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Abstract

Introduction: We tested the impact of antiepileptic drug (AED) administration on post-cardiac arrest epileptiform electroencephalographic (EEG)
activity.

Methods: We studied an observational cohort of comatose subjects treated at a single academic medical center after cardiac arrest from September
2010 to January 2018. We aggregated the observed EEG patterns into 5 categories: suppressed; discontinuous background with superimposed
epileptiform activity; discontinuous background without epileptiform features; continuous background with epileptiform activity; and continuous
background without epileptiform activity. We calculated overall probabilities of transitions between EEG states in a multistate model, then used Aalen’s
additive regression to test if AEDs or hypothermia are associated with a change in these probabilities.

Results: Overall, 828 subjects had EEG-monitoring for 42,840 h with a median of 40 [IQR 23-64] h per subject. Among patients with epileptiform findings
on initial monitoring, 50% transitioned at least once to a non-epileptiform, non-suppressed state. By contrast, 19% with non-epileptiform initial activity
transitioned to an epileptiform state at least once. Overall, 568 (78%) patients received at least one AED. Among patients with continuous EEG
background activity, valproate, levetiracetam and lower body temperature were each associated with an increased probability of transition from
epileptiform states to non-epileptiform states, where patients with discontinuous EEG background activity no agent linked to an increased probability of
transitioning from epileptiform states.

Conclusion: After cardiac arrest, the impact of AEDs may depend on the presence of continuous cortical background activity. These data serve to
inform experimental work to better define the opportunities to improve neurologic care post-cardiac arrest.
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increasing,?* but nearly half of initial survivors die from sequelae of

Introduction anoxic brain injury.* Electroencephalographic (EEG) patterns on the

ictal-interictal spectrum develop in approximately 1 in 3 comatose
Sudden cardiac arrest affects over 500,000 people in North America post-arrest patients and are associated with worse outcomes.>”
each year.! With advances in care, rates of return of spontaneous Because of this prevalence, the American Heart Association
circulation (ROSC) and survival to intensive care unit admission are recommends EEG monitoring frequently or continuously in comatose
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post-arrest patients.® However, it is unknown whether or not
epileptiform EEG patterns after cardiac arrest are a treatable cause
of secondary brain injury or simply a sign of completed primary brain
damage.

EEG changes dynamically during the hours to days after cardiac
arrest.>'? Some findings, like discontinuous background activity, may
normalize spontaneously as the energetics and function of cortical
neurons improve.®'" Resolution is associated with favorable recov-
ery, but may be affected by medications, hypothermia, or other
physiological variables.®'" Other patterns, like some subtypes of
post-anoxic myoclonus or burst suppression with identical bursts,
occur in the setting of diffuse cortical and subcortical damage, evolve
in a stereotypical manner and ultimately dissipate without evidence
that AED therapy affects this progression.’®'* We quantified the
probabilities of transition between various abnormal and normal EEG
patterns in comatose post-arrest patients using a multi-state
probability model. To better understand the potential role of AED
therapy, we leveraged clinical variation in the timing of AED
administration. Specifically, we tested if AED administration was
associated with an increase in the probability that epileptiform EEG
patterns resolve compared to the probability of spontaneous
resolution.

Methods
Patients and setting

We performed an observational cohort study of patients treated at a
single academic medical center after resuscitation from cardiac arrest
from September 2010 to January 2018. The University of Pittsburgh
Institutional Review Board the study design with a waiver of informed
consent. We excluded patients who did not undergo EEG monitoring
because of rapid awakening and those with early limitations in care or
death because of pre-existing advanced directives, refractory multi-
system organ failure, rearrest, or lack of available EEG recording
devices. We further excluded patients with no available medication
data returned from an automated query of the electronic medical
record and those with arrest due to trauma or a primary neurological
event.

We maintain a prospective registry of all patients treated by our
Post-Cardiac Arrest Service that includes demographic and disease-
specific baseline characteristics, treatments and outcomes. Our
practice is and was to monitor all comatose survivors of cardiac arrest
with continuous EEG. We also administer AEDs in a standardized
fashion to treat potentially epileptiform EEG activity as previously
described.® We actively managed temperature in comatose patients
to target 33°C or 36 °C for 24 h regardless of initial rhythm or arrest
location. Thereafter, we rewarmed patients at 0.25°C/h to normo-
thermia, which we maintained until 72 h post-arrest. During the study
period, sedation typically used a combination of propofol and fentanyl.
After 2014, we avoided use of benzodiazepines for sedation unless
propofol resulted in hemodynamic instability or benzodiazepines were
used as an anticonvulsant.

EEG and AED data
Our hospital has around-the-clock in-house technologists who initiate

EEG monitoring on ICU arrival, an average of 6-8 h after return of
spontaneous circulation (ROSC).° We used 22 gold-plated cup

electrodes placed in the standard 10-20 International System of
Electrode Placement and record data using XLTech Natus® Neuro-
works digital video/EEG systems (Natus Medical Inc., Pleasanton,
CA). We typically continued EEG monitoring until awakening, death,
or until approximately 48 h of data without any findings considered
actionable by the treating team.

Two study coauthors (PJC and MAB, a board certified
epileptologist) jointly reviewed and annotated all EEG recordings;
these two discussed discordant interpretations until achieving
agreement. Informed by previous research on prognostication after
cardiac arrest and standard terminology,®'>'® we separately
recorded each change in the EEG. Consistent with American
Clinical Neurophysiology Society (ACNS) guidelines, we catego-
rized background activity as: suppressed (<10uV); suppression-
burst (“burst-suppression” or “discontinuous”); continuous with
periods of attenuation (i.e. “nearly continuous”); or continuous.
We categorized superimposed patterns as: generalized suppres-
sion; seizures; polyspike-burst with myoclonus; polyspike-wave
discharges without myoclonus; generalized periodic discharges <
2.5Hz; generalized periodic discharges >2.5Hz; non-generalized
periodic patterns (e.g. lateralized periodic discharges, bifrontal
periodic discharges, etc.); non-periodic epileptiform discharges; and
non-epileptiform activity. We considered each EEG state to be
defined by a combination of background and superimposed findings
(Supplemental Table 1). We time-stamped each change in EEG
state to the nearest minute. To minimize multiple hypothesis testing,
we binned EEG subtypes to test the effect of AEDs on the probability
of state transition from epileptiform states to non-epileptiform states.
In this aggregated system, we grouped EEG activity into 5
categories: suppressed; discontinuous with superimposed
epileptiform activity; discontinuous without epileptiform features;
continuous with superimposed epileptiform activity; and continuous
without epileptiform features (Supplemental Table 1).

We queried our electronic medical record to generate a report of all
AEDs administered to these patients with associated administration
timestamps. Timestamps started when the bedside nurse scanned
the medication and patient identification band during administration.
We considered the following as intermittently dosed AEDs: levetir-
acetam, valproate, (fos)phenytoin, lacosamide, phenobarbital and
enteric clonazepam or alprazolam. Once initiated, we rarely stopped
intermittent AEDs during ongoing EEG monitoring, dosing each at a
frequency sufficient to presume lasting therapeutic effect between
intermittent doses. Thus, we considered these AEDs to be absent up
to the time of first administration, then present for the duration of the
remaining EEG record. Continuously infused AEDs in this cohort
were: propofol, ketamine and benzodiazepines (midazolam and
lorazepam). Based on pharmacokinetics, we considered propofol to
be present only while actively infusing, then absent if the infusion were
discontinued. We could not differentiate from this dataset whether
propofol was administered for routine sedation during temperature
management, as an AED, or both. Ketamine is longer acting and was
rarely discontinued with during EEG monitoring, so we considered
present continuously once the infusion was started. In the case of
intravenous benzodiazepines, both intermittent intravenous bolus
doses (lorazepam, midazolam and diazepam) and as continuous
infusions (lorazepam and midazolam) existed. We considered
intravenous boluses doses to have a 60-min duration of effect.
Based on prolonged terminal half-life after sustained infusion, we
considered the effect of continuous infusions to persist for the duration
of EEG monitoring. Finally, to determine the association of targeted



84 RESUSCITATION 142 (2019) 82-90

temperature management with state transitions, we tested core body
temperature as a continuous predictor in our models.

Statistical analysis

We used descriptive statistics to summarize population character-
istics and outcomes, and report means with standard deviation and
counts with corresponding percentages. Next, we used a multi-state
model to summarize the characteristics of EEG state transitions in
our cohort irrespective of concurrent AED therapy. To summarize
the state transitions in our data, we first built a stationary Markov
model that treated transition intensities as constant over time. This
model yielded a matrix of transition intensities, which we used to
build a transition probability matrix.'®'® Rows in the transition
probability matrix correspond to each patient’s current EEG state,
while columns correspond to all possible next states to which the
EEG might transition after a specified time period. Other useful
quantities calculated from the intensity matrix are the mean sojourn
times in each state (i.e. the expected duration of a stay in a state),
the total expected amount of time spent in each state and the
expected number of visits to a particular state during the duration of
the monitoring. We report estimates of these quantities, obtained
using the R-package msm.'® We measured goodness of fit of this
multi-state model by estimating the observed numbers of individuals
occupying a state during the first 72h and plotting these against
forecasts from the fitted model.

Next, we tested whether AEDs alter the transition intensities for
movement from epileptiform EEG states (discontinuous background
with superimposed epileptiform activity or continuous background
with superimposed epileptiform activity) to non-epileptiform EEG
states (discontinuous or continuous background without any super-
imposed epileptiform activity) during the first 72 h of EEG monitoring.
We used Aalen’s linear model, a nonparametric intensity regression
method that allows both time dependent effects and time varying
covariates using a custom-modified version of the R-package Addreg.
20-22 This model can account for time since cardiac arrest, baseline
covariates or demographic factors, and time-varying covariates (e.g.
AED administration), all of which might be expected to affect the
intensity of a future EEG state transition. In contrast to the stationary
Markov model, Aalen’s model allows transition intensities to vary over
time. Aalen’s model is:

ars(t) = Bo(t) + By ()X1(t) + - + Br(HXk(D) M

where a(t) is the intensity of a transition from state rto state sfor a
patient in state rattime t. X4(t),. . ., Xk(t) represent the numerical value
of the covariates, which we considered to take a value of 1 if the AED
being tested has been administered or 0 if the AED being tested has
not been administered. Regression coefficients B4(t),. . ., Bk(t)
describe how the covariate influence the intensity of state transition at
time t, and Bo(t) is the baseline transition intensity for the average
patient. A negative value of the regression coefficient for an AED
covariate suggests that the presence of the drug decreases the
likelihood that the transition in question occurs after AED administra-
tion compared to the likelihood in the absence of the AED, while a
positive coefficient indicates that the likelihood of the transition is
higher after drug administration.

We also adjusted for Pittsburgh Cardiac Arrest Category (PCAC).
PCAC is a validated 4-level ordinal measure of global post-arrest
illness severity.?>* Briefly, PCAC | patients are awake and do not

undergo EEG monitoring in our system. PCAC Il and Il patients are
comatose with preservation of brainstem reflexes, with and without
cardiopulmonary failure, respectively, while PCAC IV patients are
deeply comatose with loss of at least some brainstem reflexes and/or
no motor response. We individually tested the association of each
AED with the probabilities of transitioning from epileptiform states to
non-epileptiform.

Aalen’s model allows regression parameters to vary over time which
isimportantin the current setting as administration of an AED after 1 h of
monitoring may have a greater effect on transition intensity than the
same AED administered 48 h later. In the model estimation procedure
cumulative regression parameters are calculated, i.e. estimates of
fo' B (u)du. We generated plots of these time-varying cumulative
regression parameter estimates with corresponding 95% confidence
bands. In these plots, a positive slope means drug administration is
associated with an increase in the intensity of state transition, while a
negative slope means AED administration is associated with a
decrease in the intensity of state transition. We also report the
cumulative regression coefficients with corresponding confidence
intervals. As a sensitivity analysis we limited our cohort to only those
who had at least 24 h of data and compared our results to ensure that
ourfindings were not reflective of non-random missing data or attrition.

Finally, for AEDs significantly associated with resolution of
epileptiform EEG states, we tested their effect as second-line
agents. To do this, we considered patients’ data only after
administration of the first AED and calculated regression

Table 1 - Baseline patient clinical characteristics and
outcomes.

Clinical characteristic Overall cohort (n=828)

Age, years 57 +17
Female sex 312 (38)
Arrest characteristics
Out-of-hospital arrest location 679 (82)
Initial arrest rhythm
Ventricular tachycardiaffibrillation 232 (28)
Pulseless electrical activity 302 (36)
Asystole 222 (27)
Unknown 72 (9)
Witnessed collapse® 434 (64)
Layperson cardiopulmonary resuscitation® 170 (25)
Prehospital return of pulses® 520 (77)

Number of epinephrine doses administered 3+2

Arrest duration, min 21+15
Pittsburgh Cardiac Arrest Category
1l 219 (26)
1] 85 (10)
\% 524 (63)
Outcomes
Survived to hospital discharge 248 (30)
Proximate cause of death®
Withdrawal for non-neurological reasons 50 (9)
Brain death 58 (10)
Rearrest or multisystem organ failure 128 (22)
Withdrawal for neurological prognosis 344 (59)

Data are presented as mean =+ standard deviation or raw number with
corresponding percentages.

2 Percentages are reported for the subgroup of out-of-hospital cardiac
arrests.

b Percentages are reported for the subgroup of non-survivors.
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Table 2-Distribution of first electroencephalographic
pattern observed upon initiation of monitoring.

Electroencephalographic states Overall cohort (n=828)

Background
Suppressed 205 (25)
Suppression-burst 306 (37)
Continuous with periods of attenuation 106 (13)
Continuous 211 (25)
Superimposed patterns
Generalized suppression 205 (25)
Seizures 7 (1)
Polyspike-burst with myoclonus 180 (22)
Polyspike-wave discharges without 25 (3)
myoclonus
Generalized periodic discharges 13 (2)
<2.5Hz
Generalized periodic discharges 0 (0)
>2.5Hz
Focal periodic discharges 5(1)
Non-periodic epileptiform discharges 49 (6)
Non-epileptiform activity 344 (42)

Data are presented as raw number with corresponding percentages.

coefficients for the second AED administered. For example, a
coefficient for valproate in a model predicting transition from a
continuous background with epileptiform activity to a continuous
background without epileptiform activity would be calculated
conditional on prior levitiracetam administration. A significant
positive coefficient in this model indicates that among patients that
already received levitiracetam as a first line agent, subsequent
treatment with valproate is associated with a further increase the
probability of transitioning to a non-epileptiform state.

Results

During the study period, we cared for 1860 patients resuscitated from
cardiac arrest. Of these, 412 were awake and did not undergo EEG

EEG Transition States (n=828)

monitoring, an additional 241 were excluded for early limitations of
care, rearrest or moribund status, and 72 had severe trauma or a
primary neurological event. A further 402 did not have available EEG
(307) or medication (98) data available, leaving 828 subjects included
in our multistate EEG models and 730 in additive regression models.
Overall, mean (SD) age of included subjects was 57 (17) years, 312
(38%) were women, and 679 (82%) had initial loss of pulses out-of-
hospital, of whom 520 (77%) regained spontaneous circulation in the
prehospital setting (Table 1). Most (72%) had an initial non-shockable
rhythm, and mean arrest duration was 21 min. The overall duration of
EEG monitoring was 1785 days, with a median of 40 IQR 23-64 h per
subject. Survival to hospital discharge was 30% and the most common
proximate cause of death was withdrawal for perceived poor
neurological prognosis.

The distribution of initial EEG states is in Table 2, and the frequency
with which we observed each EEG state over time is shown in Fig. 1.
Overall, among patients with epileptiform findings on initial monitoring,
50% transitioned at least once to a non-epileptiform, non-suppressed
state (Fig. 2). By contrast, 19% with non-epileptiform initial activity
transitionedto an epileptiform state atleastonce. A granular depiction of
the disaggregated state transitions for each patient is in Supplemental
Fig. 1, along with the overall incidence and duration of each EEG state
(Supplemental Table 3). Transition probabilities for the next state are
presentedin Supplemental Fig. 2 and reflect the probability of each EEG
state being followed by each other EEG state.

Overall, 568 (78%) received at least one AED (Table 3). Most
common first line agents were propofol and benzodiazepines
(Supplemental Table 4), although we could not determine
retrospectively the intent with which these were administered
(as sedatives or AEDs). Of 345 patients that developed epilepti-
form EEG activity, 325 (94%) received at least one intermittent
AED. Patients who received AEDs without epileptiform activity fell
broadly into 3 categories: (1) patients receiving pre-arrest AEDs
that were continued in the post-arrest period; (2) AEDs initiated for
myoclonic jerks observed clinically before EEG but without
epileptiform activity on the subsequent EEG; and (3) equivocal
EEGs interpreted clinically as potentially epileptiform but adjudi-
cated by our research team as non-epileptiform.

100-
754
EEG State
- Suppressed
g Discontinuous with Epileptiform Activity
§ 50 Continuous with Epileptiform Activity
g Discontinuous without Epileptiform Activity
& Continuous without Epileptiform Activity
Outcome
251 Death
Survived to Discharge
O -

On=s28 L=603 2n=339 3n=171

Days post-arrest

4n=99 5 n=54

Fig. 1 - The frequency of each observed EEG state over time. The number of subject still undergoing monitoring each
day is noted along the X axis. The inset highlights enlarges the observed states in patients still undergoing monitoring

on days 3-5.
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Fig. 2 - Heatmap depicting each subject’s electroencephalography interpretation over the first 5 days of continuous
EEG monitoring. Each subject’s data constitutes a single bar with the subject’s outcome at hospital discharge
following the EEG data. Subjects are grouped by the first observed pattern, then sorted by the second observed pattern
(if any).
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Table 3 - Frequency and dosing of antiepileptic drugs administered during electroencephalographic monitoring.

Antiepileptic drug Number of patients treated (n=731) Dosage®
Continuous infusions
Benzodiazepines 261 4.7+3.8
Midazolam 255 48+3.8
Lorazepam 11 22+22
Propofol 587 19+ 11
Ketamine 60 41+32
Phenobarbital 4 26+ 26
Intermittent agents
Levetiracetam 321 1000 [750, 1500]
Valproate 205 750 [500, 1000]
Benzodiazepines 436 201,2]
Lorazepam 218 2[1, 2]
Midazolam 306 22, 2]
Clonazepam 25 0.5[0.5, 1]
Diazepam 16 20 [5, 20]
Alprazolam 6 0.5 [0.5, 0.5]
Phenytoin 110 100 [100, 150]
Lacosamide 36 100 [100, 150]
Phenobarbital 30 510 [100, 922.5]
Ketamine 40 70 40, [100]

Treatment frequency data are presented as raw number of patients with corresponding percentages. Dosage administration data is presented as the total hours of
administration, with the median duration per treated patient, for continuous infusions, and the total number of doses with median doses per treated patient for
intermittently dosed antiepileptic drugs.

& Continuous infusion dosages are presented as mean + standard deviation in units milligrams per hour, except propofol which is expressed as micrograms per
kilogram actual body weight per minute. Intermittent agent dosages are presented as median interquartile range in units of milligrams per dose.

Table 4 - Summary of the dynamics of electroencephalographic states after cardiac arrest during continuous
monitoring. The top portion of the table reports the estimated cumulative baseline intensities for clinically relevant
state transitions. These are derived from the multistate model and represent the expected number of transitions an
average patient will have during the observation period. The bottom portion of the table provides the cumulative
regression coefficients from univariable additive regression models adjusted for PCAC status. The cumulative
coefficients used for testing the association of each antiepileptic drug (AED) with the change in state transition
intensity are calculated over the first 72h of monitoring. This represents the impact of AEDs on the observed
probability of state transition. Statistically significant postitive associations are highlighted in bold.

Parameter Transition

From: Discontinuous + From: Discontinuous + From: Continuous + From: Continuous +

epileptiform epileptiform epileptiform epileptiform
To: Discontinuous not To: Continuous not To: Discontinuous not To: Continuous not
epileptiform epileptiform epileptiform epileptiform

Expected number of 0.31 (-0.11, 0.74) 1.53 (1.09, 1.96)
transitions
(Cumulative baseline

intensity [95% CI])

1.16 (0.88, 1.35) 0.29 (0.14, 0.43)

Coefficient (95% CI) P value Coefficient (95% Cl) P value Coefficient (95% Cl) P value Coefficient (95% Cl) P value

Medication effects

Benzodiazepines ~0.7(-1.42,002) 0011 —0.45(-0.93,0.03) 0016 —0.11(-0.36,0.15)  0.674 0.19 (-0.63, 1) 0.550
Propofol -0.22 (-0.75,0.31)  0.750 0.08 (-0.2,0.37) 0933 0.3 (-0.13, 0.72) 0.156  —0.05(-0.87,0.78)  0.550
Ketamine —0.01(-1.27,1.25)  0.009 —0.21 (-0.42, 0) 0546 —0.21 (-0.54,0.13) 0175 —1.51 (-2.66,-0.35) 0.001
Valproate —0.39 (-1.06,0.27) 0544 —0.22 (-0.55,0.1)  0.006  0.94 (-1, 2.88) 0.480 2.49 (1.38,3.61)  0.000
Levetiracetam —0.62(-1.74,05) 0970 —0.04 (-0.36,0.28) 0274 —0.27 (-0.68,0.14)  0.172 0.52 (-0.35,1.39)  0.019
Phenytoin —0.42(-0.94,0.11)  0.048 —0.36(-0.6,-0.12)  0.002 0 (0, 0) 0.237 —0.75(-1.58,0.07)  0.012
Phenobarbital -0.22(-0.91,047) 0412 —0.24(-0.51,0.03) 0172 0(0,0) 0.317 0.91(-0.77,2.58)  0.233
Lacosamide —045(-1.31,042) 0932 —0.38(-0.6,-0.16)  0.000 0 (0, 0) 0.286 —0.82 (-1.26,-0.39) 0.000
Core temperature 0.05(-0.18,0.26)  0.658 0.02 (-0.10,0.13)  0.379  —0.05(-0.11,0.02) 0.279  -0.30 (-0.78,0.17)  0.042

°c)

Cumulative baseline transition intensities and the impact of
AED administration on these intensities, adjusted for PCAC status,
are in Table 4 with time-dependent associations plotted in
Supplemental Fig. 3. In unadjusted analysis, several individual

AEDs were associated with a change in the probability of state
transition from an epileptiform EEG state to non-epileptiform
states. Among patients with continuous EEG background
and epileptiform activity, valproate (3 coefficient 2.49 95% ClI
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1.38-3.61) and levetiracetam (3 coefficient 0.5295% CI —0.35 to
1.39) were associated with resolution of epileptiform activity.
Warmer body temperature was associated with a decrease in the
probability of resolution of epileptiform activity in these patients. By
contrast, among patients with discontinuous EEG background, no
AED was associated with resolution of epileptiform activity, nor
was core body temperature. A sensitivity analysis limited to only
those patients with >24 h of EEG monitoring demonstrated stable
findings in this subgroup.

Discussion

There are three plausible explanations for the well-established
association between epileptiform EEG patterns and outcome. First,
epileptiform EEG activity may be an epiphenomenon of severe
primary anoxic injury, and epileptiform patterns neither cause
secondary injury nor respond to antiepileptic drug (AED) treat-
ment.?®> Second, epileptiform EEG activity might reflect severe
primary injury, contribute to secondary injury,2%2° but not respond to
AEDs. Finally, epileptiform EEG activity may cause secondary brain
injury®®>° and improve with AED treatment.?>*° In the first two
scenarios, EEG would have prognostic value, but AED administra-
tion would not be expected to affect the EEG or patient outcomes.
Only in the third scenario would AED treatment be expected to
improve outcomes by promoting resolution of injurious EEG activity.
Continued debate about the value of administering AEDs after
cardiac arrest demonstrates the need to distinguish between these
scenarios.

Our present findings are consistent with prior qualitative reports
showing that many highly epileptiform EEG patterns that develop on
an otherwise suppressed background, particularly burst suppression
with identical bursts, evolve in a stereotyped manner and may be
refractory to AED therapy.'?'32° The ability to generate continuous
cortical background activity implies the presence of functional cortical
neurons with some degree integrity of both the cortical network and
connectivity with deep brain structures. After severe injury, deaf-
ferentation and laminar necrosis can result in a suppression-burst
pattern.'®"%31:32 Patients with discontinuous background activity and
epileptiform EEG activity may lack sufficient cortical substrate to
respond to AEDs.

Our data support a potential utility of valproate and levetiracetam
for treatment of epileptiform EEG activity in selected comatose post-
arrest patients. Use of AEDs to treat epileptiform EEG activity in
critically ill patients with acute brain injury is largely extrapolated from
management of outpatient epilepsy or convulsive status epilepticus®
despite these being fundamentally different patient populations.
Providers administer AEDs with the hope of controlling epileptiform
activity and thereby reduce secondary brain injury, a posit with face
validity.?*°3* Small prior studies have reported that AEDs are well
tolerated in the critically ill and that seizures often stop after AED
administration.®>*® However, prior studies have not adjusted for the
probability of spontaneous state transition in the absence of AED
treatment. We demonstrate that spontaneous resolution of epilepti-
form activity is common in this population, a potential threat in
assessing impact in a non-experimental design. The ongoing
randomized treatment of electrographic status epilepticus after
cardiopulmonary resuscitation (TELSTAR) study will shed further
light on the efficacy of AEDs after cardiac arrest.>” Our finding that
lower body temperature is also associated with an increase in the

probability of resolution of epileptiform activity in patients with
continuous background activity is also consistent with prior studies
demonstrating a reduction in sustained electrographic status
epilepticus among hypothermia-treated patients presenting with
convulsive status epilepticus.®® Our results suggest continuity of
the EEG background activity is a measureable source of heterogene-
ity that may allow identification of subgroups of patients unlikely to
respond to treatment.

Our study is limited in many ways. First, EEG monitoring
started on ICU admission, not immediately post-arrest. At our
center, approximately two out of three patients have initial care at
another facility; we previously reported a delay of 6-8 h from arrest
to initiation of EEG monitoring.® Thus, we cannot exclude the
possibility of clinically important EEG state transitions or
differential drug effect in the immediate post-arrest period. Time
to AED administration is a potential factor in seizure control,*® so
our failure to observe an association between AED administration
and resolution of epileptiform activity in patients with discontinu-
ous EEG backgrounds may simply reflects excessive delay to
treatment. Second, we decided to combine patterns on the ictal-
interictal spectrum to avoid multiple hypothesis testing, since any
EEG state can theoretically transition to any other state and more
granular treatment of the EEGs would have resulted in several
thousand coefficients from our regression models. We cannot
comment on between-pattern heterogeneity in drug responsive-
ness (e.g. generalized periodic discharges and seizures may not
respond identically to a given AED). We did not observe an
association between benzodiazepines or propofol and transition
from continuous to discontinuous background states. In this
observational study, we could not determine retrospectively
whether these medication were administered to provide sedation
or as AEDs, and average dosing was well below recommended
anticonvulsant doses.®® Thus, the lack of observed association of
these medications with EEG transitions may simply reflect
subtherapeutic dosing.

It is also important to note that clinicians who decided which
and how many AEDs to administer were not blinded to other
clinical characteristics. Thus, AEDs may have been administered
differentially to patients based on perceived severity of brain
injury or extracranial organ failure. Sicker patients may have
tended to receive more, fewer or different AEDs in difficult to
measure ways. Because illness severity and development of
epileptiform EEG patterns after cardiac arrest are correlated,
observational data cannot fully account for this potential
confounder. Additionally, our observational design included
patients with variable duration of monitoring. We studied the
shape of the cumulative regression coefficient plots derived from
the linear model to ensure that significant results yielded slopes
that were largely stable over time and were not simply reflective
of non-random missing data or attrition. Finally, our first-line
intermittent AEDs in this population historically are levetiracetam
and valproate, the same AEDs observed to have potential
impact. The lack of apparent phenytoin effect may reflect that itis
typically administered to patients that have already failed to
respond to one or two other AEDs and that past refractoriness
to treatment predicts future refractoriness. Thus, we are cautious
to interpret negative coefficients to indicate a lack of demonstra-
ble efficacy, rather than that the drug in question actually
decreasesthe probability transitioning to a non-epileptiform state.
An experimental design based on these hypotheses generating
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data seems the next best step to better detect AED impact after
cardiac arrest.

In conclusion, we observed that antiepileptic drug administration
increases the probability that epileptiform EEG activity resolves after
cardiac arrestin the subset of patients able to generate continuous EEG
background activity. By contrast, our data suggest that epileptiform
EEG activity superimposed on a suppressed background may reflect
diffuse cortical damage that and may not be amenable to AED
treatment.
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