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Abstract: Chronic traumatic encephalopathy (CTE) has been linked to partici
contact sports such as boxing and American football. CTE results in a progressive d
memory and cognition, as well as depression, suicidal behavior, poor impulse
aggressiveness, parkinsonism, and, eventually, dementia. In some individuals, it
ated with motor neuron disease, referred to as chronic traumatic encephalomy
which appears clinically similar to amyotrophic lateral sclerosis. Results of neurop
research has shown that CTE may be more common in former contact sports athl
previously believed. It is believed that repetitive brain trauma, with or possibly
symptomatic concussion, is responsible for neurodegenerative changes highli
accumulations of hyperphosphorylated tau and TDP-43 proteins. Given the m
youth, high school, collegiate, and professional athletes participating in contact sp
involve repetitive brain trauma, as well as military personnel exposed to repea
trauma from blast and other injuries in the military, CTE represents an importa
health issue. Focused and intensive study of the risk factors and in vivo diagnosis of
potentially allow for methods to prevent and treat these diseases. Research also wil
policy makers with the scientific knowledge to make appropriate guidelines rega
prevention and treatment of brain trauma in all levels of athletic involvement as w
military theater.

PM R 2011;3:S

INTRODUCTION

There has been increased attention given to the recognition, diagnosis, and manag
sports-related concussion. Participants in popular sports such as American football
wrestling, rugby, soccer, and lacrosse all risk exposure to brain injury that ran
asymptomatic subconcussive blows to symptomatic concussion to more moderate
traumatic brain injury (TBI). In addition, military service and many other a
including, but not limited to, downhill skiing, martial arts, horse riding, parachu
other adventure sports have been associated with TBI [1-3]. An estimated 1.6-3.
sports- and recreation-related concussions occur in the United States each year,
the true figure is unknown because most concussions are not recognized and report
In addition to symptomatic concussions, players in collision sports such as A
football may experience many more subconcussive impacts throughout a season an
Athletes at certain positions (eg, linemen) may sustain up to 1400 impacts per sea
high school players who play both offense and defense potentially sustain closer
impacts [7-10].

A mild TBI (mTBI) or concussion is a brain injury that results from a force trans
the head that leads to a collision between the brain and skull or to a strain on the t
vasculature of the brain [11,12]. This injury can lead to a variety of physical, psyc
and cognitive symptoms, and, when these deficits do not resolve, can result in pos
sion syndrome (PCS) [13]. Common symptoms include fatigue, dizziness, headac
and noise sensitivity, mental fogginess, depression, irritability, and impairments
tive functioning and concentration. Because a concussion and its symptoms res

temporary, reversible cytoskeletal and metabolic derangements that involve shifts in
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channels and energy imbalance, the majority of defi
ciated with a concussive injury resolve within a m
days, weeks, or months [13-16]. In some instances,
persist for months or years after the initial injury. Ho
is believed that no more than 15% of individual
history of mTBI still experience symptoms 1 year af
[13,17,18].

To date, the resulting progressive tauopathy, k
chronic traumatic encephalopathy (CTE), has o
found in individuals with a history of repetitive brai
[3,7]. Despite the recent increase in attention on
term effects of repetitive brain trauma, including CT
been known for some time that contact sports may
ciated with neurodegenerative disease. In 1928,
[19] described a symptom spectrum in boxers, w
termed “punch drunk,” that appeared to result
repeated blows experienced in the sport, particularl
ging boxers who took significant head punishment
their fighting style. In 1937, Millspaugh [20] introd
term dementia pugilistica to describe the syndrom
terized by motor deficits and mental confusion in b
1973, a neuropathologic report, by Corsellis et al
dementia pugilistica in 15 boxers concluded that,
similar to other neurodegenerative diseases, demen
listica is a neuropathologically distinct disorder.

After its initial description, evidence emerged
clinical symptoms and neuropathology associated
mentia pugilistica were not solely limited to th
population. As a result, the term CTE surfaced in t
and is now the term used to describe the neurologic
ration that results from repetitive brain trauma [3,22
research results have demonstrated neuropathol
dence of CTE in participants of many sports o
boxing, including American football, professional
and professional wrestling. CTE also has been found
with a history of repetitive brain trauma aside from
including a victim of physical abuse, a person w
self-injurer, a person with epilepsy, and a circu
[3,7,23-28].

Although CTE is associated with a history of r
brain trauma, the exact relationship between the ac
matic injury and CTE is unclear. It has been hypo
that a neurodegenerative cascade is triggered by r
axonal stretching and deformation induced by trau
ticularly in individuals with previous unresolved co
and/or subconcussive injuries [14,29]. It also is u
whether CTE is more likely to occur after extended
to repetitive brain trauma or whether a single t
injury can initiate this neurodegenerative cascade in
tible individuals. Given the current understanding o
seems likely that trauma type and frequency play
CTE development [30]. An athlete’s specific sport
competition (eg, professional versus collegiate),

and playing career duration may all confer different degr
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of CTE risk [30]. Other factors, such as age, gen
genetic predisposition, may contribute to CTE’s
ment in susceptible individuals, although these
require further investigation [3].

To date, there has been no randomized neuropa
study of CTE, and, as a result, there is a selection bi
reported cases. Fourteen of the 15 professional A
football players examined neuropathologically at th
ans Affairs Center for the Study of Traumatic Enceph
(VA CSTE) Brain Bank have been diagnosed with CT
a biased sample, which overrepresents the actual inc
CTE in professional American football players, beca
ilies are more likely to consider neuropathologic exam
if they suspect that their loved one has symptoms r
CTE or another neurodegenerative disease. Future
perhaps in vivo studies that use biologic markers o
and new clinical diagnostic criteria for CTE, wil
improved understanding of the incidence, prevale
risk factors for CTE.

In the sections below, we will provide (1) an ove
the neuropathologic findings of CTE (including g
microscopic pathology) and a related variant, chro
matic encephalomyelopathy that is associated wit
neuron disease; (2) descriptions of the early and late
presentations and course of CTE; and (3) a descripti
possible risk factors for CTE, in addition to the n
repetitive brain trauma.

GROSS NEUROPATHOLOGY

The gross changes of CTE are typically observed in l
disease (Table 1). Advanced cases of CTE demonst
eralized atrophy, most prominent in the frontal an
temporal lobes; enlargement of the lateral and thir
cles; cavum septum pellucidum; and septal fene
(Figure 1). There also may be thinning of the hypo

Table 1. Gross neuropathology of chronic traumatic
alopathy

Overall
Decrease in brain mass
Cavum septum pellucidum
Septal fenestrations

Ventricles
Enlarged lateral ventricles
Enlarged third ventricle

Atrophy
Generalized atrophy, particularly of the frontal and
temporal lobes
Atrophy of the medial temporal lobes
Mammillary body atrophy
Thalamic atrophy

Pallor
Locus coeruleus
ees
Substantia nigra
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floor, shrinkage of the mammillary bodies, and atrop
hippocampus, entorhinal cortex, and amygdala [3,7

MICROSCOPIC NEUROPATHOLOGY:
GENERAL DESCRIPTION

CTE is characterized by a unique pattern of mic
changes (Table 2). There are extensive tau-immun
neurofibrillary tangles (NFT), neuropil neurites (N
glial tangles (GT) in the frontal and temporal cortice
2). Unlike Alzheimer disease (AD) or many other
thies, the tau immunoreactive abnormalities tend to
the depths of sulci, around small blood vessels
superficial cortical layers [3,7]. In advanced cases,
tau-immunoreactive inclusions in the limbic and pa

Figure 1. Gross pathology of chronic traumatic enc
athy (CTE). The coronal section of normal brain (top)
the expected size and relationship of the cerebral co
ventricles. The brain from a retired professional
player (bottom), showing the characteristic gross p
of CTE with severe dilatation of ventricles II (1) a
cavum septum pellucidum (3), marked atrophy of
dial temporal lobe structures (4), and shrinkage
mammillary bodies (5).
regions, diencephalon, brainstem, and subcortical wh
the

pic
ive
nd
re

pa-
r at
in

are
bic

matter. The specific soluble and insoluble tau isoform
in CTE are indistinguishable from those found in AD
ratio of tau isoforms with 4 versus 3 microtubule
repeats is approximately 1 in both diseases [31]. Imp
these changes seen in CTE usually occur in the
absence of beta-amyloid (A�) deposits [3,7].

In addition to the widespread tau immunoreact
majority of CTE cases also are marked by TDP
teinopathy. The TDP-43 inclusions can be widesp
are typically found in the brainstem; basal ganglia; d
alon; medial temporal lobe; frontal, temporal, and
cortices; and subcortical white matter. In a subset of
uals with CTE, abundant TDP-43 immunoreactive in
and neurites are found in the anterior horns of the sp
and motor cortex, combined with corticospinal-trac
eration, loss of anterior horn cells of the spinal c
ventral root atrophy. These individuals develop a pro
motor neuron disease that appears very similar t
trophic lateral sclerosis (ALS) and is characterized
found weakness, muscular atrophy, spasticity, and f
tions [32]. The fact that an ALS-like condition is
some individuals with CTE suggests that some
clinical ALS may be associated with TBI [33,34].

p-
ing
nd
all
gy

(2),
e-

he

Table 2. Microscopic neuropathology of chronic t
encephalopathy

Neurofibrillary tangles, frequent
Olfactory bulb
Dorsolateral frontal cortex
Orbital frontal cortex
Subcallosal frontal cortex
Insular cortex
Superior and/or middle temporal gyri
Inferior temporal gyrus
Entorhinal cortex
Hippocampus
Amygdala
Mammillary bodies
Substantia nigra
Locus coeruleus

Neurofibrillary tangles, common
Hypothalamus
Substantia innominata
Medulla
Thalamus

Neurofibrillary tangles, rare
Cingulate gyrus
Inferior parietal cortex
Occipital lobe

�-Amyloid deposits
Diffuse plaques in 45%
Sparse neuritic plaques

White matter
Loss of myelinated fibers
Perivascular macrophages
ite
Cribriform state
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CLINICAL PRESENTATION

To date, we have found more than 50 neuropa
confirmed cases of CTE, with patients ranging in
teens to their 80s, and occurring in individuals w
played contact sports as well as military personnel ex
blast injuries. During diagnosis, the neuropa
(A.C.M.) remained blinded to the patient’s clinica
(eg, medical, behavioral, cognitive, brain trauma e
until after the neuropathologic examination was co
and the pathologic diagnosis was made. This clinica
was obtained from semistructured interviews with ne
and by review of medical records by the neuropsyc
(R.A.S.) who remained blinded to the neuropatho
sults until after all aspects of the clinical history w
pleted. The results of this experience, along with o
ously published review of the literature of CTE
dementia pugilistica as of 2009, resulted in a sur
consistent description of the clinical course and pres
of CTE [3].

It is important to note that the clinical presentatio
is distinct from the long-term sequelae of a concu
from PCS. CTE is not the accumulation of sympto
the earlier injuries. Rather, the symptoms of CTE, l
neurodegenerative diseases, results from the progre
cline in functioning of neurons or of the progressive
death. That is, when there is sufficient disruption o
neuronal functioning, symptoms specific to the area(
disruption will begin to exhibit. Based on our c
unpublished observations from our series of more
cases, there may have been no earlier symptoms of
sion or PCS, and, therefore, the symptoms of CT
insidiously and are apparently unrelated to earlier
ment. In other cases, PCS symptoms may complet
months or years before the onset of CTE symptom
other cases, there may be overlap; that is, the PCS sy
may begin to abate but CTE symptoms gradually w
the same time.

Typically, CTE symptoms present in midlife, usua
or decades after the end of exposure to repetiti
trauma (ie, retirement from sports). Although we h
the earliest stages of neuropathologic changes of CT
brains of individuals in their teens or early 20s, it is u
any cognitive, mood, or behavioral symptoms at t

Table 3. Early clinical presentation of chronic traum
cephalopathy

Short-term memory problems
Executive dysfunction (eg, planning, organization,
multitasking)

Depression and/or apathy
Emotional instability
Impulse control problems (eg, disinhibition, having a
fuse”)

en-
T8)
ft)
ith

ary
c),
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(B)
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es,
ile
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be
es

FTs
u-

l of
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a

0).
Figure 2. Microscopic pathology of chronic traum
cephalopathy (CTE). Top panel: Phosphorylated t
immunostained coronal hemisections of a normal b
and a brain from a retired professional football pla
CTE (right). The brain with CTE, showing severe neur
degeneration of the amygdala (a), entorhinal co
temporal cortex, insular cortex (ins), nucleus b
Meynert (nbM), and frontal cortex. The cortical cha
most severe at the depths of the sulci. Lower panel
neurofibrillary tangles (NFT) are often prominent at d
the sulci (AT8 immunostain, original magnification
Subpial tau immunoreactive tangles are found
neurons and astrocytes (double immunostained se
GFAP [red] and AT8 [brown], showing colocalizatio
and GFAP; original magnification �350). (C) E
dense NFTs are found in the medial temporal lobe st
including CA1 of the hippocampus, shown her
plaques are absent (AT8 immunostain, original m
tion �150). (D) NFTs and astrocytic tangles ten
centered around small blood vessels and in subpia
(AT8 immunostain, original magnification �150).
characteristically involve cortical layers II and III (A
nostain, original magnification �150). (F) NFT in a Be
primary motor cortex (AT8 immunostain, original m
tion �350). (G) Perivascular tau immunoreactive N
Suicidal behavior
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were directly the result of the mild neuronal d
caused by the disease. When symptoms begin, the
earlier than that of sporadic AD and usually earlier
of frontotemporal lobar degeneration or frontotem
mentia (FTD). Symptom progression is slow and
often over several decades. Early symptoms (Tab
consistent with those expected from the neurop
changes observed at autopsy. These include impair
cognition (eg, from medial temporal and dorsolater
degeneration), mood (eg, amygdala degeneration),
havior (eg, amygdala and orbitofrontal degenerat
though the cognitive difficulties (including short-ter
ory problems and executive dysfunction) are similar
seen in other neurodegenerative diseases, the m
behavioral symptoms may be the most concerning, e
to family members and coworkers [35]. These inc
pressed mood and/or apathy, emotional instability
ideation and behavior, and problems with impulse
especially having a “short fuse.” Substance abuse (so
fatal) and suicide are not uncommon.

As the disease progresses, symptoms become mo
and their scope broadens. The primary clinical fe
worsening CTE are listed in Table 4, including w
memory impairment (although it may not resemble t
rapid forgetting typical of the hippocampal episodic
impairment of AD), worsening executive dysfunction
planning, organization, multitasking, judgment), lang
ficulties (including speech output), aggressive and irr
havior (including physical aggression), apathy (somet
found and in contrast to the outward aggressive behav
motor disturbance (most frequently parkinsonism, a
difficulties with gait and falling). As the condition pr
instrumental activities of daily living worsen and the s
are severe enough to impair social and/or occupational
ing, with eventual dementia.

RISK FACTORS

Repetitive brain trauma appears to be a necessary va
the development of CTE but may not be sufficient.
ropathologically confirmed cases of CTE have had
of brain trauma exposure but not all individuals w
sure to brain trauma develop CTE. A major goa

Table 4. Later clinical presentation of chronic traum
cephalopathy

Worsening memory impairment
Worsening executive dysfunction
Language difficulties
Aggressive and irritable behavior
Apathy
Motor disturbance, including parkinsonism
Dementia (ie, memory and cognitive impairment se

enough to impair social and/or occupational func
research must be epidemiologic and prospective studies
ion
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hat
de-
al,
are
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TE

identify the specific risk factors for the developmen
neurodegenerative disease.

An important potential risk factor for CTE may b
predisposition. There have been preliminary stud
linked the apolipoprotein E (APOE) gene, specifi
APOE �4 allele, to worse cognitive functioning in bo
professional football players, and to prolonged recov
a single TBI [36-38]. In our case series of 12 pro
football players and boxers with neuropathologica
firmed CTE, 5 were APOE �4 carriers, and 2 of th
homozygous for the �4 allele [32]. Although these
taken together suggest that APOE may be a susc
gene for CTE, much more research is required. M
because of the presence of TDP-43 in CTE brains
similar clinical presentations between CTE and FT
tional genes associated with familial FTD, and perh
may prove to play a role in CTE risk.

There are many other nongenetic variables to
when evaluating an individual’s risk of developing C
ble 5). As stated above, all confirmed cases of CTE h
a history of repetitive brain trauma. However, the
nature of the brain trauma exposure necessary for th
opment of the disease is not yet known. For exam
unknown if CTE is any more likely to manifest af
severe TBIs versus numerous repetitive subconcus
pacts. Further complications arise when comparin
exposure and type both between and within spo
example, although boxing and American football bo
high incidence of head impacts, results of a study hav
that boxers are exposed to a greater amount of r
forces, whereas American football players receive mo
blows [39]. More recently, a study that used an acc
ter-based system in the helmets of 3 college Ameri
ball teams throughout a season found that head-im
posure differed significantly based on position [9].
(both offensive and defensive) and linebackers receiv
impacts per practice and game than other position
man, linebackers, and defensive backs received more
to the front of the head than the back, whereas quar
had a higher percentage of impacts to the back of
compared with the front [9]. Future implementatio
ilar technology will help clarify the type and vo
impacts in American football and other sports, whic
extrapolated to estimate total impacts received ove
reer duration and may translate to information on th
developing CTE based on the sport and position.

Age at the time of head injury also may affect an
ual’s risk of developing CTE later in life, although
tionship is not yet understood. It has been suggested
increased plasticity of a younger brain may allow a
individual to better compensate and recover after
jury [40]. However, current literature indicates
younger brain may be more susceptible to diffu

en-

g)
to injury, which leads to more pronounced and prolonged
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cognitive deficits [41,42]. Therefore, it is possible th
sure to repetitive brain trauma at an early age may
the risk of CTE more than exposure later in life, alth
has yet to be proven. Gender also may play a role, as
women appear to be at greater risk for concus
PCS-related symptoms, although this may be due i
girls and women being more forthcoming when r
their symptoms [43,44]. Other health-related varia
affect the neurodegeneration and clinical symptom s
associated with CTE. For example, chronic infla
associated with obesity, hypertension, diabetes, a
disease may exacerbate neurodegeneration and NF
tion in AD [45-48]. Cognitive reserve (ie, differen
ience to the clinical presentation of underlying neu
logic disease) also may play a role in the clinical man
of CTE neuropathology. That is, given identical neu
logic severity, individuals with greater cognitive res
be less likely to display the clinical symptoms of th
than individuals with less cognitive reserve [49].

ONGOING AND FUTURE RESEARCH

As stated above, CTE is a neuropathologically distin
der, different in many ways from AD, FTD, spora
Parkinson disease, or other neurodegenerative disea
ertheless, its clinical presentation can be similar
diseases, especially in the later stages when sub
presentation are less likely to be delineated. In rece
research to investigate other neurodegenerative dis
example, AD, has been moving toward the integ
clinical (eg, neurologic, neuropsychological), biol
cerebrospinal fluid [CSF] and/or functional neur
measurements of proteins), anatomical (eg, structur
imaging), biochemical (eg, magnetic resonance
copy), and genetic (eg, APOE genotype) informatio

Table 5. Potential additional risk factors for chronic

Potential General Risk Factor

Genetics APOE �4
Family history First- and
Type of brain trauma exposure Symptom

gravita
Age and duration of brain trauma

exposure
Susceptib

Frequency of brain trauma exposure Minimum
any ad
of “res

Chronic inflammation Obesity,
neurod

Cognitive reserve Greater
clinica
the ne

Gender Are wom
Race Are there

CTE � chronic traumatic encephalopathy; NFT � neurofibrillary
purposes of early detection, differential diagnosis, treatme
o-
ase
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nd
nd
to

ing
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art
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for
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and prevention [50]. In addition, recent advances
biomarkers have resulted in a “signature” biomarke
of low CSF A� and elevated CSF tau [51]. Our gr
recently begun investigations aimed at developing b
ers for CTE through funding from the National In
Neurological Disorders and Stroke, the National Ins
Aging, and the National Institute of Child Health and
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and clinical history associated with CTE, we rema
fancy in the study of CTE. Because it has been well
years since AD was first described, and there rem
consensus as to the underlying causal mechanism
no highly accurate method of in vivo AD diagnosis
available Alzheimer disease–modifying interven
should not be surprising that many critical question
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volve repetitive brain trauma, as well as militar
exposed to repetitive brain trauma from blast a
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