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Abstract

Post-traumatic epilepsy (PTE) is a consequence of traumatic brain injury (TBI), occurring in 10-25% of patients with
moderate to severe injuries. The development of animal models for testing antiepileptogenic therapies and validation of
biomarkers to follow epileptogenesis in humans necessitates sophisticated understanding of the subtypes of PTE, which is
the objective of this study. In this study, retrospective review was performed of patients with moderate to severe TBI with
subsequent development of medically refractory epilepsy referred for video-electroencephalography (EEG) monitoring at
a single center over a 10-year period. Information regarding details of injury, neuroimaging studies, seizures, video-EEG,
and surgery outcomes were collected and analyzed. There were 123 patients with PTE identified, representing 4.3% of all
patients evaluated in the epilepsy monitoring unit. Most of them had localization-related epilepsy, of which 57% had
temporal lobe epilepsy (TLE), 35% had frontal lobe epilepsy (FLE), and 3% each had parietal and occipital lobe epilepsy.
Of patients with TLE, 44% had mesial temporal sclerosis (MTS), 26% had temporal neocortical lesions, and 30% were
nonlesional. There was no difference in age at injury between the different PTE subtypes. Twenty-two patients, 13 of
whom had MTS, proceeded to surgical resection. At a mean follow-up of 2.5 years, Engel Class I outcomes were seen in
69% of those with TLE and 33% of those with FLE. Our findings suggest PTE is a heterogeneous condition, and careful
evaluation with video-EEG monitoring and high resolution MRI can identify distinct syndromes. These results have
implications for the design of clinical trials of antiepileptogenic therapies for PTE.

Key words: EEG; post-traumatic epilepsy; seizure; surgical resection; traumatic brain injury

Introduction

TRAUMATIC BRAIN INJURY (TBI) is a heterogeneous condition,
resulting in both focal and diffuse neuronal injury, and is a
leading cause of death and disability worldwide, resulting in major
social, economic, and health problems.l’2 Data from the Centers for
Disease Control in 2006 indicated that in the United States, there
was an annual incidence of about 1.4 million emergency depart-
ment visits and close to 300,000 hospitalizations for TBI. Annually,
TBI contributes to a substantial burden of lifelong disability.’
Physical, cognitive, emotional, and behavioral sequelae can result
from TBI, resulting in life-altering consequences.”*

Post-traumatic epilepsy (PTE), defined as recurring seizures
occurring more than 7 days after injury, complicate 3-5% of
moderate TBIs and as many as 25-50% of severe TBIs.> TBI ac-
counts for approximately 4% of focal epilepsy in the general

population and is the leading cause of epilepsy with onset in young
adulthood (age 15-24 years).>”

The onset of PTE can be up to several years after the brain injury.
Most patients are empirically started on antiepileptic medications
after the first late post-traumatic seizure. In most cases, treatment
significantly reduces the frequency of seizures.® In other cases,
however, seizures are refractory to medical management, which
often prompts evaluations in epilepsy monitoring units (EMU).
Confirmed PTE accounts for 5% of all referrals to specialized ep-
ilepsy centers.’

In some cases, medically intractable PTE arises from the mesial
temporal structures (the hippocampus, amygdala, and parahippo-
campal gyrus), presumably resulting from diffuse injury mecha-
nisms that result in damage to vulnerable neuronal or axonal
populations and may result in mesial temporal sclerosis (MTS).'°
In such cases, resection of the anterior temporal structures can be
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curative,''™'® although previous studies have reported less favor-

able surgical outcomes than in cryptogenic MTS."

Many patients with PTE do not have MTS, however.'® Other
refractory epilepsies can occur from focal neocortical scars result-
ing from localized contusions and intracranial hemorrhages from
such mechanisms as penetrating head trauma. The pre-surgical
evaluation for such cases is more time intensive and invasive,
because seizure evaluations using subdural grids and strips as well
as functional mapping of the sensory, motor, and language areas
are often needed. Despite the time investment and higher risk, this
approach is often less successful in localizing and curing the
epilepsy.'®

An interesting point is that occasional patients with previous TBI
have idiopathic or symptomatic generalized epilepsy, which may
be inadvertently treated with narrow spectrum antiepileptic drugs
used for focal seizures because their seizures started after their
TBI.'® Successful treatment of these patients usually necessitates
tailored broad spectrum antiepileptic therapy. Another issue is that
frontal lobe epilepsy (FLE) is often misdiagnosed, historically, as
primary sleep disorders, psychogenic nonepileptic seizures, or
other primary psychiatric illnesses.'’™'® As a result, these patients
with a misdiagnosis are not successfully treated.

The objective of this study is to characterize the subtypes of
epilepsy that arise as a consequence of TBI. A sophisticated un-
derstanding of these subtypes of PTE will potentially aid in the
development of clinically relevant animal models and human
biomarkers of epileptogenesis.”® Some of the patients included in
the study were reported in two previous publications from our
group.'®! The current study extends the previous reports from 5 to
10 years of experience from a single epilepsy center and includes
results of resective surgical treatments that were not published
previously.

Methods

This is a retrospective, Institutional Review Board approved,
chart review of patients referred to the EMU at Parkland Memorial
Hospital/University of Texas Southwestern Medical Center at
Dallas, Texas, from January 1998 through June 2008 for definitive
diagnosis of presumed epilepsy. During the admission, patients and
their families were questioned about possible epilepsy risk factors,
including perinatal injuries, febrile seizures, meningitis and/or
encephalitis, family history of epilepsy, and TBI.

On admission, antiepileptic medications were suspended during
the assessment period, and all patients had prolonged continuous
video and scalp electroencephalography (EEG) recording. Scalp
EEG data were collected using a BMSI 5000 system sampling at
400 Hz (1998-2001) and a Stellate Harmonie system (2002—-2008)
sampling at 200 Hz, both systems using the international 10-20 and
modified combinatorial nomenclature system of electrode place-
ment. Ictal events were identified by the patient, family, medical
staff, or by computerized spike and seizure detection algorithms.

Patients were included in this study if they had a documented
history of moderate to severe TBI (defined as TBI associated with
prolonged loss of consciousness or amnesia lasting =30 min or
prolonged hospitalization, skull fracture, intracerebral or intracra-
nial hematoma, or traumatic encephalomalacia on neuroimaging
studies obtained nonacutely during their epilepsy evaluation) pre-
ceding the onset of epilepsy that was proven during the EMU
evaluation. Patients who had nondiagnostic evaluations or who had
exclusive psychogenic nonepileptic seizures were excluded.

An MRI of the brain using a technique sensitive for detecting
MTS was obtained. Sequences obtained included sagittal T1-
weighted, axial gradient echo, and coronal T1-, T2-, and fluid at-
tenuated inversion recovery (FLAIR) images obtained at 3-mm
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slice thickness through the region of the hippocampus. MTS was
defined by hippocampal atrophy, T2 hyperintensity, and/or FLAIR
hyperintensity, all assessed by visual inspection by board-certified
neuroradiologists who were blinded to patient risk factors. When
the MRI of the brain was unavailable or contraindicated, a CT scan
of the brain was used. A study was classified as nonlesional if the
imaging study obtained during the epilepsy workup did not show
any abnormalities.

A subset of these patients had a more intensive pre-surgical
evaluation that included neuropsychometric testing, Wada testing
(intracarotid amobarbital), and/or intracranial/subdural EEG
monitoring with or without functional mapping of the sensory,
motor, and language areas. The intracranial electrode implantations
were individualized to each patient depending on their suspected
seizure focus. Subsequent surgical resection of the epileptogenic
focus was performed if all of the pre-surgical workup was of ade-
quate concordance in regard to seizure localization.

Anteriomesial temporal lobectomy with hippocampectomy was
performed in patients with mesial temporal lobe seizures or with an
anterior temporal neocortical focus. Lesionectomies and tailored
resections guided by results of intracranial electrode monitoring
were performed in the remaining patients with lesional and non-
lesional neocortical epilepsy. The surgical margins were defined in
part by the intracranial EEG findings. Pathologic analysis of the
resected tissue was performed using standard methods. Clinical
assessment of surgical outcome was graded using the Engel clas-
sification (I, seizure-free; I, rare disabling seizures; III, worthwhile
seizure reduction; and IV, no improvement) at least 1 year after
operation.

Information regarding details of the TBI, the latency from injury
to onset of epilepsy, the neuroimaging studies, the EEG and video
recordings of seizures, and the post-surgical follow-up were col-
lected and analyzed via retrospective chart review.

Results

Of the 2886 consecutive unique patients referred to the EMU
over a 10-year period, 123 (4.3%) patients fulfilled the inclusion
criteria, of whom 60% were male. Table 1 shows the demographic
information, mechanism of injury, age at injury, and latency to
onset of epilepsy. The majority of the TBIs involved motor vehicle
accidents or falls. Figure 1 shows imaging examples of lesions seen
in this study.

Localization related epilepsy was the most common subtype of
PTE, diagnosed in 115 (93%) patients and arising most commonly
from the temporal lobes and frontal lobes. Of those patients with

TABLE 1. DEMOGRAPHIC INFORMATION

Demographics Mean SD Median
Sex (% male) 74 (60%)

Age at injury (years) 20.0 12.7 19.0
Age at seizure onset (years) 23.1 12.7 21.5

Latency to seizure (years) 3.5 6.6 0.0

Age at EMU evaluation (years) 38.7 11.7 39.0
Mechanisms of brain injury (%)

Motor vehicle accident 61 (49.6)

Motor pedestrian collision 1 (0.8)

Fall 32 (26.0)
Assault 17 (13.8)
Gunshot wound 6 (4.9)
Unknown 6 (4.9)

Total 123

SD, standard deviation; EMU, epilepsy monitoring unit.
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FIG. 1.
imaging also shows global atrophy but no focal scars; (B) patient with left temporal neocortical lesion; (C) patient with left >right
frontal encephalomalacia.

temporal lobe epilepsy (TLE), just under half had MTS and about
one-third were nonlesional. Of patients with MTS after TBI, 83%
(24/29) had their injury after the age of 5 years. Four patients were
found to have bilateral MTS.

Multifocal epilepsy was found in one patient. A small subset had
primary generalized epilepsy, most of whom had clinical, including
semiology, and EEG features indicative of idiopathic generalized
epilepsy. Of those with idiopathic generalized epilepsy, 33% (2/6)
had a positive family history of epilepsy. The others had features in-
dicative of a symptomatic generalized epilepsy syndrome (Table 2).

Among the subtypes of epilepsy, the average latency to epi-
lepsy for MTS (n=29) was 2.1 years (standard deviation [SD] 4.1
years, median <1 year) compared with 5.1 years (SD 8.4 years,
median 1 year) for all lesional neocortical cases (n=56) (two-
tailed p value=0.07; Mann-Whitney rank order test).

Of the 123 patients in the study, 22 proceeded to a surgical
resection (Table 3). Most of the surgical patients had TLE of whom
the majority had MTS. One of the four patients with bilateral MTS
had exclusive unilateral temporal seizures and underwent resection.
The other surgical patients had FLE of whom all had a lesional
neocortical focus.

At the latest post-operative clinical assessment (mean 2.52
years, SD 2.26 years, median 2.07 years), most patients had a good
outcome (Engel Class I or II) (Table 3). Eleven (69%) of the
temporal lobe epilepsy syndromes were Engel Class I compared

Three imaging examples of lesions seen in this study. (A) Patient with bilateral mesial temporal sclerosis. Magnetic resonance

with 2 (33%) of the FLE syndromes. Of note, the patient who
underwent unilateral temporal resection in the setting of bilateral
MTS was an Engel Class I outcome at the latest post-operative
clinical assessment (21 months).

Discussion

PTE is a common, heterogenous, and disabling sequela of TBI. It
is likely that successful development of antiepileptogenic therapies
will necessitate a detailed understanding of the PTE subtypes.
Comprehensive clinical evaluations, including video-EEG moni-
toring and neuroimaging, can identify distinct PTE syndromes. The
reviewed data are concordant with previous smaller studies,'*!16-!
and indicate that PTE commonly arises from the temporal lobes,
predominately from the mesial structures. It also commonly arises
from the frontal lobes and relatively rarely from occipital or parietal
lobes. This increasing awareness of the high prevalence of temporal
and frontal lobe PTE should guide practitioners to consider this di-
agnosis early in the course of the illness.

Of note, only one patient had dual areas of epileptogenicity,
which may be lower than expected for PTE and could be the result
of sampling error in part because of uncertainty that all seizure
types (both clinical and subclinical) were captured during their
EMU stay. It is plausible that some patients in our data series in
fact had more than one epileptogenic zone, with the other zones

TABLE 2. EPILEPSY SYNDROMES FOR THE 115 PATIENTS WITH FOCAL, LOCALIZATION-RELATED EPILEPSY

Mesial temporal Lesional neocortical Nonlesional neocortical Unknown
Focal n (%) n (%) n (%) n (%) Total
Temporal 29 (44.0) 17 (25.8) 20 (30.3) - 66
Frontal - 32 (80.0) 6 (15.0) 2(5) 40
Parietal - 3 1 - 4
Occipital - 3 1 - 4
Multifocal - 1 - - 1
Total 29 (25.2) 56 (48.7) 28 (24.35) 2 (1.74) 115
Idiopathic Symptomatic Total
Generalized 6 2 8

Syndromic diagnosis was based on seizure semiology, scalp or intracranial EEG pattern, and imaging.
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TABLE 3. EPILEPSY SUBTYPES AND OUTCOMES FOR 22 SURGICALLY TREATED PATIENTS

Overall surgical outcome at latest clinical follow-up

Temporal Frontal
Engel Total MTS Lesional neocortical — Nonlesional neocortical — Lesional neocortical — Nonlesional neocortical
Class n (%) n (%) n n n n
1 13 (59.1) 10 (76.9) 0 1 2 -
11 4 (18.2) 2 (15.4) 1 0 1 -
1 2 (9.1 0 0 0 2 -
v 3 (13.6) 1(7.7) 0 1 1 -
Total 22 13 1 2 6 -

MTS, mesial temporal sclerosis.

Clinical assessment of surgical outcome at least 1 year after the surgical procedure was performed using the Engel classification: I, seizure-free; II, rare
disabling seizures; III, worthwhile seizure reduction; and IV, no improvement.

producing microseizures, which are too focal to either show up
on scalp EEG or to cause clinical manifestation. Microseizures
have been identified using depth electrodes in the acute setting of
TBI.>> Another possibility is selection bias because patients from
our center with already known multifocal epileptogenicity (char-
acterized elsewhere) would not have met the study inclusion cri-
teria. Also of note, the correlation, if any, between the presumed
idiopathic and symptomatic generalized epilepsies seen is unclear
and is likely an unrelated occurrence, but it is plausible that more
severe TBI could have led to earlier expression of underlying
susceptibility.

In this study, the latency to referral to our epilepsy center av-
eraged 15 years. Decreasing the latency to surgical referral may
lead to earlier diagnosis and optimal treatment, potentially leading
to better outcomes. Optimal treatment considerations, contrary to
previous data, should include both pharmacological as well as
surgical options when appropriate because these data suggest that
the success rate of surgical resection appears to be comparable to
that in the nontrauma population. In addition, early referral may
permit surgical interventions that may not be feasible after late
referral because of progressive secondary injury from recurrent
seizures. For example, early referral may allow surgical therapy of
patients in whom surgically intractable bilateral hippocampal in-
jury and memory dysfunction would otherwise develop.

The overall poorer epilepsy surgical outcomes for FLE when
compared with TLE are similar to those seen in the nontraumatic
population. The exact reason for this is unclear. Mesial temporal
structures, including the amygdala and hippocampus, are highly
epileptogenic and are readily resectable. In addition, a standard
temporal lobe resection that removes mesial and lateral temporal
structures encompasses more than epileptogenic margins. In contrast,
in many frontal lobe cases, the epileptogenic zone is more widespread
and the margins are difficult to define, especially in nonlesional cases.
The tailored resections may, therefore, be inadequate.

Although not statistically significant in this study, the trend for a
shorter latency to onset of PTE with MTS is a potential novel
finding that must be replicated in larger prospective cohorts. If
proven with statistical significance, this could potentially help
identify early on those patients who might be good surgical can-
didates given the high seizure-free success rate of anteriomesial
temporal lobectomy with hippocampectomy.

The higher number of MTS cases in post-traumatic epilepsy,
seen in this retrospective study and others, is interesting and may be
the result of injury from repeated temporal seizures or may be

implicated in actual epileptogenesis. Proinflammatory cytokines,
such as interleukins (IL-1o IL-1f), play a role in the molecular
cascade leading to neuronal injury after brain trauma, and expres-
sion of these genes are induced by trauma.>*~>> There is also ex-
perimental evidence that implicates these proinflammatory
cytokines in f:pilepsy.26’27 Therefore, it is possible that in diffuse
brain injury that may lead to MTS, there might be activation of
cytokines that might tip the balance in a patient predisposed to
epilepsy.

Of note, some cases in the study were initially classified as
nonlesional based on current imaging techniques. On microscopic
examination of the resected tissue, however, abnormalities were
identified consistent with contusions and axonal injury. This
demonstrates that currently used imaging standards for patients
with TBI may be suboptimal. Studies have shown that developing
MRI technologies, including phased array coils and higher strength
MRI magnets, improves signal-to-noise ratio, which leads to higher
quality images with improved spatial resolution and contrast.?®
Incorporating such technologies into current practice might in-
crease the possibility of detecting subtle structural changes with
current MRI imaging sequences (i.e, T1-weighted, T2-weighted,
and FLAIR sequences) and with novel, sophisticated techniques,
such as diffusion tensor imaging and tractography,?® and this may
lead to a more accurate clinical impression and clinical outcome.

Limitations of this retrospective analysis were realized in addi-
tion to the expected inherent recall bias and inconsistent data re-
cording. This study had a selection bias toward cases that were
more difficult in terms of diagnosis and management (i.e., phar-
macoresistant). In addition, scalp EEG lacks sensitivity in identi-
fying focal electrographic seizures, especially frontal, and
historically FLE is often misdiagnosed'’"'® and therefore may not
get referred for epilepsy evaluation. Thus, estimating the unbiased
prevalence of the subtypes of PTE cannot be done. The exclusion of
patients whose spells predated the TBI makes it impossible to ex-
clude the possibility that pre-morbid conditions contributed to PTE.
In addition, the lack of nonlesional frontal surgical cases in this
study was a result of the rigorous patient selection for surgery that is
done at our epilepsy center, and the high percent of Engel Class I
outcomes may be biased by conservative patient selection for
surgery.

Overall, the available retrospective data are still limited because
they represent only those referred to a single epilepsy center, which
is a fraction of the total populationwith PTE. Therefore, prospective
studies are needed to fully understand the endophenotypes of PTE.
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It is hopeful that this will lead to better design of clinical trials of
antiepileptogenic therapies for PTE and to the development of
appropriate animal models and biomarkers to follow the epilepto-
genic process in humans.
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