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Traumatic brain injury is an important contributor to morbidity and mortality, and

results in reduced quality of life and lifespan: An estimated 1.7 million traumatic brain
injuries occur annually in the United States alone. Traumatic brain injury carries an
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Epidemiology of Traumatic Brain Injury

Traumatic brain injury (TBI) is an important contributor to
morbidity and mortality, and results in reduced quality of life
and lifespan.’ An estimated 1.7 million traumatic brain inju-
ries occur annually in the United States?; 1.2 million trau-
matic brain injuries occur annually in the European Union
(including Iceland, Norway, and Switzerland).? The risk of TBI
varies greatly with age, being particularly high in early
childhood and in the elderly, but the incidence also has a
striking peak incidence in early adulthood—especially among
males (=Fig. 1). Traumatic brain injury is more frequent in
males than in females; it is overall approximately1.4 times
more common among males (~Fig. 1).2

The consequences of TBI are significant, not least in terms
of increase in mortality. Mortality following TBI remains low
until 15 years of age, but from that age onward the mortality
increases sharply (=Fig. 2). There are marked sex differences,
with mortality from TBI being 2.9 times more likely in males
than in females (~Fig. 2).2 Approximately 50,000 persons in
the United States die annually from TBI-related injuries.
Traumatic brain injury results from several causes, including
falls and motor vehicle accidents (=Fig. 3). The causes of
injury relate closely to age—for example, TBI from motor
vehicle accidents and assaults peak in adolescence and early
adulthood, coinciding with the sharp rise in incidence and
mortality (for males) associated with TBI in that age group
(~Fig. 3).2
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increased risk of epilepsy that correlates with the severity of the brain injury.
Posttraumatic epilepsy accounts for less than 10% of epilepsy, but traumatic brain
injury is one of only a few potentially preventable causes of epilepsy. Despite several
well-controlled human studies, there is no current preventive treatment available for
humans. Therefore, primary prevention is the only proven way to prevent posttraumatic

It is extremely difficult to estimate the costs of TBI and
more difficult to compare these estimates across countries or
even continents. However, it has been estimated that the total
costs of TBI in the European Union (plus Iceland, Norway, and
Switzerland) with a total population of 514 million, is more
than 33 billion euros (equivalent to 37 billion US$ or 24 billion
GBP£) this compares to the total cost of stroke of 64 billion
euros (72 billion US$ or 47 billion GBPE per year).? It is
currently unknown what additional part comorbid epilepsy
plays in the economic cost of the consequences of TBI.

Epidemiology of Seizures and Epilepsy after
Traumatic Brain Injury

Seizures occurring early after TBI are usually distinguished
from epilepsy (recurrent unprovoked seizures) because they
differ in mortality and prognosis.* The following definitions
have been proposed: (1) immediate seizures, which occur less
than 24 hours after injury; (2) early seizures, which occur less
than 1 week after injury; and (3) late seizures, which occur
more than a week after injury and constitute the diagnosis of
posttraumatic epilepsy.”~’

The Epidemiology of Immediate and Early
Posttraumatic Seizures

The risk of early seizures ranges from approximately 2% in
population-based studies to 14 to 30% in patients with severe
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Estimated Average Annual Rates of Traumatic Brain Injury
by Sex, United States, 2002-2006
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Fig.1 Annualrate of traumatic brain injury by sexin the United States,
2002-2006.?
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TBL'® Temkin reviewed the risk factors for early seizures and
reported that depressed skull fracture, intracerebral hemato-
ma, and subdural hematoma were associated with about a
25% risk of immediate or early posttraumatic seizures.'?
Immediate seizures and early seizures are also risk factors
developing later epilepsy10 and seizures within the first 24
hours have even been used to identify patients with a high
risk of epilepsy after TBI (and thus being eligible for studies of
posttraumatic epilepsy).” However, immediate and early
posttraumatic seizures are also markers of severity of the
brain injury and thus may explain the association observed
with the development of late seizures (epilepsy).

Rates of Traurnatic Brain Injury-Related Deaths, by Age Group and Sex
United States, 2002-2008
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Fig. 2 Rates of traumatic brain injury-related deaths by age group and
sex in the United States, 2002-2006.°
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Fig. 3 Traumatic brain injury by external cause in the United States,
2002-2006.2

Population based Epidemiology of Epilepsy
after Traumatic Brain Injury

With the new definition of epilepsy proposed by the Interna-
tional League Against Epilepsy (ILAE) and the International
Bureau for Epilepsy (IBE), epilepsy is a disorder of the brain
characterized by an enduring predisposition to generate
epileptic seizures.'"'? The definition of epilepsy requires
the occurrence of at least one epileptic seizure.'? Thus, a
single, late, unprovoked seizure in a person with a structural
TBI fulfills the diagnostic criteria for epilepsy. In accordance
with this, the risk of recurrent late seizures 2 years after TBI
was 86% in a study of 63 moderately-to-severely head-injured
adults who developed late posttraumatic seizures.'?

The most important and constant finding when studying
posttraumatic epilepsy is that the severity of brain injury is
associated with the risk of subsequent epilepsy.®'* In a
follow-up study from Denmark, the authors followed more
than 1.6 million children and young adults for up to 30 years
after TBI. Relative to no brain injury, the relative risk (RR) of
epilepsy was twice as high after mild TBI (RR = 2.22, 95%
confidence interval [CI]: 2.07-2.38); 7 times higher after
severe brain injury (RR = 7.40, 95% CI: 6.16-8.89); and twice
as high after skull fracture (RR = 2.17, 95% CI: 1.73-2.71)."
The risk of epilepsy was highest shortly after the TBI, but
remained increased for more than 10 years after TBI (~Fig. 4).
The risk was highest in persons older than 15 years of age at
the time of TBI. The relative risk of posttraumatic epilepsy was
higher in women than in men, and the risk was higher in
people with a family history of epilepsy.’

A study from Olmsted County, Minnesota, identified 4,541
children and adults with TBI occurring between 1935 and
1984."° The standardized incidence ratio for epilepsy com-
pared with the background population was 1.5 (95% CI:
1.0-2.2) after mild TBI, 2.9 (95% CI: 1.9-4.1) after moderate
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Fig. 4 Relative risk of epilepsy after brain injury in Denmark, 1977-2002."#

TBI, and 17.0 (95% CI: 12.3-23.6) after severe TBL'® The
authors identified brain contusion with subdural hematoma,
skull fracture, loss of consciousness or amnesia for more than
one day, and an age of 65 years or older as risk factors for
epilepsy.8

A population-based U.S. study followed 2,118 persons
hospitalized with TBI for 3 years and determined the cumu-
lative incidence of posttraumatic epilepsy.'® After adjusting
for the significant loss to follow-up (55% at 3 years), they
found a risk of 4.4 per 100 persons for mild TBI, 7.6 per 100
persons for moderate TBI, and 13.6 per 100 persons for severe
TBI. A history of psychiatric depression increased the risk of
posttraumatic epilepsy.'® A study from Sweden found that in
children with TBI, eight (7%) of 109 developed immediate
seizures and 12 (11%) developed epilepsy. Of these 12, 5 had
had immediate seizures.'®

Estimating the Absolute Risk of Epilepsy
after Traumatic Brain Injury

There are significant risks of epilepsy following TBI, espe-
cially following severe TBL®'# and even mild TBI (concus-
sion) seems to carry an increased long-term relative risk of
epilepsy. This relative risk may remain increased more than
10 years after injury.'* Therefore, it is important to be
aware of symptoms that may represent epileptic seizures in
persons with TBI. Pilots and truck drivers have occupations
where there is a special need to be aware of the risk of
epilepsy following TBL!” Even though the relative risk of
epilepsy after brain injury may be increased compared with
the population without, it is important to estimate the
absolute risk of posttraumatic epilepsy among these
patients.g'14
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Clinical case series and population-based studies estimate
cumulative incidence of epilepsy after TBI. The probability of
developing late posttraumatic seizures in the entire sample of
480 persons with TBI in the United States was 13.8% at
24 months.'® The cumulative risk of epilepsy among 2826
persons with TBI in China was 5.0% after 3-year follow-up.'®
The 30-year cumulative incidence was 2.1% for mild TBI, 4.2%
for moderate TBI, and 16.7% for severe TBl in a cohort from the
United States.® The cumulative probability of epilepsy among
137 persons with TBI in Italy was 10% at 6 months and 17% at
12 months.?’ The cumulative incidence of epilepsy among
3,093 TBI patients in China was 9.8% at 24-month follow-up.?’
Among 275 patients in England followed for a minimum of
4 years, 28 persons (10%) developed epilepsy.?? The absolute
risk may be even higher in institutionalized persons (25%
after 12-year follow-up)?> and combat brain injury (42% after
30-35-year follow-up).2*

Although different in a brain injury population, disease
stratification and follow up, these studies indicate that the risk
of epilepsy is very high the first years after diagnosis, and that
the cumulative incidence continues to increase with length of
follow-up. To study this in further detail, we used data from the
study by Annegers,® and calculated the cumulative probability
of unprovoked seizures following brain injury by severity. We
estimated the risk of epilepsy year < 1, year 1to 4, year5to 9,
and year 10 to 30 after brain injury by dividing the number of
new-onset seizures in the time interval with the number of
persons with brain injury alive without epilepsy at the start of
follow up of the individual time intervals.2 ~Fig. 5 shows their
cumulative risk of epilepsy. However, although the cumulative
probability of epilepsy continues to increase, the yearly prob-
ability of posttraumatic epilepsy decreases sharply the first
years after brain injury. We calculated the average yearly
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Fig. 5 Cumulative probability of unprovoked seizure, adapted from
Annegers JF et al®

absolute risk of epilepsy by dividing the number of new-onset
epilepsy with the number of persons at risk at the start of the
time interval divided by the number for years in the time
interval (~Fig. 6). Although the absolute risk of posttraumatic
epilepsy is high the first year after diagnosis—especially fol-
lowing severe brain injury—this absolute risk decreases sharp-
ly and by 5 years of follow-up the yearly absolute risk is below
1% for all types of brain injury including severe brain injury
(=~Fig. 6).

Treatment and Prevention of Epilepsy
following Traumatic Brain Injury

As with other epilepsies with focal onset, posttraumatic
epilepsy can be notoriously difficult to treat, and seizure

Yearly absolute probability of unprovoked seizures after brain injury
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Fig. 6 Yearly absolute probability of unprovoked seizures after brain
injury, adapted from Annegers |F et al.?
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freedom may be hard to obtain.>> However, epilepsy after TBI
is potentially preventable because posttraumatic seizures
may follow the injury only after several years
(~Fig. 4).314.15:26.27 Thjs provides an “open treatment win-
dow,” and there have been several clinical trials of antiepi-
leptic drugs to try to prevent posttraumatic epilepsy. In
addition, development of posttraumatic epilepsy has been
suggested, in part, to rely on activation of the N-methyl-D-
aspartate- (NMDA-) glutamate receptors, an effect that is
blocked by extracellular Mg?* ions. Magnesium has therefore
also been studied in patients with TBI in an effort to prevent
epileptogenesis; the neuroprotective properties of magne-
sium are believed to be mediated by their effect on NMDA
receptors®-26-28-30

Three major trials stand out as conclusive for the effects of
antiepileptic drugs in the prevention of posttraumatic epi-
lepsy.®-?8-3 In these trials, sodium valproate, carbamazepine,
and phenytoin did not prevent the development of late
seizures (epilepsy) after moderate-to-severe TBI. However,
phenytoin treatment prevented early seizures in the first
week after TBI (=Fig. 7). There were similar results of a
protective effect with carbamazepine against early posttrau-
matic seizures, but carbamazepine also failed to protect
against late seizures (epilepsy).>? Magnesium did not provide
protection against posttraumatic epilepsy in a human clinical
trial.3!

Conclusion

Traumatic brain injury carries an increased risk of epilepsy
that correlates with the severity of the brain injury. Posttrau-
matic epilepsy accounts for less than 10% of epilepsy, but
constitutes one of only a few potentially preventable causes of
epilepsy. However, despite several well-controlled human
studies, there is no current preventive treatment available
in humans. Primary prevention is therefore the only proven
way to prevent posttraumatic epilepsy. In that respect, it is
encouraging that the hospitalization rate for TBI has fallen
among the civilian population, but it is not clear whether this
reflects a change in admission practice or a true decrease in
TBI incidence. The decrease among the civilian population
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may be counterbalanced by a concerning increased incidence

of hospitalization for TBI among the military population.
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