
as a 21 point reduction from preadmission to discharge,
consistent with prior studies.>>°

score,

Statistical Analyses

We used RStudio Team (Boston, MA) for statistical analyses.
Summary statistics are reported. Univariate analyses were
performed for potential predictors of each outcome using the
2-sample ¢ test, Wilcoxon rank sum test, Pearson XZ, or Fisher
exact test. Variables that had a p value <0.1 that were not
strongly correlated with each other, assessed by Phi or Cramer
V statistic, were included in subsequent multivariable logistic
regression models. A stepwise selection approach determined
the final models, and the goodness-of-fit of the final models
was evaluated using the Hosmer-Lemeshow statistic. An odds
ratio (OR) with 95% confidence interval (CI) presented the
association of each variable with the binary outcome. In ad-
dition, we assessed interactions between the primary exposure
variable (ES exposure) and other covariates. Sensitivity
analyses assessed the robustness of the final models when we
exchanged variables that were correlated with each other. The
median length of PICU stay was assessed among the 3 ES
exposure groups using the Kruskal-Wallis test, and the Dunn
test was used to perform post hoc pairwise comparison.

We performed 4 subgroup analyses. First, we analyzed pa-
tients who were neurobehaviorally normal prior to admission
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(GOS-E-Peds level 1) using ordinal logistic regression in
which outcome was assessed as 3 GOS-E-Peds categories
(normal-mild, moderate, severe—death) rather than di-
chotomized (unchanged or worsened) as in the primary
analyses. The Brant test was used to verify the proportional
odds assumption in ordinal logistic regression. The other
subgroup analyses used logistic regression. The analyses ex-
cluded (1) patients with epilepsy as the acute encephalopathy
category, (2) patients with an epileptic encephalopathy di-
agnosis, and (3) patients who were initially diagnosed with
acute encephalopathy by treating clinicians at CEEG initiation
but later considered to be at their mental status baseline upon
more detailed review of the medical history.

Data Availability

We will make the underlying data available to investigators
with appropriate data transfer and institutional review board
approval.

Results

We previously described the clinical and EEG characteristics
of the cohort."”?! The median CEEG duration was 23 hours
(interquartile range [IQR] 14, 42). Among 719 consecutive
critically ill patients, there was no evidence of ES in 535 pa-
tients (74.4%), ES occurred in 140 patients (19.5%), and ESE
in 44 patients (6.1%). ESE was categorized as a longer than
30-minute seizure in 14 patients (32%) and recurrent seizures
totaling longer than 30 minutes within a 1-hour epoch in 30
patients (68%). ES were categorized as EEG-only, all clinically
evident, and a mixture in 76 (41%), 57 (31%), and 51 (28%)
patients, respectively. The acute encephalopathy category was
structural in 350 patients (49%), epilepsy-related in 213 pa-
tients (30%), and acute nonstructural in 156 patients (22%).
The most common acute structural diagnoses (multiple per-
mitted) were hypoxic-ischemic brain injury (129 [37%]),
hydrocephalus/shunt (68 [19%]), traumatic brain injury (57
[16%]), tumor/oncologic (56 [16%]), stroke (45 [13%]),
inflammatory (29 [8%]), CNS infection (19 [5%]), and
malformations (19 [5%]). The epilepsy subtypes were focal
(103 [48%]), mixed (45 [21%]), generalized (27 [13%]), and
unknown (38 [18%]). The most common acute nonstructural
diagnoses (multiple permitted) were sepsis (43 [28%]),
metabolic (32 [21%]), sedation without known neurologic
problem (27 [17%]), and toxin (9 [6%]).

Table 1 presents univariate analyses of risk factors for each
outcome (unfavorable GOS-E-Peds, unfavorable PCPC, and
mortality). ES exposure category was associated with all 3
outcomes. Age was significantly associated with unfavorable
GOS-E-Peds and unfavorable PCPC but not mortality when
analyzed categorically with the cut point at 1 year. Age was not
associated with any of the 3 outcomes when analyzed as a
continuous variable, indicating a potential nonlinear re-
lationship with the likelihood of unfavorable GOS-E-Peds or
unfavorable PCPC. Past medical histories of epilepsy,
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Table 1 Clinical and EEG Variable Associations With Outcomes

GOS-E-Peds PCPC Mortality
Full cohort Favorable, 438 Unfavorable, 281 Favorable, 462 Unfavorable, 257 Alive, 631 Dead, 88
Variable (n=719) (61%) (39%) p Value (64%) (36%) p Value (88%) (12%) p Value
Age, d 2,037 (494-4,718) 1,903 (559-4,705) 2,198 (298-4,764) 0.83 1,903 (552-4,728) 2,213 (298-4,709) 0.79 2,109 1,622 0.79
(517-4,719)  (304-4,607)
Age,y 0.00024° 0.00046° 0.17°
21 575 (80) 370 (64) 205 (36) 388 (67) 187 (33) 510 (89) 65 (11)
<1 144 (20) 68 (47) 76 (53) 74 (51) 70 (49) 121 (84) 23 (16)
Sex 0.93 0.59 0.92
Male 417 (58) 253 (61) 164 (39) 264 (63) 153 (37) 365 (88) 52 (12)
Female 302 (42) 185 (61) 117 (39) 198 (66) 104 (34) 266 (88) 36 (12)
Race (n = 562) 0.34 0.38 0.22
White 329 (59) 192 (58) 137 (42) 203 (62) 126 (38) 282 (86) 47 (14)
Black 208 (37) 137 (66) 71 (34) 143 (69) 65 (31) 190 (91) 18(9)
Asian 22 (4) 14 (64) 8 (36) 14 (64) 8(36) 20 (91) 2(9)
Other 3(0.5) 2 (67) 1(33) 2(67) 1(33) 3(100) 0(0)
Ethnicity (n = 704) 0.53 0.30 0.96
Not Hispanic/Latino 604 (86) 369 (61) 235(39) 387 (64) 217 (36) 533 (88) 71(12)
Hispanic/Latino 100 (14) 65 (65) 35(35) 70 (70) 30 (30) 89 (89) 11011
History: epilepsy <0.0001? <0.0001? <0.0001?
Absent 455 (63) 221 (49) 234 (51) 238 (52) 217 (48) 379 (83) 76 (17)
Present 264 (37) 217 (82) 47 (18) 224 (85) 40 (15) 252 (95) 12 (5)
History: epileptic encephalopathy <0.0001? <0.00012 0.055°
Absent 608 (85) 341 (56) 267 (44) 362 (60) 246 (40) 527 (87) 81 (13)
Present 111 (15) 97 (87) 14 (13) 100 (90) 11(19) 104 (94) 7 (6)
History: developmental delay/intellectual <0.0001? <0.0001? <0.0001?
disability
Absent 344 (48) 141 (41) 203 (59) 157 (46) 187 (54) 284 (83) 60 (17)
Continued
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Table 1 Clinical and EEG Variable Associations With Outcomes (continued)

GOS-E-Peds PCPC Mortality
Full cohort Favorable, 438 Unfavorable, 281 Favorable, 462 Unfavorable, 257 Alive, 631 Dead, 88
Variable (n=719) (61%) (39%) p Value (64%) (36%) p Value (88%) (12%) p Value
Present 375 (52) 297 (79) 78 (21) 305 (81) 70 (19) 347 (93) 28(7)
Acute encephalopathy category <0.00012 <0.0001? <0.0001?
Acute nonstructural 156 (22) 105 (67) 51 (33) 111 (71) 45 (29) 143 (92) 13(8)
Acute structural 350 (49) 159 (45) 191 (55) 172 (49) 178 (51) 282 (81) 68 (19)
Epilepsy 213 (30) 174 (82) 39(18) 179 (84) 34(16) 206 (97) 73)
Prior to CEEG: sedatives <0.00012 <0.00012 <0.00012
Absent 360 (50) 264 (73) 96 (27) 272 (76) 88 (24) 335(93.1) 25(6.9)
Present 359 (50) 174 (48.5) 185 (51.5) 190 (53) 169 (47) 296 (82.5) 63 (17.5)
Prior to CEEG: paralytics <0.0001? <0.0001? <0.0001?
Absent 591 (82) 387 (65.5) 204 (34.5) 406 (69) 185 (31) 538 (91) 53 (9)
Present 128 (18) 51 (40) 77 (60) 56 (44) 72 (56) 93 (73) 35(27)
Comatose at CEEG initiation <0.0001? <0.0001? <0.0001?
Not comatose 589 (82) 402 (68) 187 (32) 422 (72) 167 (28) 556 (94) 33(6)
Comatose 130 (18) 36 (28) 94 (72) 40 (31) 90 (69) 75 (58) 55(42)
Baseline mental status at CEEG initiation 0.0017% 0.0084% 0.0242
Baseline 108 (15) 81 (75) 27 (25) 82 (76) 26 (24) 102 (94) 6 (6)
Worse than baseline 611 (85) 357 (58) 254 (42) 380 (62) 231 (38) 529 (87) 82(13)
EEG background category (initial 30 0.00050% 0.000507 0.00050?
minutes)
Normal/sleep 241 (34) 170 (71) 71 (29) 176 (73) 65 (27) 233(97) 8(@3)
Slow-disorganized 370 (51) 231 (62) 139 (38) 247 (67) 123 (33) 343 (93) 27 (7)
Discontinuous 38 (5) 23 (61) 15(39) 24 (63) 14 (37) 29 (76) 9 (24)
Burst-suppression 17 2) 2(12) 15 (88) 2(12) 15 (88) 7(41) 10 (59)
Attenuated-featureless 53 (7) 12(23) 41(77) 13 (24) 40 (76) 19 (36) 34 (64)
Continued
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Table 1 Clinical and EEG Variable Associations With Outcomes (continued)

GOS-E-Peds PCPC Mortality
Full cohort Favorable, 438 Unfavorable, 281 Favorable, 462 Unfavorable, 257 Alive, 631 Dead, 88
Variable (n=719) (61%) (39%) p Value (64%) (36%) p Value (88%) (12%) p Value
Reactivity or variability (day 1) <0.0001? <0.0001? <0.0001?
Not present 224 (31) 111 (50) 113 (50) 115 (51) 109 (49) 154 (69) 70 (31)
Present 495 (69) 327 (66) 168 (34) 347 (70) 148 (40) 477 (96) 18 (4)
Interictal epileptiform discharges (initial 30 0.000412 0.0010% 0.011°
minutes)
Not present 547 (76) 313(57) 234 (43) 333(61) 214 (39) 470 (86) 77 (14)
Present 172 (24) 125 (73) 47 (27) 129 (75) 43 (25) 161 (94) 11 (6)
Ictal-interictal continuum 0.029% 0.017¢ 0.0049°
Not present 674 (94) 418 (62) 256 (38) 441 (65) 233 (35) 598 (89) 76 (11)
Present 45 (6) 20 (44) 25 (56) 21 (47) 24 (53) 33(73) 12 (27)
Electrographic seizure exposure 0.0054? 0.012?2 0.0081°
Not present 535 (74) 329 (61.5) 206 (38.5) 349 (66) 186 (35) 468 (88) 67 (12)
Electrographic seizures 140 (19) 92 (65.7) 48 (34.3) 94 (67) 46 (33) 130 (93) 10(7)
Electrographic status epilepticus 44 (6) 17 (38.6) 27 (61.4) 19 (43) 25 (57) 33 (75) 11 (25)
CEEG duration, h 23 (14-42) 20 (13-36) 31 (18-61) <0.00012 21 (13-37) 31 (18-61) <0.00012 22 (14-41) 29 (14-57) 0.11°
PIM2 3.38 (1.08-5.53) 3.20(1.02-4.47) 4.02 (1.40-15.28) <0.0001%  3.20 (1.02-4.48) 4.08 (1.40-15.65) <0.0001*  3.24 15.46 <0.0001?
(1.02-4.69) (3.37-73.48)
PRISM3 1.02 (0.34-6.19) 0.63 (0.30-2.07) 3.25(0.63-22.63) <0.0001*  0.66 (0.30-2.07) 3.25(0.66-30.41) <0.0001*  1.00 34.29 <0.0001?
(0.30-3.25) (3.96-87.23)

Abbreviations: CEEG = continuous EEG monitoring; GOS-E-Peds = Glasgow Outcome Scale-Extended Pediatric Version; PCPC = Pediatric Cerebral Performance Category; PIM2 = Pediatric Index of Mortality 2 risk of mortality
score; PRISM3 = Pediatric Risk of Mortality Ill probability of death score.

Data are presented as n (%) or median (interquartile range).
aSignificant (p < 0.05).
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epileptic ~encephalopathy, and developmental delay/
intellectual disability were associated with all 3 outcomes.
Clinical variables associated with outcomes included acute
encephalopathy category, sedatives prior to CEEG initiation,
paralytics prior to CEEG initiation, comatose mental status at
CEEG initiation, worse than baseline mental status at CEEG
initiation, PIM2 score, and PRISM3 score. EEG variables
associated with outcomes included EEG background cate-
gory, reactivity or variability on the first day of CEEG, pres-
ence of interictal epileptiform discharges, presence of
ictal-interictal continuum patterns, and CEEG duration.
Multiple variables associated with outcomes in univariate
analyses were correlated with each other, including (1) acute
encephalopathy category and other medical history variables
including prior epilepsy, developmental delay or intellectual
disability, and epileptic encephalopathy (all p < 0.01); (2)

mental status assessed as comatose or worse than baseline (p

< 0.01); (3) PIM2 score and PRISM3 score (p < 0.01); and
(4) initial EEG background category and reactivity or vari-
ability on the first day of CEEG, presence of interictal epi-
leptiform discharges, and the presence of ictal-interictal
continuum patterns (all p < 0.01).

For each of the 3 binary outcomes, we performed multivari-
able logistic regression analyses that included ES exposure,
age dichotomized at 1 year, acute encephalopathy category,
initial EEG background category, comatose at CEEG initia-
tion, and PIM2 score. Table 2 summarizes the results of the
final regression models for each outcome determined by the
stepwise selection approach. All 6 variables were selected into
the final model for unfavorable GOS-E-Peds and unfavorable
PCPC, suggesting that the association between ES exposure
and the 2 outcomes remained significant after adjusting for
the other S variables. There was an association between ESE

Table 2 Logistic Regression for the Final Model for Each Outcome

Unfavorable GOS-E-Peds Unfavorable PCPC Mortality

Variable p Value OR (95% CI) p Value OR (95% CI) p Value OR (95% Cl)
Electrographic seizure exposure a a

Not present — — — —

Electrographic seizures 0.57 1.14 (0.72-1.80) 0.23 1.33(0.83-2.12)

Electrographic status epilepticus 0.03° 2.21(1.07-4.64) 0.04° 2.17 (1.05-4.51)
Acute encephalopathy category

Acute nonstructural — — — — — —

Acute structural 0.02° 1.64 (1.07-2.53) 0.03° 1.65 (1.07-2.57) 0.60 0.82 (0.39-1.76)

Epilepsy <0.01° 0.41 (0.24-0.70) <0.01° 0.42 (0.23-0.72) 0.02° 0.31(0.11-0.83)
Comatose at CEEG initiation

Not comatose — - - — — —

Comatose <0.01° 3.06 (1.89-5.01) <0.01° 3.07 (1.90-5.01) <0.01° 5.08 (2.68-9.63)
EEG background category (initial 30 minutes)

Normal/sleep — — — — — —

Slow-disorganized <0.01° 1.98 (1.33-2.95) 0.01° 1.77 (1.18-2.66) 0.02° 2.78 (1.24-6.87)

Discontinuous 0.45 1.38 (0.58-3.18) 0.49 1.35(0.56-3.12) <0.01° 8.80 (2.80-28.04)

Burst-suppression 0.06 5.26(1.13-40.47)  0.04° 5.88(1.26-45.47)  <0.01° 8.39 (2.18-34.29)

Attenuated-featureless <0.01° 4.83 (2.13-11.44) <0.01° 4.74 (2.11-11.05) <0.01° 26.17 (9.37-78.69)
Age,y a a

21 — — — —

<1 <0.01° 2.06 (1.34-3.18) <0.01° 1.93(1.25-2.97)

PIM2 0.04° 1.02 (1.00-1.03) 0.04° 1.02 (1.00-1.03) <0.01° 1.03 (1.02-1.05)

Abbreviations: CEEG = continuous EEG monitoring; Cl = confidence interval; GOS-E-Peds = Glasgow Outcome Scale-Extended Pediatric Version; OR = odds
ratio; PCPC = Pediatric Cerebral Performance Category; PIM2 = Pediatric Index of Mortality 2 risk of mortality score.
“Electroencephalographic seizures exposure and age were not included in the logistic regression model for mortality.

bSignificant (p < 0.05).
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and unfavorable GOS-E-Peds (OR 2.21, 95% CI 1.07-4.54)
and PCPC (OR 2.17, 95% CI 1.05-4.51) but not mortality.
There was no association between ES and unfavorable out-
come or mortality. Four variables were selected into the final
model for mortality, and there was no evidence of significant
association with age or ES exposure. The Hosmer-Lemeshow
statistics of goodness-of-fit for each final model suggested a
good model fitting of the data (all p < 0.2). There were no
significant interactions between the primary exposure variable
(seizure exposure) and the other covariates for any of the 3
outcomes.

We performed sensitivity analyses for each outcome using
alternative predictor variables. First, we replaced the S-level
EEG background variable with a dichotomized variable
(normal/ sleep/slow-disorganized vs discontinuous/burst-
suppression/ attenuated-featureless). Second, we exchanged
the PIM2 and PRISM3 scores. Third, we replaced comatose
state with worse than baseline mental status at CEEG initia-
tion. These models yielded the same conclusions as the main
analyses for each outcome.

Patients in the main analysis were neurobehaviorally normal
or abnormal prior to PICU admission. We performed a sub-
analysis that included 339 neurobehaviorally normal patients.
Outcome was defined as good (GOS-E-Peds 1-2) in 183
patients (54%), moderate (GOS-E-Peds 3-4) in 59 patients
(17%), and severe or death (GOS-E-Peds 4-8) in 97 patients
(29%). Using this 3-level outcome, seizure exposure was
significantly associated with outcome (p = 0.004). In univar-
iate analysis, patients with ESE were at higher risk of having an
unfavorable GOS-E-Peds outcome (OR, 3.11; 95% CI,
1.42-6.80) compared to those without ES. Patients with ES
were not at higher risk of having an unfavorable GOS-E-Peds
outcome (OR, 1.06; 95% CI, 0.61-1.86) compared to those
without ES. After controlling for the same covariates as the
primary analysis, we observed similar results as in the un-
adjusted model: patients with ESE were at higher risk of
having an unfavorable GOS-E-Peds outcome (OR, 3.45; 95%
CI, 1.45-8.38), while patients with ES were not (OR, 1.51;
95% CI, 0.79-2.86), as compared to patients with no seizures.

We performed several other subgroup analyses using logistic
regression models that controlled for the same covariates as
the primary analysis to compare patients with ES and ESE to
patients with no seizures. First, we included only the 506
patients with acute structural or acute nonstructural acute
encephalopathy categories and excluded patients with epi-
lepsy as the acute encephalopathy category. Patients with ESE
were at higher risk of having an unfavorable outcome (OR,
2.50; 95% CI, 1.03-6.05) while patients with ES were not at
higher risk of having an unfavorable outcome (OR, 0.92; 95%
CI, 0.52-1.64). Second, we included only the 608 patients
without epileptic encephalopathy and found that patients with
ESE were at higher risk of having an unfavorable outcome
(OR, 2.31; 95% CI, 1.06, 5.07), while patients with ES were
not at higher risk of having an unfavorable outcome (OR,
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1.48; 95% CI, 0.89, 2.48). Third, we included only the 611
patients with mental status worse than baseline and excluded
108 patients initially considered to have acute encephalopathy
but later determined to be at their baseline mental status.
Patients with ESE were at higher risk of having an unfavorable
outcome (OR, 2.19; 95% CI, 1.04-4.60), while patients with
ES were not at higher risk of having an unfavorable outcome
(OR, 1.16; 95% CI, 0.70-1.92).

The median length of stay in the PICU was 4.9 days (IQR
1.7-12.8), 6.9 days (IQR 3.2-17.0), and 13.8 days (IQR
6.5-27.2) for the no ES, ES, and ESE groups, respectively
(p < 0.0001). These durations were significantly different
between any 2 ES exposure groups by the post hoc pairwise
comparison (all p < 0.01).

Discussion

This large and prospective observational study of consecutive
acutely encephalopathic critically ill children undergoing
CEEG indicated that children experiencing ESE were at
higher risk of unfavorable neurobehavioral outcomes (GOS-
E-Peds and PCPC) after adjusting for numerous variables
including age, acute encephalopathy category, encephalopa-
thy severity (initial EEG background category and comatose
state at CEEG initiation), and critical illness severity (PIM2
score). ESE occurred in 6% of patients, and given that ESE
was independently associated with unfavorable outcomes,
management strategies to avoid ESE could benefit these pa-
tients. Conversely, children with ES were not at higher risk of
unfavorable neurobehavioral outcomes. Thus, aggressive
treatment of patients with low ES exposure may not improve
outcomes, except by avoiding potential progression to ESE.
Neither ES nor ESE was associated with mortality. A prior
study similarly reported no association between ES and
mortality,* while other studies have shown associations be-
tween ES and mortality.>”'*'® The current study included
risk of mortality score in the model, which may explain this
difference.

Although this study does not establish a causative link be-
tween seizures and brain injury, it adds to growing evidence
that critically ill children with high ES exposure are at in-
1218 given several meth-
odologic strengths. First, the data were collected over a
relatively short timeframe from a large and contemporary
cohort. Consecutive patients were included, thereby avoiding
enrollment bias, given a waiver for consent. Patient manage-
ment was guided by a well-established clinical pathway
(figure). Second, a pediatric electroencephalographer per-
formed research-based review of EEG reports and tracings
using standardized terminology”” with good interrater re-
liability®® and commonly used definitions for seizures"**" and
background classification categories.”*'**® The study en-
abled efficient but accurate and standardized EEG in-
terpretation through a hybrid approach in which the

creased risk for adverse outcomes

Neurology | Volume 96, Number22 | June1,2021

Copyright © 2021 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

e2757


http://neurology.org/n

e2758

electroencephalographer reviewed EEG reports generated
using standardized forms and terminology and also verified
key EEG features (including ES and ESE occurrence) for any
patients for whom reports noted ES or other potentially un-
certain findings. Third, we incorporated critical illness severity
instruments (PIM2 and PRISM3), which are accepted and
standardized metrics in pediatric critical care research.”»**
Fourth, the outcome measures (GOS-E-Peds and PCPC) are
standardized and accepted in pediatric
research.’>** These are core outcome measures suggested for
research regarding pediatric traumatic brain injury,*® which is
a clinically relevant condition with available recommenda-
tions. Fifth, the large cohort permitted evaluation of many
predictor variables. Those included in the final model reflect
age, brain injury type, degree of brain injury (as assessed using
comatose mental status and EEG background category), and
standard measures of critical illness severity such that the
analyses might better assess associations between seizure ex-
posure and outcomes. Sixth, multiple subanalyses yielded the
same conclusions as the main analysis, including subanalyses
that excluded patients who were neurobehaviorally abnormal
prior to PICU admission and patients with complex condi-
tions that might have affected the findings (baseline mental
status, epilepsy, and epileptic encephalopathy).

critical care

The effect of seizure exposure on outcome has been evaluated
in prior smaller studies in critically ill children using multi-
variate analyses adjusting for variables reflecting demographic
variables, acute encephalopathy etiology,
severity.‘*"s’g’w’12 Among 204 comatose patients, more ES and
longer ES duration were associated with unfavorable outcome
(vegetative state, nonambulatory, or severe learning difficul-
ties) independent of age, etiology, mortality and coma scores,
and EEG background. Children who had more than 139
seizures, a sum of ES totaling more than 759 minutes, or an
individual ES lasting more than 360 minutes all had un-
favorable outcome at 1 month.'> Among 200 consecutive
acutely encephalopathic patients, ESE, but not ES, was asso-
ciated with mortality and worsened PCPC score at discharge
after adjusting for age, acute neurologic disorder, EEG back-
ground, and prior neurodevelopmental condition.” A multi-
center retrospective study of 550 patients indicated that ESE
was associated with in-hospital mortality after adjusting for
neurologic diagnosis and EEG background category. ES was
not associated with mortality.'® Among 60 patients who were
previously normal at PICU admission and then admitted with
acute encephalopathy evaluated at a median follow-up of 2.7
years, ESE was associated with unfavorable GOS-E-Peds,
lower pediatric quality of life scores, and an increased risk of
epilepsy after adjusting for EEG background, acute neurologic
disorder, age, and length of stay. ES was not associated with
worse outcomes.’ Among 414 children, the presence of ESE
was associated with in-hospital mortality after adjusting for
sex and age.” Moreover, a study of 154 children assessed at a
mean follow-up of 4 years indicated patients with refractory
status epilepticus were less likely to return to their previous
neurologic status by discharge and more likely to develop new

and illness
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neurologic deficits and epilepsy than patients with aborted
status epilepticus.'® A study of 259 neonates and children
demonstrated that across all etiologic categories, an hourly
seizure burden exceeding 20% (12 minutes per hour) was
associated with a significant increase in the probability and
magnitude of neurologic decline.* For every 1% increase in
the hourly seizure burden, the odds of neurologic decline rose
by 1.13. This indicated that when seizure exposure was
assessed as a continuous variable, ES burden below that of
ESE could be associated with unfavorable outcome. This may
explain why prior studies that assessed ES exposure categor-
ically (no ES, ES, or ESE) indicated that only ESE is associ-
ated with unfavorable outcomes. Furthermore, it suggests that
management to prevent ESE could be a useful strategy for
improving outcome. Although the documented associations
between ESE and unfavorable outcome do not prove causa-
tion, they may suggest a plausible link between seizure ex-
posure and adverse neurobehavioral outcome.

Animal models have elucidated mechanisms by which seizures
could induce secondary brain injury and affect outcomes.
Early-life recurrent seizures yield molecular changes that en-
hance neocortical excitability,”” which may prime the brain for
future epilepsy and cellular changes that alter hippocampal
synaptic connectivity, which may adversely affect learning and
memory.38 Further, studies in humans have demonstrated
physiologic, metabolic, and structural changes associated with
seizures. Magnetic resonance spectroscopy indicated that
neonatal seizures result in elevated cerebral metabolic de-
mands above supply.”” Among adults with traumatic brain
injury, intracranial pressure and lactate/pyruvate ratios were
higher during seizures.*® Further, among adults with trau-
matic brain injury, hippocampal atrophy was identified ipsi-
Among adults with subarachnoid
hemorrhage, intracortical seizures were associated with al-
terations in systemic physiology** and a proinflammatory
state.”?

: 41
lateral to seizures.

The finding that ESE occurs in 6% of patients and is associ-
ated with unfavorable outcomes indicates that aggressive ef-
forts to identify and manage ESE could improve outcomes in
some patients. Several studies have demonstrated that strat-
egies to reduce ESE exposure are feasible and potentially
beneficial. First, incorporation of EEG data into clinical
management of neonates was associated with decreased sei-
zure exposure,”™* and implementation of an EEG-based
pathway was associated with a reduction in the proportion of
neonates who progressed from seizures to status epilepticus.*
Second, a study suggested that CEEG initiation delays were
associated with increased mortality,9 suggesting prompt
CEEG implementation could be beneficial. Third, data de-
rived from the initial 472 patients included in this cohort
indicated that ES management with 1-2 standard antiseizure
medications was often effective with minimal risk of adverse
effects.”® Fourth, pathway-driven management of ES in criti-
cally ill children was associated with more rapid antiseizure
medication administration after ES onset and a greater chance
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of ES resolution following administration of the first antisei-
zure medication.*” Increasing data that ESE exposure is in-
dependently associated with unfavorable outcomes should
motivate additional efforts to develop evidence-based ESE
management strategies and evaluate whether these ap-
proaches improve outcomes. Conversely, data indicating that
low ES exposure is not associated with worse outcomes sug-
gests that aggressive treatment of ES might not affect out-
comes. Therefore, efforts aimed at identifying alternative
modifiable risk factors for unfavorable outcome may be re-
quired to drive development of novel neuroprotective
strategies.

The finding that children with ES were not at higher risk of
unfavorable neurobehavioral outcomes or mortality indicates
that identification and management of brief and self-limited
ES may not be necessary. This would represent is a substantial
departure from current practice in which most clinicians aim
to terminate all ES.*® Aggressive management of patients with
ES may be reserved for patients at risk for escalating from ES
to ESE. Future studies are needed to determine the incidence
of escalation of ES to ESE, and to identify risk factors for
progression. Further, quantitative EEG approaches that re-
liably identify ESE may be beneficial even if they fail to detect
brief ES, thereby resetting the goals of these approaches and
potentially making these techniques more clinically useful.

Several variables other than ESE were associated with un-
favorable neurobehavioral outcomes. More severe EEG back-
ground categories (burst-suppression or attenuated-featureless)
were associated with unfavorable outcome, as has been reported
for prior heterogeneous cohorts of critically ill children® and
homogeneous cohorts such as children after cardiac arrest.>*%
Similarly, patients who were comatose at CEEG initiation also
had unfavorable outcomes. Both EEG background category and
comatose state may reflect encephalopathy severity. Patients
with epilepsy as an acute encephalopathy category had a lower
risk for unfavorable outcome than patients with acute structural
or nonstructural categories.

This study has limitations. First, although the cohort was
large, it was conducted at one center. Multicenter studies
would increase generalizability. Second, scoring was per-
formed by 1 electroencephalographer using clinical reports to
guide targeted review of the EEG tracing. This approach was
selected to balance standardization and accuracy with study
teasibility. Subsequent studies could benefit from multirater
review of predefined epochs of the EEG tracing. Third, since
CEEG duration was clinically determined, some patients
scored as having no ES may have experienced ES after CEEG
was discontinued, thereby yielding misclassification of ES
exposure category. Fourth, we dichotomized seizure burden
as ES and ESE. The optimal method for quantifying seizure
burden has not been delineated. Most likely, the seizure
burden sufficient to induce secondary brain injury varies
based on age, severity, and etiology of acute encephalopathy,
as well as seizure volume of distribution. Fifth, we only
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assessed short-term outcome, and future studies including
long-term neuropsychological assessments would be in-
formative. Sixth, we evaluated the change in estimated pre-
admission to discharge outcome scores as the primary
outcome. This permitted inclusion of patients who were
neurobehaviorally abnormal at admission, making the study
more generalizable. However, there could be differential effect
of ES exposure on patients with varying preexisting neuro-
behavioral abnormalities. Similar to the primary analysis, a
subanalysis including only patients who were neuro-
behaviorally normal prior to admission that assessed outcome
as 3 levels (normal-mild, moderate, severe—death) indicated
ESE, but not ES, were significantly associated with unfavor-
able outcome. Seventh, our clinical practice involved aggres-
sive ES and ESE management, yet only patients with ESE had
worse outcome. This could imply that efforts to identify and
mitigate ES do not improve outcome. Current ES treatment is
variable and guided by limited data,'***** and optimized
evidence-based management strategies might yield improved
outcomes.

Opverall, the current study indicates that ESE occurred in 6% of
patients and was independently associated with unfavorable
outcomes even after adjusting for brain injury type and severity
of encephalopathy and critical illness. Although the association
does not establish causality, it suggests that mitigating ESE may
constitute a viable strategy for neuroprotection in some pa-
tients. Because ES was not associated with unfavorable out-
comes, aggressive management of patients with low ES
exposure may not improve outcome. It is possible that ES
management prevented progression to ESE in some patients,
but the proportion of patients who would progress to ESE is
unknown. Future studies are needed with larger and multi-
center cohorts, more standardized ESE management ap-
proaches, and long-term assessment of more comprehensive
neurobehavioral outcomes.
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