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Abstract 

Background/Objectives: Epileptiform abnormalities (EA) on continuous electroencephalography (cEEG) are associ-
ated with increased risk of acute seizures; however, data on their association with development of long-term epilepsy 
are limited. We aimed to investigate the association of EA in patients with acute brain injury (ABI): ischemic or hemor-
rhagic stroke, traumatic brain injury, encephalitis, or posterior reversible encephalopathy syndrome, and subsequent 
development of epilepsy.

Methods: This was a retrospective, single-center study of patients with ABI who had at least 6 hours of cEEG during 
the index admission between 1/1/2017 and 12/31/2018 and at least 12 months of follow-up. We compared patients 
with EAs; defined as lateralized periodic discharges (LPDs), lateralized rhythmic delta activity (LRDA), generalized peri-
odic discharges (GPDs), and sporadic interictal epileptiform discharges (sIEDs) to patients without EAs on cEEG. The 
primary outcome was the new development of epilepsy, defined as the occurrence of spontaneous clinical seizures 
following hospital discharge. Secondary outcomes included time to development of epilepsy and use of anti-seizure 
medications (ASMs) at the time of last follow-up visit.

Results: One hundred and one patients with ABI met study inclusion criteria. Thirty-one patients (30.7%) had EAs on 
cEEG. The median (IQR) time to cEEG was 2 (1–5) days. During a median (IQR) follow-up period of 19.1 (16.2–24.3) 
months, 25.7% of patients developed epilepsy; the percentage of patients who developed epilepsy was higher in 
those with EAs compared to those without EAs (41.9% vs. 18.6%, p = 0.025). Patients with EAs were more likely to be 
continued on ASMs during follow-up compared to patients without EAs (67.7% vs. 38.6%, p = 0.009). Using multivari-
able Cox regression analysis, after adjusting for age, mental status, electrographic seizures on cEEG, sex, ABI etiology, 
and ASM treatment on discharge, patients with EAs had a significantly increased risk of developing epilepsy com-
pared to patients without EA (hazard ratio 3.39; 95% CI 1.39–8.26; p = 0.007).

Conclusions: EAs on cEEG in patients with ABI are associated with a greater than three-fold increased risk of new-
onset epilepsy. cEEG findings in ABI may therefore be a useful risk stratification tool for assessing long-term risk of 
seizures and serve as a biomarker for new-onset epilepsy.
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Introduction
Continuous EEG (cEEG) monitoring has increased expo-
nentially in the last decade and has led to increased detec-
tion of seizures in critically ill patients [1]. In addition 
to electrographic seizures, approximately 30% of cEEG 
recordings identify other epileptiform abnormalities 
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(EAs) such as lateralized periodic discharges (LPDs), 
lateralized rhythmic delta activity (LRDA), generalized 
periodic discharges (GPDs), brief potentially ictal rhyth-
mic discharges (BIRDs), bilateral independent periodic 
discharges (BIPDs), or sporadic epileptiform discharges 
(sEDs) [2]. A large multicenter study of > 4500 patients 
demonstrated a strong association of EAs with increased 
risk of acute seizures [2]. Further, some recent studies 
have found that higher burden of EAs is associated with 
worse functional outcomes in patients with subarachnoid 
hemorrhage and acute ischemic stroke [3, 4]. While these 
EAs are conclusively associated with an increased risk of 
acute seizures, the investigation of their long-term signif-
icance is only beginning [5].

Recent studies in patients with a range of underlying 
etiologies have demonstrated an association between 
the presence of LPDs on cEEG with later development 
of epilepsy [6, 7]. Moreover, the presence of early sei-
zures is associated with long-term development of post-
traumatic epilepsy in patients with moderate-to-severe 
traumatic brain injury (TBI) [8]. In fact, acquired epi-
lepsy is a frequent and potentially debilitating complica-
tion of acute brain injury (ABI) with 20–60% of epilepsies 
caused by an identified brain insult [9]. Further, since it is 
unclear how long the risk of seizure remains high, a large 
proportion of patients who undergo cEEG are treated 
with anti-seizure medications (ASMs), and 50–90% of 
them stay on ASMs for 12 months or longer [6, 10–12]. 
Due to the cognitive adverse effects of ASMs, the poten-
tially harmful effects of polypharmacy in the elderly, and 
added healthcare costs, it is critical to understand long-
term post-hospitalization outcomes of these patients. 
Therefore, we aimed to explore the association between 
EAs on cEEG and subsequent development of long-term 
epilepsy in patients with ABI who underwent cEEG mon-
itoring during index hospitalization.

Methods
Study Population
This was a retrospective study of patients admitted 
to Grady Memorial Hospital from January 1, 2017 to 
December 31, 2018. We included patients who had: (1) 
ABI on presentation defined as acute ischemic stroke 
(AIS), intracerebral hemorrhage (ICH), subarachnoid 
hemorrhage (SAH), TBI, or “other,” with “other” includ-
ing posterior reversible encephalopathy syndrome or 
encephalitis, (2) cEEG for 6 or more hours, and (3) at 
least 12  months of follow-up as determined by review 
of all electronic medical records (EMR) at our institu-
tion, which integrates with several local hospital EMRs. 
We excluded patients with (1) history of epilepsy, (2) 
prior remote brain injury or other central nervous sys-
tem lesion with new-onset clinical or electrographic 

seizures at the time of presentation meeting criteria for 
epilepsy, (3) anoxic brain injury during index admission, 
and (4) less than 12 months of follow-up. This study was 
approved by the Emory University Institutional Review 
Board and Grady Memorial Hospital research oversight 
committee.

Clinical and EEG Variables
We collected clinical variables including age, sex, ABI 
etiology, Glasgow Coma Scale (GCS) at the time of EEG, 
clinical seizure prior to cEEG, time-to-cEEG, hospital 
length of stay, ASM use on discharge, and time to last 
follow-up. Clinical seizures were identified as events wit-
nessed by treating teams that were documented in the 
EMR and defined as generalized tonic–clonic activity or 
focal events (jerking of the arms, legs, or facial twitch-
ing), with/without gaze deviation consistent with focal 
seizure. Time-to-cEEG was calculated from the day of 
arrival to emergency department. All patients underwent 
cEEG using the conventional international 10–20 system 
of electrode placement with 21 disk scalp electrodes. The 
interictal findings were interpreted in accordance with 
the 2012 American Clinical Neurophysiology Society 
standardized critical care EEG terminology [13]. EEG 
variables included the presence of electrographic or elec-
troclinical seizures, the type of EA (LPDs, LRDA, GPDs, 
and sEDs). Generalized rhythmic delta activity (GRDA) 
was not included due to its non-epileptiform nature as 
shown in the recent studies [2]. We considered EA to be a 
binary variable—present or absent. Hence, patients with 
multiple EA such as having both LRDA and LPDs were 
counted only once (EA present).

Outcomes
The primary outcome was development of epilepsy, 
defined as the occurrence of spontaneous clinical sei-
zures following hospital discharge. Occurrence of sei-
zure was determined by electronic medical record notes 
documenting witnessed clinical events by clinicians and 
other staff in the hospital or an unequivocal description 
by the patient/family/bystander deemed by the treat-
ing clinician to be consistent with a generalized or focal 
seizure. Secondary outcomes included, time to develop-
ment of epilepsy and the use of ASMs at the time of last 
follow-up.

Statistical Analysis
We compared baseline characteristics between patients 
with and without EA using Pearson Chi-square test or 
Fisher’s exact test for categorical variables and Mann–
Whitney U test for continuous variables. Kaplan–Meier 
curve and log-rank test were used to compare time-to-
epilepsy development in patients with and without EA. 
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Patients who did not develop epilepsy were censored at 
their last follow-up. Multivariable Cox proportional haz-
ards regression models were used to determine the asso-
ciation of EAs with new-onset epilepsy, adjusting for age, 
sex, mental status at the time of EEG (stratified by GCS), 
ABI etiology, discharge ASMs, clinical seizure prior to 
cEEG, and electrographic seizure on cEEG. Results are 
reported as hazard ratios (HRs) and corresponding 95% 
confidence intervals (CIs). All statistical analyses were 
performed using SPSS version 20.0 (IBM Corp., Armonk, 
NY, USA).

Results
The study included 101 patients with ABI with median 
[IQR] age of 56 [45–65] years of which 37.6% were 
women (Table  1). We included patients with a varying 
degree of severity; AIS patients had National Institute 
of Health Stroke Scale (NIHSS) scores of 4–25, ICH 
patients had ICH scores of 0–4, subarachnoid hemor-
rhage (SAH) patients had Hunt and Hess scores of 3–4, 
and TBI patients had intracranial injuries of varying 

severity and GCS scores of 3–15. The median (IQR) time 
to cEEG was two (1–5) days. Thirty-one (30.7%) patients 
had EAs on cEEG: 15 (14.9%) had LPDs, 12 (11.9%) had 
LRDA, 7 (6.9%) had GPDs, and 2 (2%) had sEDs. Nine 
(8.9%) patients had acute electrographic seizures and 40 
(39.6%) demonstrated focal slowing on cEEG. Patients 
with EAs were more likely to develop acute seizures (19.4 
vs. 4.3%, p = 0.023) and were more likely to be discharged 
on ASMs (74.2 vs. 32.9% p = 0.001). The median duration 
of monitoring in the EA group was significantly longer 
compared to the duration of monitoring in the non-
EA group (48.0 IQR 2.8–84.0 vs. 22.8, IQR 17.4–42.9, 
p = 0.01). There were no other differences in the baseline 
characteristics of patients with EA and without EA.

Overall, 26 (25.7%) patients with ABI developed new-
onset epilepsy during a median (IQR) follow-up duration 
of 19.1 (16.2–24.3) months. Patients without EAs had a 
longer duration of follow-up (19.3 [16.67–24.44] months) 
compared to those with EAs (15.3 [13.0–20.9] months), 
p = 0.02. The proportion of patients who developed epi-
lepsy was significantly higher in those with vs. without 

Table 1 Patient demographics, clinical features, and outcomes

*p < 0.05
† “Other” includes posterior reversible encephalopathy syndrome (PRES) and encephalitis; the patient in this category was diagnosed with PRES

AIS, acute ischemic stroke; ASM, anti-seizure medication; cEEG, continuous electroencephalography; EA, epileptiform abnormality; ICH, intracerebral hemorrhage; 
SAH, subarachnoid hemorrhage; TBI, traumatic brain injury

Variable All patients, No. (%) 
(n = 101)

Patients with EA, No. (%) 
(n = 31)

Patients without EA, No. 
(%) (n = 70)

P value

Age at cEEG, years, median [IQR] 56.0 [45.0–65.0] 50.0 [29.0–67.0] 58.5 [46.8–65.0] 0.234

Women 38 (37.6) 12 (38.7) 26 (37.1) 1.000

GCS 0.289

 ≤ 8 26 (25.7) 11 (35.5) 15 (21.4)

 9–12 30 (29.7) 9 (29.0) 21 (30.0)

 13–15 45 (44.6) 11 (35.5) 34 (48.6)

Clinical seizure prior to cEEG 34 (33.6) 13 (41.9) 21 (30.0) 0.261

Electrographic seizure on cEEG 9 (8.9) 6 (19.4) 3 (4.3) 0.023*

Time to cEEG, days, median [IQR] 2.0 [1.0–5.0] 2.0 [1.0–6.0] 2.0 [1.0–5.0] 0.704

Duration cEEG, hours, median [IQR] 25.5 [19.0–53.0] 48.0 [24.8–84.0] 22.7 [17.4–42.9] 0.001*

ABI etiology 0.296

 AIS 43 (42.6) 13 (41.9) 30 (42.9)

 ICH 19 (18.8) 4 (12.9) 15 (21.4)

 SAH 7 (6.9) 1 (3.2) 6 (8.6)

 TBI 31 (30.7) 12 (38.7) 19 (27.1)

 Other† 1 (1.0) 1 (3.2) 0 (0.0)

Length of stay, days, median [IQR] 20.0 (11.0–32.5) 21.0 (11.0–36.0) 19.5 (11.0–32.0) 0.650

ASMs on hospital discharge 46 (45.5) 23 (74.2) 23 (32.9) 0.001*

Follow-up duration, months, median [IQR] 19.1 [16.2–24.2] 15.3 [13.0–20.9] 19.3 [16.67–24.44] 0.002*

Outcomes

 New-onset epilepsy 26 (25.7) 13 (41.9) 13 (18.6) 0.025*

 ASMs at follow-up 48 (47.5) 21 (67.7) 27 (38.6) 0.009*

Time to epilepsy, months, median [IQR] 6.2 [3.6–10.1] 6.8 [3.5–13.3] 5.9 [3.6–9.4] 0.700
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EAs (41.9 vs. 18.6%, p = 0.025). Patients with EAs were 
more likely to be continued on ASMs during follow-up, 
as compared with patients without EAs. On multivariable 
Cox regression analysis, after adjusting for covariates, the 
risk of new-onset epilepsy following ABI was significantly 
higher in patients with vs. without EAs (adjusted HR 
3.39; 95% CI 1.39–8.26; p = 0.007) (Table  2 and Fig.  1). 

Clinical seizure prior to cEEG was also associated with an 
increased risk of development of epilepsy (adjusted HR 
2.70; 95% CI 1.07–6.79; p = 0.035).  

Discussion
Our study demonstrates that in patients with ABI, the 
presence of EAs on cEEG is associated with a greater 
than three-fold increased risk of new-onset epilepsy, 
independent of clinical factors. This elevated risk was 
seen despite most patients being discharged on ASMs. 
Of note, the median time from admission to cEEG in 
our study was two days, suggesting a role for early cEEG 
within the first week of injury to stratify epilepsy risk in 
patients with ABI.

Our findings are consistent with prior studies in 
patients with TBI and acute ischemic stroke show-
ing EAs on early EEG independently predicted post-
stroke and post-traumatic epilepsy [14, 15]. However, a 
recent study found no difference in risk of new-onset 
epilepsy between patients with LPDs and/or LRDA 
versus patients without LPDs or LRDA [5]. There are 
several possible reasons for the discrepancies in the 
findings across these studies. Firstly, the study popu-
lation in each study was variable and ranging from a 
specific population which may be higher risk such as 
acute brain injury to all critically ill patients including 
those without ABI in whom the risk of epilepsy might 
be lower. Secondly, we included all types of EAs in our 

Table 2 Multivariable cox regression analyses for associa-
tion of  epileptiform abnormality on  cEEG and  new-onset 
epilepsy in ABI patients

*p < 0.05

AIS, acute ischemic stroke; ASM, anti-seizure medication; cEEG, continuous 
electroencephalography; ICH, intracerebral hemorrhage; SAH, subarachnoid 
hemorrhage; TBI, traumatic brain injury

Variable HR [95% CI] P value

Epileptiform abnormality on cEEG 3.39 [1.39–8.26] 0.007*

Age 1.02 [0.99–1.05] 0.174

Sex 0.51 [0.20–1.31] 0.164

GCS ≤ 8 1.36 [0.50–3.67] 0.547

Clinical seizure prior to cEEG 2.70 [1.07–6.79] 0.035*

Electrographic seizure on cEEG 1.19 [0.36–3.96] 0.774

Discharged on ASMs 0.65 [0.23–1.78] 0.396

Etiology

 ICH vs. AIS 0.63 [0.17–2.36] 0.497

 SAH vs. AIS 0.54 [0.07–4.38] 0.568

 TBI vs. AIS 1.69 [0.67–4.28] 0.265

Fig. 1 Kaplan–Meier survival curves for freedom from epilepsy in ABI patients with vs. without epileptiform abnormalities on cEEG. ABI, acute brain 
injury; ASM, anti-seizure medication; cEEG, continuous electroencephalography; EA, epileptiform abnormality
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study, whereas other studies examined only LPDs and 
LRDA, which could have influenced the results. Lastly, 
the duration of follow-up was also different among 
the studies and hence, the results are not comparable. 
These findings indicate the need for a larger prospective 
study which can overcome these limitations and also 
allow for subgroup analyses for definitive conclusions.

While EAs are associated with an increased risk 
of acute seizure [2, 16], there is a dearth of informa-
tion about their long-term significance. Consequently, 
there are no guideline recommendations for long-term 
ASM management and post-hospitalization care of 
ABI patients with EAs. Our finding of EAs as a prog-
nostic marker for epilepsy development may be used to 
counsel patients and families about the elevated risk of 
seizures in those with EAs and potentially guide ASM 
management as well. Interestingly, most of the patients 
in our study who developed epilepsy were already on 
ASMs at the time of discharge. Since the ASMs are 
often associated with cognitive and other adverse 
effects [17], further studies should investigate how 
ASM treatment affects long-term risk of epilepsy devel-
opment and outcomes in ABI patients with EAs.

Recently, there have been increased efforts to dis-
cover biomarkers for epileptogenesis which are com-
mon across patients with ABI such as stroke and TBI 
[18]. While some clinical risk factors for the develop-
ment of epilepsy after ABI, such as injury severity, cor-
tical location, and presence of hemorrhage, have been 
identified, it remains challenging to predict which ABI 
patients will develop epilepsy, hindering the develop-
ment of clinical trials and interventions to prevent this 
adverse outcome. Continuous EEG is a candidate tool 
due to its widespread use and similar EEG findings 
across the spectrum of ABI. In experimental rat models 
of TBI, high frequency oscillations (HFOs) and repeti-
tive spikes recorded via depth electrodes were seen 
early after fluid percussion injury in the most severe 
cases and resulted in a high incidence of late seizures 
[19]. These HFOs can also be detected on scalp EEG 
[20], and their role in epileptogenesis in TBI is being 
explored [21]. Although invasive EEG is not commonly 
employed for management of conditions beyond severe 
TBI and SAH, it is plausible that a subset of EAs seen 
on scalp EEG, such as periodic discharges with over-
riding fast activity, represent the correlate of HFOs 
and may be a marker of future development of epilepsy 
following ABI. Moreover, it is now apparent that peri-
odic discharges (PDs) produce metabolic changes and 
hypoxia similar to that seen in electrographic seizures 
[22]. Therefore, it is possible that PDs insinuate cellu-
lar and metabolic changes similar to the early seizures 

after ABI and increase the long-term risk of developing 
epilepsy.

Early clinical seizures after TBI and ICH have been well 
known to be associated with development of epilepsy [8, 
23]. In a cohort of 46 TBI patients, 24 had early seizures 
and 41.7% of those patients developed epilepsy; early sei-
zure was a strong predictor of post-traumatic epilepsy in 
a multivariate model as well [8]. Similarly, early seizures 
are part of the CAVE score for predicting risk of epi-
lepsy after ICH [23]. Our study confirms this association 
between early clinical seizures and development of epi-
lepsy across the broad spectrum of ABI. We hypothesize 
that recruiting patients with early seizures after ABI may 
offer an avenue to maximize the yield of anti-epilep-
togenesis trials.

Our study has several limitations. Firstly, due to the 
single-center retrospective design, our findings may not 
be generalizable to all centers and patients. Secondly, we 
excluded patients with < 1-year follow-up, which may 
have affected our results. Similarly, the rate of detection 
of EA may have been affected by the duration of monitor-
ing, which was shorter in patients without EA. However, 
recent studies have shown that the probability of detect-
ing EA and seizures decays with time and 24 h of screen-
ing is recommended even for high-risk patients, as the 
likelihood of seizure beyond this time frame is less than 
5% if no EA or seizures have been detected within 24 h 
[24, 25]. Since the patients without EA also had a median 
duration of cEEG monitoring of 22.75 h, we believe that 
most were adequately screened. It is possible that the 
longer duration of monitoring in the EA group is due 
to the tendency to monitor patients with EA longer to 
detect and manage seizures. Thirdly, due to the heteroge-
nous etiology, we were unable to compare other variables 
such as severity of injury and location of injury which are 
known risk factors for development of epilepsy. Lastly, 
our small sample size precluded further subgroup analy-
sis by type of EA or their plus modifiers. Despite these 
limitations, our study is one of the few which contributes 
to the scant literature on the long-term outcomes and 
lays the groundwork for a larger prospective study.

Conclusion
In this retrospective cohort study of patients with ABI, 
EA on cEEG was associated with > 3-fold increased risk 
of developing new onset epilepsy. Early cEEG in the ABI 
population may therefore be a useful tool for assessing 
risk of future development of epilepsy.
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