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Abstract

Posttraumatic epilepsy (PTE) is a significant and debilitating issue further complicating recovery after brain injury.
This review is meant to be an overview of PTE following traumatic brain injury (TBI). Beginning with an introduction
into the epidemiology of PTE following TBI, the paper goes on to explain the classifications of seizures and what
defines posttraumatic epilepsy as well as the risks associated with the development of PTE after TBI. The biological
basis of PTE is explained using both past and current research, assisting in understanding the past and current
treatment options. This review concludes with a discussion of future research directions in order to improve upon the
dearth of knowledge in this area and further build and establish well utilized treatment options.
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Introduction

Traumatic brain injury is the result of a blunt or penetrating
force that creates symptoms including confusion, varying states of
consciousness, coma, and focal sensory or motor deficits as well as
seizures [1]. In 2010, the Center for Disease Control and Prevention
reported that nearly 2.5 million traumatic brain injuries occurred
either in isolation or in conjunction with another injury. The results
and long-term effects of such injuries span a multitude of outcomes,
with research focusing and acknowledging the increased likelihood of
seizures following TBI. With such injuries comes the potential for the
development of epilepsy, also referred to as posttraumatic epilepsy.
Posttraumatic epilepsy is defined as two or more seizures, thought to
be related to the injury itself, that follow a traumatic injury occurring
later than one week following the injury [2,3]. Patients with TBI are
at higher risk for the development of epilepsy relative to the general
population. Posttraumatic epilepsy appears to account for up to 20%
of symptomatic epilepsy within the general population [4]. As for
the statistical likelihood of epilepsy in TBI patients, reports propose
varying ranges with many resting anywhere from 3-20 % dependent
on the severity of injury, which if severe, could increase the potential to
approximately 40% [2,5,6].

There are variable pathophysiology’s across TBI's that yield
different outcomes in relation to seizures and the potential development
of posttraumatic epilepsy (PTE). PTE in humans range from simple
partial, complex partial to secondarily generalized seizures. The
definitions of each, from the Epilepsy Foundation are as follows: simple
partial, usually lasting around 2 minutes, is characterized as either
motor, sensory, autonomic or psychic seizures in which the individual
is usually alert. Complex partial seizures, lasting 1 to 2 minutes, include
automatisms (such as lip smacking) in which the individual is unaware
of their surroundings. Finally, secondarily generalized seizures begin in
one area of the brain, and spread to both hemispheres lasting anywhere
from 1-3 minutes. These seizures are convulsive and can take much
longer for the patient to recover from. It is evident that these three
types of seizures all exhibit different durations and causes, which are
even further complicated by a patient’s age, gender and even genetic
background [7]. Factors such as age, previous seizures, smoking,
genetics, timing of seizures and types of injury, all play a role in the
potential for the development of PTE. All of these factors can create
varying effects related to the outcome. For example, in pediatrics, the
likelihood of late seizures is much lower than the likelihood of early

seizures, which is often different from the adult population [2]. Age
plays a role in the latency period of seizures following TBI. A latency
period of around 3 years existed in those who were over 14 while there
was an 18 year latency period in those who were 2 years or younger at
the time of the trauma [8]. These vast differences further complicate
risks and treatment. An additional risk factor that is often associated
with an increased likelihood for the development of PTE, is genetic
predisposition. Although much is still in debate as to what exactly
may be the genetic markers, many articles propose that genetics
could play a role in PTE [9,10]. Demonstrated through rats, it was
demonstrated that regardless of the location and severity of the injury,
other factors such as genetics or physiological states play a large role
in the determination and the individual epidemiology of PTE [7]. This
finding alone demonstrates why discovering treatments and solutions
can prove to be so difficult.

Classification and Risk

The classifications of seizures following TBI are separated into three
categories: immediate, early and late onset. Seizures may be related
to the direct injury itself subsiding after hours or days, or long-term
damage can occur, which often results in PTE. Each of these phases has
separate definitions, causes and prognoses. Immediate onset seizures
occur within 24 hours following the injury. These seizures are usually
linked to the immediate repercussions of the injury as opposed to a
change or alteration in neural circuitry. Most often these immediate
seizures are seen within the pediatric population [6,11,12]. Immediate
onset seizures are most often excluded from analysis in research, leaving
their clinical significance unclear [2]. Early onset seizures typically
occur less than a week after injury and are often seen as a precursor for
late seizures [6,13,14]. Late onset seizures are found to occur more than
a week after the injury and have been seen to occur for years following.
These late seizures appear to increase the likelihood for PTE [6,13].
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When comparing early versus late onset seizures, the different
risk factors associated with each have been identified. Risk factors
for early onset seizures comprise: acute intracerebral hematoma,
acute subdural hematoma, younger age, increased injury severity, and
chronic alcoholism [2]. Risk factors for late onset seizures include
early posttraumatic seizures, brain contusion, subdural hematoma,
prolonged posttraumatic amnesia (> 3 days), increased injury severity,
and older than 65 years of age at the time of injury, along with many
of the factors listed for early onset seizures [2,4,6,15]. Following a
TBI, the likelihood of supplemental seizures is increased for up to 10
years following the injury [3], especially for injuries resulting in brain
contusions and subdural hematomas. Rates of seizures following these
injuries ranged from 5.0-12.0 as compared to only 2.2 for rate ratios
from other injuries [4,16]. All of these injuries as well as outside factors
play a role in differentiating the potential for PTE.

Most notable of all the previous risks, is the severity of the injury
itself [10,17]. Common clinical markers of head injury severity
include the Glascow Coma Score, length of posttraumatic amnesia,
length of loss of consciousness, extent of brain damage and brain
volume loss shown on CT scan [1,2]. As shown by Lowenstein, the
risks for developing epilepsy based on severity are demonstrated as a
29 fold increased risk following TBI [6]. It is explained that there is a
4 times greater risk of developing epilepsy following moderate TBI as
compared to a 1.5 times risk following a mild TBI [16]. Similar to this,
penetrating versus closed head injuries damage the brain differently,
leaving an altered likelihood for PTE. While closed head injuries
often lead to axonal tearing, diffuse edema and ischemia, causing the
release of excitatory amino acids and other toxic chemicals that can
cause additional damage, penetrating injuries produce a cicatrix in
the cortex, increasing the likelihood of PTE by about 50% versus 30%
for the closed head injuries [4]. Additionally, severity appears to be
related not only to a greater risk of seizures, but also a greater risk for
a longer amount of time [14]. Therefore patients with highly severe
brain injuries, were more likely to develop PTE and this likelihood was
increased for a longer period of time. Often, PTE itself does not surface
for months or even years following the injury [13] creating further
questions as to the biological cause of the seizures themselves.

Biological Basis

As for the biological basis of PTE, numerous studies have noted
various causes. There are still debates as to the exact causes leading to
PTE, making treatment a challenge. Signs such as mossy fiber sprouting
[18-20], increased electroencephalogram activity [11], damage to the
hippocampus or cortex [12,18], neuronal cell loss [18], blood brain
barrier disruption [13, 21], inflammation [7, 20] and more appear to be
potential precursors to the development of PTE.

Previously, findings indicated that there were two patterns of cell
loss associated with TBI and the onset of seizures; these being classic
hippocampal sclerosisand restricted hilar neuronloss [18]. Late seizures,
which have been noted as a risk factor for epilepsy, are seen to be due
to the damage of the cortex by free radicals that have been generated
following the deposit of iron and the increased toxic level of glutamate
[4]. Previous studies have also proposed that the reorganization of the
circuitry in the brain can lead to epileptogenesis which is defined as
the process by which a non-epileptic brain transforms into one that
produces unprovoked seizures through the development of brain
tissue capable of seizures [19]. The new connections made create
hyperexcitability between the newly formed synapses particularly in
the denate gyrus [22]. An increased electrical current appears to create
the potential for epileptic activity. Mossy fiber sprouting itself is not

the direct cause of epilepsy, but it is these increased connections on
the dentate granule cells that further increases the excitability of the
hippocampus [12,13,18,19,23].

A more recent report summarizes some of the potential biological
changes into three distinct temporal phases that occur after the injury.
The first is in the early stage, ranging from a few seconds to minutes, in
which there are changes observed in the ion channel related proteins
and receptors. These changes create the beginning alterations to the
proteins and genes which result in posttranslational modifications of
both receptors and ion-channel proteins. Within hours to days there
can be neuronal death, inflammation, and altered transcription factors
associated with genes. These changes can lead to alterations in growth
factors that begin the biological changes, as a precursor to the next
phase. The later phase, which occurs weeks to months after injury often
consists of morphological changes including mossy fiber sprouting,
neurogenesis and gliosis [19,20]. All of these factors are seen to be
biological markers for the development of PTE.

Additionally, the blood- brain barrier (BBB) is a more current
biological topic of concentration to describe PTE after TBI. One study
focused on the level and intensity of BBB disruption and its eventual
effects on the potential of PTE. It was concluded that patients who
developed PTE, had increased and higher volume of BBB disruption
compared to non-PTE patients. Altogether they found that TBI
patients showed a lasting focal increase in BBB activity in nearly 70% of
the patients, a correlation between the EEG abnormality and the lesion,
increased EEG slowing, correlation with the size of the BBB disruption
to the extent of dysfunction, and patients with PTE were more likely to
show abnormal BBB disruption overall compared to non-PTE patients
[13]. BBB disruption and inflammation appear to be bi-products of
TBI that often lead to further damage and disruption in the brain,
hypothetically having an effect on PTE [21]. These biological factors
provide a deeper understanding of the multiple factors playing a role
in brain injury and the further understanding of this can truly assist in
the treatment process.

Treatment

In reviewing the literature, current lines of treatment are structured
in a step-wise process beginning with Anti-Epileptic Drug (AED)
treatment, then moving to resection surgery if AED treatment is not
ultimately effective and on to vagus nerve and deep brain stimulation
for medically refractory epilepsy. Alternative approaches and therapies,
such as hypothermia therapy, are also proposed as a potential new
treatment as we will discuss further. As for the research on AED’s, past
treatment has focused on phenytoin prophylaxis.. Reports and success
rates on this drug do not appear beneficial in preventing or treating later
seizures. The success rates of phenytoin are limited to the first year,
early seizures. These findings do not translate to the late unprovoked
seizures or the further treatment of PTE [5,9,11,13,15,24,25]. In another
article, comparing more AED drugs, using data on five separate AED
drugs, including: phenytoin, valproate, phenobarbital, magnesium,
and carbamazepine, researchers concluded that not one of the drugs
has appeared to show lasting preventative effects on late seizures
[9,25]. This review indicates that phenytoin and carbamazepine both
have been seen to assist early seizures, but the same results, as previous
studies have indicated, do not transfer to late seizures [25]. This finding
demonstrates the need for additional treatment options for individuals
who develop PTE. One study did find potential success in utilizing
AED’s. This study proposed a time window for the administration of
AED’s. This time window was within the first hour following a trauma,
as this window can potentially protect against the underlying processes
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that lead to epileptogenesis [24]. Although medication is a more
common form of treatment, the effectiveness should be called into
question as many patients, despite taking medications report frequent
seizures and difficulty with side effects when taking these drugs [26].
The proposal of a time window for the administration of AED’s is an
interesting aspect to be explored, but the window creates potential
difficulties in attempting to determine the patients who would benefit
from AED’s while trying to save their lives. Additionally, articles have
noted that many new anti-epileptic drugs have come onto the market,
but have remained relatively unstudied; presenting a need for increased
research as to the potential for improved benefits for these new drugs
including gabapentin, rufinamide, lamotrigine and more [9]. The
treatments that follow after the preliminary use of AED’s are:

e Resection surgery of the anterior temporal lobe on the non-
dominant side [9]

e Deep Brain Stimulation [9]
e Vagus Nerve Stimulation [27]
e Hypothermia Therapy [23]

These treatment methods exhibit different yet promising benefits
for the control and potential treatment of PTE. With the first avenue
of treatment primarily headed by AED drugs, the second step is most
commonly resection surgery. Resection surgery is utilized in patients in
which genesis of the seizure islocal and focused [9]. For instance, success
has been demonstrated following resection surgery in patients with
medial temporal lobe epilepsy, a more common location of epilepsy for
patients with PTE [28]. Yet for PTE in which seizures can have multiple
cortical epileptic foci and therefore resection is not an option, other
strategies such as deep brain stimulation and vagus nerve stimulation
may be utilized [9,29]. Both vagus nerve and deep brain stimulation are
found to be effective for patients with medically refractory epilepsy [9].
In vagus nerve stimulation, an electrode is implanted onto the left vagus
nerve, over time decreasing the amount, and potentially the severity
of seizures, appearing to be a great potential treatment option for
individuals experiencing PTE [27]. In a longitudinal study measuring
the effectiveness of vagus nerve stimulation, Kuba et al. determined,
after a 5 year follow up, that there was a 55.9% reduction in seizure
frequency per month for patients [29]. Vagus nerve stimulation has
indeed proved successful over the years for cases in which resection is
not an option, but often stimulation is accompanied by AED treatment.
Despite success with stimulation, most of the patients remained on
AED treatment and it is with the addition of vagus nerve stimulation
that seizure reduction was observed [29], As for deep brain stimulation,
results vary, but in some cases suppression of seizures has been noted
[30]. Deep brain stimulation has proven successful for Parkinson
patients leading to the question of the same applicability to patients
with PTE. Often deep brain stimulation is considered after resective
surgery and/or vagus nerve stimulation, have failed [31]. Depending on
the individual, there may be a personalization of treatment, but overall,
there is no universal treatment.

Further delving into the methods mentioned above, some studies
indicate promise within hypothermia therapy. Hypothermia therapy
is defined as a modest reduction in brain temperature for only 4 hours
after injury. This therapy appears to be a potential new treatment for
PTE as some success has been shown in both the reduction of mossy
fiber sprouting in the dentate gyrus as well as an overall reduction in
the susceptibility to seizures. While this treatment was promising
in some aspects, there were others that lacked statistically beneficial
contributions. Hypothermia therapy did not reduce the loss of cells

within the dentate gyrus and also did not decrease the severity of the
seizures [23]. This led to the later proposal that hypothermia therapy
be accompanied by a pharmacological approach that target the aspects
such as hilar cell loss, that hypothermia therapy does not specifically
target [23,27]. Hypothermia therapy exhibits varying successes, but
with further research and trials, there may be greater breakthroughs
allowing utilization for this type of therapy within the treatment
process, especially if accompanied by pharmacological components.

Although these techniques all show promise, there is further
research required for improvement of outcomes and possible
prevention of PTE. Additionally, although promise has been shown
on different treatment models, most experimentation was done on
animals so new testing is required to see how the treatment would
translate to the human population. Additionally, in considering these
new treatment options, it has been noted in various studies, that these
treatments are accompanied and bettered by the use of AED treatment,
which is something that must be further considered and researched in
the future [23,27,31].

Future Directions

Thus far, many clinical trials targeted toward the prevention of
epilepsy have ultimately failed [25] though there is promise amidst
many of them. Future research is required for the discovery of
factors that may be predictive in the development of PTE. This can be
improved first by additional imagining and EEG observation in order
to monitor the biological changes within the brain. Many biological
factors mentioned above can be seen through imagining such as
fMRI, thus, more observations could be a gateway toward learning
new techniques and preventative measures. Studies have indicated
that monitoring within the years following a TBI are crucial [17,19];
especially in the treatment and even discovery for the prevention of
PTE. Additionally, many of these studies showing promise have solely
been conducted on animals, thus more transitional studies and clinical
trials are required in order to determine the success rates for humans
[9]. Overall further research and observation is required in order to
gain additional knowledge and treatment options for patients after TBI.
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