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MB, a 40-year-old, left-hand dominant, male mechanic
with no significant past medical history, sustained a
traumatic brain injury (TBI) after an ATV accident. MB
was an unhelmeted driver whose vehicle flipped over a
steep ravine. He lost consciousness for approximately
five minutes as reported by a fellow rider who was

with him. MB was pinned under the ATV and sustained
multiple crush injuries, as well as second degree burns to
his legs. The EMT documented a Glasgow Coma Scale
(GCS) of 7 (eye response-2, verbal response-1, motor
response-4) at the scene of the collision. Pupils were
equal and reactive. MB required intubation to maintain
an airway. He was transported by helicopter to our
level | trauma facility 100 miles from the scene of injury.
At the hospital, CT head without contrast was obtained,

FIGURE 1: CT scan image with an example
which showed extensive facial fractures and left subdural  of a left subdural or subarachnoid

or subarachnoid hemorrhage (see Figure 1).

hemorrhage after receiving IV contrast.
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MB’s injuries required emergent left-sided hemicraniectomy.
While in the ICU, he was started on phenytoin with an initial
dose of 15 mg/kg IV followed by daily dosing at a rate no
greater than 25 mg/min. On day three in the ICU, he became
tachypneic, tachycardic (with a heart rate in the 120s), and
diaphoretic. The clinical staff documented muscle rigidity of

his upper and lower extremities, and he was afebrile. MB had
three specific episodes with these findings during the day.

Each episode lasted approximately two minutes, and then

vitals returned to baseline. EEG monitoring was performed for
24 hours, which showed focal arrhythmic (polymorphic) slow
activity and sharp waves originating from the left temporal
region around the time of the change in vital signs and muscle
rigidity. Phenytoin was discontinued, and the patient was started
on phenobarbital IV. A day later, his vitals improved. A continuous
EEG monitor for 24 hours documented no further seizure
activity. Phenobarbital was discontinued on day eight post-
injury, and MB was started on valproate. Dosing was regulated
by monitoring his serum valproate levels. He also had an
extensive ICU stay of 14 days due to respiratory failure requiring
tracheostomy and dysphagia requiring percutaneous endoscopic
gastromy placement (PEQG). It was documented that MB later
developed a rash while on valproate that was discontinued. The
physical medicine and rehabilitation consultation service was
asked to evaluate for appropriate therapy for seizure treatment

and rehabilitation management 15 days post-TBL

TBI and Seizures

The Centers for Disease Control reported in 2010 that TBI
resulted in approximately 2.5 million emergency department visits,
hospitalizations, or deaths.! Common neurological sequelae
following TBI may include: memory impairment, difficulty with
focus or attention to tasks, problems with emotional control,
challenges with coordination or balance, motor weakness in the
extremities, and/or changes in perceptual sensory abilities.? TBI
disrupts the tissue responsible for electrical firing, which may lead
to epileptogenesis (seizures).’ Seizures can be classified by several
terms. Post-traumatic seizure (P'TS) is defined as “post-traumatic”
because the seizure occurred in relation to, or was provoked by, the
TBL** Seizures occurring after TBI are classified further according
to when they occur. An early post-traumatic seizure (early PTS)

is defined as a seizure during the first week after the brain injury,
whereas a late post-traumatic seizure (late P'TS) is defined as
occurring more than seven days after the brain injury.’* According to
recent definitions published by the International League Against
Epilepsy (ILAE), post-traumatic epilepsy (PTE) is defined as one or
more unprovoked seizures more than seven days out from injury®,

essentially rendering individuals with late P'TS as having PTE.

Epidemiology

PTE risk is related to severity of the TBI In a population-based
study of 4,541 subjects, the seizure incidence increased with
severity of injury (mild injury=1.5 relative risk, moderate
injury=2.9, and severe injury=17).” The rates of early P'TS and
late PTS vary between studies. In a multicenter study with over
600 subjects more than 16 years old, the rate of early PTS was
3%.% This same study also reported that the probability of late
PTS varied depending on whether a patient experienced early
PTS (rate of late PT'S after early PT'S=26.2% versus rate of late
PTS if no incidence of early PTS=13.1%).® Further analysis
determined that type of traumatic injury and location of injury
also can affect late PTS incidence. One report suggests that in
the setting of a depressed skull fracture, there can be up to a
12.3% prevalence of early PTE.” PTE has been reported

in 20% of the population having symptomatic seizures, and

5% of all patients with seizure have PTE.* Based on previous
literature, individuals who are at risk for PTS tend to have

the characteristics described in Figure 2 on Page 3.

Proposed Molecular Mechanisms
That Contribute to PTE

Recent genetic studies have evaluated whether the adenosinergic,
glutamatergic, and GABAergic neurotransmitter systems contribute
to the variable risk for PTE. In general, PTE complicates about
3-5% of moderate cases of TBI and up to 25-50% of cases of
severe TBL!! Despite some evidence supporting clinical risk
factors for PTS, criteria are lacking to accurately predict who is at
risk for PTS. Thus, researchers are beginning to analyze personal
biology and the role genetics play in recovery and post-injury
symptomatology. Through a translational laboratory-to-clinic
approach, clinicians may be closer to analyzing an individual’s
genetic profile to identify, for example, those who are more
susceptible to seizures and what anti-epileptic treatment may be
appropriate based on clinical trials.!? Figure 3 on Page 4 is a visual
representation of the different factors that affect PTE risk after TBI.

Adenosine is a potent endogenous neurotransmitter and
anticonvulsant, and adenosine levels are regulated by astrocytes.
Astrocytes are supportive glial cells that facilitate interactions
between neuronal cell bodies and other extracellular brain tissues
(e.g., blood vessels, gray matter, and white matter). Astrocytes
and microglia cells are both implicated in neuronal cell death.

In response to brain injury, astrocytes can attempt to promote
repair, but if this reaction is overactive, it can lead to reactive
astrogliosis, otherwise known as glial scarring. Astrogliosis

can result in the over-expression of adenosine kinase (ADK),
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SEIZURE < 7 DAYS POST-INJURY ¢——— —— P SEIZURE > 7 DAYS POST-INJURY

EARLY PTS

¢ Acute intracerebral hematoma
* Younger age

¢ Increased injury severity
- Loss of consciousness > 0.5 hours
- Post-traumatic amnesia > 0.5 hours

¢ Depressed skull fracture®

¢ Chronic alcoholism

FIGURE 2: Risk Factors for Early and Late PTS!?

which can then result in reduced adenosine levels,” leaving
those areas of the brain, such as the hippocampus, vulnerable to
epileptogenic activity after TBL." In fact, experimental models
show that scar formation is a major cause for epileptogenesis and
the eventual development of seizures, at least in part by altered
adenosine kinase (ADK) expression."” Also, work has shown

that genes governing the adenosine regulatory cycle!* and
adenosine Al target receptors' can increase the probability

of PTE and accelerate the process of epileptogenesis that

often occurs after severe TBI.'*

Another inhibitory neurotransmitter system implicated in

the pathology of PTE is gamma-aminobutyric acid (GABA).
Among other actions, GABA neurotransmitter systems regulate
excitatory tone.'* GABA is synthesized via the enzymatic actions of
glutamic acid decarboxylase (GAD) on glutamate, and its actions
are connected to experimental seizure models.”” Genetic variation
within the GAD1 gene has been linked in one study to PTE risk’s,
particularly when occurring over the first six months post-injury.
In addition, inflammation is a known mechanism facilitating

epileptogenesis and the eventual development of seizures.

Together, these data show the potential importance of personal
biology in gauging PTE risk. Further studies on this topic are
needed to help develop personalized algorithms aimed at optimal
screening, prophylaxis, and treatments after TBI. Similarly,

experimental models of TBI and epilepsy can help to understand

LATE PTS (PTE)

e Early PTS

 Acute intracerebral hematoma
- Subdural hematoma

¢ Brain contusion

¢ Increased injury severity
- Loss of consciousness > 24 hours
- Post-traumatic amnesia > 24 hours

¢ 65+ years old at time of injury

¢ Significant midline shift®

PTE and determine how to best treat it. Animal models of

TBI can be used to determine more about how anticonvulsant
medications affect the injured brain. For example, the controlled
cortical impact injury (CCI) model has been used to demonstrate
the adverse CNS effects of chronic phenytoin use on the injured
brain.' In contrast, this same model has also demonstrated that
daily use of levetiracetam has multiple neuroprotective properties,
normalizing brain tissue levels of markers of inflammation (IL-1b)

and excitotoxicity (glutamate transporters).?’

Recognizing Seizures After TBI

Individuals with TBI may exhibit signs and symptoms of
seizures, which may present with a variety of atypical symptoms
like fluttering of eyes, confusion, difficulty with speech,

head turning, body hemiclonic movements, or tonic-clonic
convulsions.?! Post-TBI seizure activity may initially present as
focal seizures that were previously classified as simple partial
seizures where no loss of consciousness is exhibited, and only
subjective symptoms are experienced by the individual during
a seizure.” Focal seizures may be identified by first observing
an altered state of consciousness or by considering the patient’s
self-report of an internal experience. Sometimes a focal seizure
may be a subtle movement or behavior that is difficult to
differentiate, especially in animal research models.”! Recently
established guidelines by the ILAE removed the differentiation
between simple partial and complex partial seizures, but noted
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that it is still clinically relevant to determine if seizure activity Prophylactic use of phenytoin is not without the possibility
presents with impairment of consciousness/awareness or altered of adverse events. Common adverse reactions include rash,
cognition.”” In documented case studies, researchers note that fevers, nystagmus, nausea, dizziness, leukopenia, leukocytosis,
among individuals with TBI who experienced focal seizures and lethargy.”® Despite the treatment guidelines, many
(formerly described as complex partial seizures), they often have individuals with moderate to severe TBI receive daily
seizures that are refractory to many common anti-epileptic prophylaxis with phenytoin well beyond the first seven days
medications.”! The varied presentations of PTS make the task post-injury, and others who develop epilepsy may also be

of diagnosing a seizure difficult for the clinical staff. It is very treated with phenytoin."” Until recently, there has been little
important to obtain a thorough history from the patient or experimental literature examining the potential effects of
caregiver about any specific post-traumatic symptoms. Obtaining phenytoin therapy on TBI pathology and recovery. However,
this information can often be a challenging task due to the recent studies show that prolonged phenytoin use after
common occurrence of altered mental status, agitated behavior, experimental TBI impairs learning and has adverse effects
and decreased awareness among individuals who have experienced on neuroplastic markers and histological damage after CCL."*
a TBL® Important items to assess when diagnosing PTS These results provide multiple lines of evidence that ongoing
include the signs and symptoms listed in Table 1 on Page 5. phenytoin treatment can exacerbate tissue damage of hippo-

campal neurons and limit recovery after TBI, underscoring the
Electroencephalogram (EEG) is a technique

fact that other treatment and prevention approaches are needed.
commonly used to aid in the diagnosis of seizures.
Continuous EEG monitoring may be helpful in
establishing a diagnosis when determining whether
a patient has subclinical seizures or possibly non-
convulsive status epilepticus. Additionally, clinicians
may want to consider the use of video-EEG to help
discriminate epileptic seizures from psychogenic
nonepileptic seizures (PNES), conversion reaction,

and nonepileptic paroxysmal episodes.”

Prophylaxis and Treatment for PTE
v
NO SEIZURE

Based on current clinical guidelines, clinicians

. , SEIZURE
are encouraged to prescribe prophylactic

anti-epileptic drugs early in the hospital course

for individuals with significant brain injury.
Guidelines specify phenytoin for seven days
post-injury; however, the recommendation
for seizure prophylaxis comes from a study
published in the New England Fournal of
Medicine in 1990.* Prior to 1990, the use

of medications for seizure prophylaxis post- > <
TBI was not widely practiced. The evidence
regarding therapeutic levels of phenytoin

suggests that different plasma concentration i

levels of phenytoin were associated with seizure l

prevention. Importantly, there was no benefit

Genetics  Injury type/ Variations in Extentof = Comorbidities
found in patients treated with phenytoin versus location  neurotransmitter  inflammation
placebo in the development of late seizures.?® regulation
However, there was a significant benefit in
reducing the seizure rate by 73 percent within
the first week after injury.* FIGURE 3: Interaction Among Personal Biology, Injury Mechanism, and PTE
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TABLE 1: Potential Signs and Symptoms to Consider
When Diagnosing PTE®

Premonitory aura — A warning symptom occurring before seizure

activity begins
Episodes of altered awareness or unresponsiveness

Déja vu — Recalling an event or visual image as if it already
occurred when it is actually novel

Jamais vu — A familiar encounter is being experienced as if it is
novel to an individual when an individual has actually already been
exposed to that encounter before

Involuntary focal motor activity (e.g., clonic movements, hand
and oroalimentary automatisms) — repetitive actions of the oral
area of the body or swallow reflex that can include lipsmacking,

chewing, or swallowing
Olfactory hallucinations
Gustatory hallucinations
Amnesia or periods of lost time

Unexplained nocturnal injuries or incontinence

In recent years, practitioners have utilized newer agents

for both prophylaxis and treatment, despite limited to no
evidence about treatment effects or mechanisms in the context
of injury. Levetiracetam recently has been a popular agent
largely due to its reported good safety and low side-effect
profile. Practical considerations when analyzing the benefits of
phenytoin versus levetiracetam include cost, since levetiracetam
is more expensive than phenytoin. However, the side effect
profile of levetiracetam is low, and it does not appear to adversely
impact cognition. In contrast, phenytoin can adversely impact
cognition, even in uninjured populations?, and phenytoin has
interactions with multiple other drugs requiring monitoring of

serum levels for effectiveness or toxicity.

Daily treatment with levetiracetam had a significant beneficial
effect on motor function and exploratory behavior, as well

as a protective effect on hippocampal neuron sparing and in
reducing contusion size.”**® The findings also suggested that
levetiracetam likely is neuroprotective after TBI due to its ability
to reduce inflammation post-injury and normalize glutamate
transporter expression.?® Possibly due to these neuroprotective
effects, one study reported that in patients who received
prophylactic treatment with levetiracetam, they had lower
disability rating scale (DRS) (better scores) and higher Glasgow
Outcomes Scale-Extended (GOSE) (better scores) compared to

those treated with phenytoin.?” While levetiracetam has many
benefits, it does have some side effects. One study reported side
effects such as somnolence (15%), fatigue (15%), minor
infections (13%), and dizziness (9%).3°

It is important to develop an individualized treatment plan

for each patient with PTE. Further consideration of the best
known clinical agents for PTE is necessary. Possible therapies to
consider when treating PTE are included in Table 2 on Page 6,
along with each mode of action, dosage, metabolism, select
drug-drug interactions, potential neurological side effects, and
ancillary neurologic use. Drug selection may be guided, at least
in part, by its effects on other symptoms and sequelae common
to TBI. These types of clinical considerations also are
particularly important when attempting to streamline drug

utilization and minimize unwanted side-effects.

For MB, physical medicine and rehabilitation consultation
service recommended that valproate be discontinued and that
the patient begin levetiracetam. After MB was on levetiracetam,
his focus, attention, and energy-level improved. He was able to
participate more actively with therapy approximately two days
after starting levetiracetam. Importantly, he continued to be
seizure-free. It was recommended that MB start a comprehensive
inpatient brain injury rehabilitation program for additional
therapy. While in therapy, MB’s cognitive functioning gradually
improved. He was able to participate in vestibular therapy.

His continued therapy goals included returning to work as

a mechanic, and he is attending therapy sessions with an
occupational therapist to learn adaptive techniques. He also
required additional therapy sessions with a neuropsychologist
due to persistent anxiety from the accident manifested as
restlessness and inability to concentrate. He is currently living
in the community and continuing to improve his proficiency
with activities as a mechanic. He has a job coach to assist him
with returning to work. MB is 18 months post-TBI and has

been free of seizures for 12 months.
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TABLE 2: Potential Therapies to Consider for Management of PTE

Monitoring . . Ancillary
Medication Seizure Type !\ﬁod'e i Metabolism Levels Sl Intt'e:actlons Neurologlcil' Neurologic
ction Drug Effect Side Effects
(Yes/No) Use
Phenytoin Generalized Voltage- 100 mg PO TID; maintenance dose CYP-Hepatic | Yes — CYP450 inducer; Depressed Trigeminal
(ex. Dilantin®) | tonic-clonicand | activated Na+ | 300-400 mg/day (MAX dose Therapeutic | Carbamazepine — decreases cognition, and related
complex focal channels; 600 mg/day) level:10-20 | phenytoin concentration, cerebellar- neuralgias
(psychomotor GABA mcg/mL phenytoin decreases vestibular
and temporal carbamazepine concentration; effects, and
lobe) benzodiazepines — variable; behavioral
phenobarbital — variable changes
Valproic Acid Focal epileptic | Voltage- 10-15mg/kg/day PO (give in 2-3 CYP-Hepatic | Yes— Phenobarbital — increases Sedation, ataxia, | Mood
seizure: activated Na+ | divided doses if total daily dose exceeds Therapeutic | phenobarbital concentrations, and tremor instability;
monotherapy, channel; small | 250 mg) (MAX dose 60 mg/kg/day or level:50-100 | decreases valproic acid post-
initial reductions of | less with a therapeutic serum range of mcg/mlL effectiveness; carbamazepine — traumatic
T-type Ca* 50-100 mcg/mL) increases carbamazepine headaches
currents concentrations and/or decreases
valproic acid concentrations
Carbamazepine | Focal, Voltage- 200 mg PO BID for the first week, CYP-Hepatic | Yes— Phenytoin — decreases phenytoin | Stupor or coma, Neuropathic
(ex. Tegretol®) | generalized, activated Na+ | do not exceed 1200 mg/day Therapeutic | concentrations and or decreases | hyperirritability, pain;
and mixed channels plasma level: | carbamazepine concentrations; convulsions, emotional
types, initial 4-12meg/mL | phenobarbital — decreases drowsiness, lability
carbamazepine exposure vertigo, and ataxia
and potential loss of efficacy;
levetiracetam — may lead to
increased concentrations of
carbamazepine; lamotrigine
— may decrease lamotrigine
effectiveness and may increase
carbamazepine concentrations;
fluoxetine — increased
carbamazepine exposure and
increased carbamazepine
concentrations; zolpidem —
decreased zolpidem plasma
concentrations; alprazolam — may
decrease alprazolam plasma levels
Levetiracetam | Focal seizure, No clear Monotherapy: 500 mg PO Daily Enzymatic No Carbamazepine — may lead Somnolence, Motor
(ex. Keppra®) (monotherapy); | mechanism; MAX dose 3000 mg/day; adjunct: hydrolysis; to increased concentrations of asthenia, and restlessness
new diagnosis synaptic 500 mg PO BID non-CYP carbamazepine dizziness
orfocal seizure | vesicle inducer, not
(adjuncttherapy); | protein SV2A high-affinity
myoclonic, tonic- | implicated substrate
clonic for CYP
AUXILIARY
Topiramate Tonic-clonic Voltage-gated | Monotherapy: 25 mg PO BID (morning | Mainly renal; | No Phenobarbital — decreases Somnolence, Headaches
(ex. Topamax®) | seizure, primary | Na+currents; | and evening); increase dose weekly by | some hepatic topiramate concentrations; fatigue, weight
generalized GABA; 25mg PO BID (MAX dose), 200 mg PO phenytoin — variable; valproic loss, and
(initial glutamate; BID; adjunct therapy: begin at 25-50 acid — decreases topiramate nervousness
monotherapy); | weak carbonic | mg PO daily; may increase dosage by or valproic acid concentrations;
focal seizure; anhydrase 25-50 mg/day at 1-week intervals- carbamazepine — decreases
tonic-clonic inhibitor maintenance dose of 200-400 mg/day topiramate concentrations;
seizure primary in 2 divided doses buprenorphine — may cause
generalized additive CNS or respiratory
(adjunct depression; citalopram — increased
therapy) citalopram exposure and risk of
QT interval prolongation
Lamotrigine Focal seizure Recombinant | Regimens containing inducers of Hepatic No Valproic acid — increases Dizziness, ataxia | Mood
(ex. Lamictal®) | (monotherapy or | Na+ channels; | lamotrigine (inducer-medication lamotrigine concentrations, instability
adjunct therapy); | glutamate may increase the metabolism rate of increase in valproic acid levels;
tonic-clonic lamotrigine and decrease the effect of carbamazepine — increase in
seizure, primary lamotrigine; valproic acid or regimens carbamazepine concentrations
generalized not containing agents that induce or and increases metabolism
(adjunct inhibit lamotrigine glucuronidation of lamotrigine; phenytoin —
therapy) (inhibitor-medication may inhibit the may decrease lamotrigine
metabolism of lamotrigine and cause concentrations
too high of a level of lamotrigine to be
in the system): first two weeks-25 mg
PO Daily; weeks 3 and 4: 25 mg twice
daily; week 5 and beyond: increase dose
by 25-50 mg every 1-2 weeks (usual
maintenance dose: 100-200 mg daily in
2 divided doses)
Gabapentin Focal seizure; GABA 300 mg Not No Morphine Somnolence, Neuropathic
(ex. Neurontin®) | adjunct PO TID; usual MAX dose 2400 mg/day, metabolized, diziness, ataxia, | pain
h excreted and fatigue
may increase to 3600 mg/day for short unchanged
duration in select patients in urineg

*Dosing based on immediate-release formulations. Please consult product insert for additional details.

**Drug-drug interactions list is not all encompassing.
***Neurologic side effects list is not all encompassing and does not include side effects in other organ systems.

Affiliated with the University of Pittsburgh School of Medicine, UPMC is ranked among the nation’s best hospitals by U.S. News & World Report.




Traumatic Brain Injury and Post-Traumatic Epilepsy: Current Practice and Future Proposals for an Individualized Approach

CDC 1: Centers for Disease Control and Prevention (2014). Traumatic
Brain Injury in the United States: Fact Sheet. Retrieved 2014 from
Centers for Disease Control and Prevention. http//www.cdc.gov/
traumaticbraininjury/get_the_facts.html.

CDC 2: Centers for Disease Control and Prevention (2014). Severe
Traumatic Brain Injury. Retrieved 2014 from Centers for Disease Control
and Prevention. http//www.cdc.gov/ TraumaticBrainInjury/severe.html.

Englander J, Cifu DX, Diaz-Arrastia R (2014). Seizures After Traumatic

Brain Injury. Archives of Physical Medicine and Rehabilitation, 95, 1223-1224.

Hesdorffer DC, Benn EKT, Cascino GD, Hauser WA (2009). Is a First
Acute Symptomatic Seizure Epilepsy? Mortality and Risk for Recurrent
Seizure. Epilepsia, 50(5): 1102-1108.

Fisher RS, Acevedo C, Arzimanoglou A, Bogacz A, Cross JH, Elger

CE, Engel Jr. J, Forsgren L, French JA, Glynn M, Hesdorffer DC, Lee B,
Mathern GW, Moshé SL, Perucca E, Scheffer IE, Tomson T, Watanabe
M, Wiebe S (2014). A Practical Clinical Definition of Epilepsy. Epilepsia,
55(4): 475-482.

Rao VR, Parko KL (2015). Clinical Approach to Posttraumatic Epilepsy.
Semin Neurol, 35: 57-63.

Annegers JF, Hauser WA, Coan SP, Rocca WA (1998). A Population-

Based Study of Seizures After Traumatic Brain Injuries. NEJM, 338: 20-24.

Englander J, Bushnik T, Duong TT, Cifu DX, Zafonte R, Wright J, Hughes
R, Bergman W (2003). Analyzing Risk Factors for Late Posttraumatic
Seizures: A Prospective, Multicenter Investigation. Arch Phys Med
Rehabil, 84: 365-373.

Al-Haddad SA, Kirollos R (2002). A 5-Year Study of the Outcome of
Surgically Treated Depressed Skull Fractures. Ann R Coll Surg Engl, 84:
196-200.

Frey LC (2003). Epidemiology of Posttraumatic Epilepsy: A Critical
Review. Epilepsia, 44 (Suppl. 10): 11-17.

Gupta PK, Sayed N, Ding K, Agostini MA, Van Ness PC, Yablon S,
Madden C, Mickey B, D’Ambrosio R, Diaz-Arrastia R (2014). Subtypes
of Post-Traumatic Epilepsy: Clinical, Electrophysiological, and Imaging
Features. Journal of Neurotrauma, 31: 1439-1443.

Diamond ML, Boles JA, Ritter AC, Failla MD, Conley YP, Kochanek PM,
Wagner AK (2014). IL-1B Associations with Posttraumatic Epilepsy
Development: A Genetics and Biomarker Cohort Study. Epilepsia 55(7):
1109-1119.

Gouder N, Scheurer L, Fritschy JM, Boison D (2004). Overexpression
of Adenosine Kinase in Epileptic Hippocampus Contributes to
Epileptogenesis. J. Neurosci, 24: 692-701.

Diamond ML, Ritter AC, Jackson EK, Conley YP, Kochanek PM, Boison
D, Wagner AK (2015). Adenosine Kinase Gene Variants Associated
with Post-Traumatic Epilepsy Development. Epilepsia, (In Review).

Wagner AK, Miller MA, Scanlon J, Ren D, Kochanek PM, Conley YP
(2010). Adenosine A1 Receptor Gene Variants Associated with Post-
Traumatic Seizures After Severe TBI. Epilepsy Res, 90(3): 259-272.

Petroff OAC (2002). GABA and Glutamate in the Human Brain.
Neuroscientist, 8(6):562-573.

Asada H, Kawamura Y, Maruyama K, Kume H, Ding R, Ji FY, Kanbara N,
Kuzume H, Sanbo M, Yagi T, Obata K (1996). Mice Lacking the 65

kDa Isoform of Glutamic Acid Decarboxylase (GAD65) Maintain
Normal Levels of GAD67 and GABA in Their Brains But Are Susceptible
to Seizures. Biochemical and Biophysical Research Communications,

229: 891-895.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Darrah SD, Miller MA, Ren D, Hoh NZ, Scanlon J, Conley YP, Wagner
AK (2013). Genetic Variability in Glutamic Acid Decarboxylase Genes:
Associations with Post-Traumatic Seizures After Severe TBI. Epilepsy
Res, 103(2-3): 180-194.

Darrah SD, Chuang J, Mohler LM, Chen X, Cummings EE, Burnett T,
Reyes-Littaua MC, Galang GN, Wagner AK (2011). Dilantin Therapy
in an Experimental Model of Traumatic Brain Injury: Effects of Limited
Versus Daily Treatment on Neurological and Behavioral Recovery.
Journal of Neurotrauma, 28: 43-55.

Zou H, Hurwitz M, Fowler L, Wagner AK (2014). Abbreviated
Levetiracetam Treatment Effects on Behavioural and Histological
Outcomes After Experimental TBI. Brain Inj, Early Online: 1-8.

D'Ambrosio R, Hakimian S, Stewart T, Verley DR, Fender JS, Eastman
CL, Sheerin AH, Gupta P, Diaz-Arrastia R, Ojemann J, Miller JW (2009).
Functional Definition of Seizure Provides New Insight Into Post-
Traumatic Epileptogenesis. Brain, 132: 2805-2821.

Berg AT, Berkovic SF, Brodie MJ, Buchhalter J, Cross JH, van Emde Boas
W, Engel J, French J, Glauser TA, Mathern GW, Moshé SL, Nordli D,
Plouin P, Scheffer IE (2010). Revised Terminology and Concepts for
Organization of Seizures and Epilepsies: Report of the ILAE Commission
on Classification and Terminology, 2005-20009. Epilepsia, 51(4): 676-685.

Maganti RK, Rutecki P (2013). EEG and Epilepsy Monitoring. Continuum
(Minneap Minn), 19(3): 598-622.

Temkin NR, Dikmen SS, Wilensky AJ, Keihm J, Chabal S, Winn HR
(1990). A Randomized, Double-Blind Study of Phenytoin for the
Prevention of Post-Traumatic Seizures. NEJM, 323(8): 497-502.

Young B, Rapp RP, Norton JA, Haack D, Tibbs PA, Bean JR (1983).
Failure of Prophylactically Administered Phenytoin to Prevent Late
Posttraumatic Seizures. J. Neurosurg., 58: 236-241.

Haltiner AM, Newell DW, Temkin NR, Dikmen SS, Winn HR (1999).
Side Effects and Mortality Associated With Use of Phenytoin for Early
Posttraumatic Seizure Prophylaxis. J. Neurosurg., 91: 588-592.

de Oliveira JA, Santana IA, Caires |QS, Caires-Lima R, Miranda VC,
Protasio BM, Rocha LS, Braga HF, Mencarini AM, Teixeira MJ, Martins
Castro LH, Feher O (2014). Antiepileptic Drug Prophylaxis in Primary Brain
Tumor Patients: Is Current Practice in Agreement to the Consensus? J.
Neurooncol., 120(2): 399-403.

Zou H, Brayer SW, Hurwitz M, Niyonkuru C, Fowler LE, Wagner AK
(2013). Neuroprotective, Neuroplastic, and Neurobehavioral Effects of
Daily Treatment With Levetiracetam in Experimental Traumatic Brain
Injury. Neurorehabilitation and Neural Repair, 27(9): 878-888.

Szaflarski JP, Sangha KS, Lindsell CJ, Shutter LA (2010). Prospective,
Randomized, Single-Blinded Comparative Trial of Intravenous Levetiracetam
Versus Phenytoin for Seizure Prophylaxis. Neurocrit Care, 12: 165-172.

Klein P, Herr D, Pearl PL, Natale J, Levine Z, Nogay C, Sandoval F,
Trzcinski S, Atabaki SM, Tsuchida T, van den Anker J, Soldin SJ, He J,
McCarter R (2012). Results of Phase 2 Safety and Feasibility Study of
Treatment with Levetiracetam for Prevention of Posttraumatic Epilepsy.
Arch. Neurol., 69(10): 1290-1295.

The authors would like to thank Mary Synnott for ber

contributions to this issue.

UPMCPhysicianResources.com/Rehab For consults and referrals, please call UPMC's 24-hour physician OnDemand service at 1-866-884-8579.



http://UPMCPhysicianResources.com/Rehab

200 Lothrop St.
Pittsburgh, PA 15213-2582

About the Department of Physical Medicine and Rehabilitation

* UPMC is ranked by U.S. News & World Report as one of the nation’s best hospitals for rehabilitation.

* The Department of Physical Medicine and Rehabilitation is consistently a top recipient of NIH
funding for rehabilitation-related research.

* The Spinal Cord Injury Program at UPMC is one of only 14 in the country selected by the National
Institute on Disability and Rehabilitation Research as a model for other rehab providers.

* The Brain Injury Program at UPMC is one of only 16 in the country selected by the National Institute
on Disability and Rehabilitation Research as a model for other rehab programs.

* Department clinicians lead UPMC's rehabilitation network of more than 70 inpatient, outpatient,
and long-term care facilities — one of the country’s largest.

Learn more about how UPMC is transforming rehabilitation.

©2015 UPMC UPMCPhysicianResources.com/Rehab

ADDRESS CORRESPONDENCE TO:

Michael C. Munin, MD

Senior Editor and Vice Chairman
Clinical Program Development
Department of Physical Medicine
and Rehabilitation

Kaufmann Medical Bldg.
Suite 201

3471 Fifth Ave.

Pittsburgh, PA 15213

T: 412-648-6848

F: 412-692-4410

Email: muninmc@upmc.edu

A world-renowned health care provider
and insurer, Pittsburgh-based UPMC is
inventing new models of accountable,
cost-effective, patient-centered care.

It provides more than $888 million a year
in benefits to its communities, including
more care to the region’s most vulnerable
citizens than any other health care
institution. The largest nongovernmental
employer in Pennsylvania, UPMC
integrates more than 60,000 employees,
more than 20 hospitals, more than 500
doctors' offices and outpatient sites, a
more than 2.6-million-member health
insurance division, and international and
commercial operations. Affiliated with the
University of Pittsburgh Schools of the
Health Sciences, UPMC ranks No. 13 in
the prestigious U.S. News & World Report
annual Honor Roll of America’s Best
Hospitals. For more information,

go to UPMC.com.

USNW415864 HM/SM 09/15 For consults and referrals, please call UPMC's 24-hour physician OnDemand service at 1-866-884-8579.



http://UPMCPhysicianResources.com/Rehab
http://UPMCPhysicianResources.com/Rehab

