Chronic traumatic encephalopathy:
neurodegeneration following repetitive
concussive and subconcussive brain trauma

Christine M. Baugh, Julie M. Stamm,
David O. Riley, Brandon E. Gavett,
Martha E. Shenton, Alexander Lin,
Christopher J. Nowinski, et al.

Brain Imaging and Behavior

Volume 1+ Number 1« March 2007

Brain Imaging
and Behavior

ISSN 1931-7557

Brain Imaging and Behavior
DOI 10.1007/s11682-012-9164-5

@ Springer
11682 « ISSN 1931-7557

@ Springer



Your article is protected by copyright and

all rights are held exclusively by Springer
Science+Business Media, LLC. This e-offprint
is for personal use only and shall not be self-
archived in electronic repositories. If you
wish to self-archive your work, please use the
accepted author’s version for posting to your
own website or your institution’s repository.
You may further deposit the accepted author’s
version on a funder’s repository at a funder’s
request, provided it is not made publicly
available until 12 months after publication.

@ Springer



Brain Imaging and Behavior
DOI 10.1007/s11682-012-9164-5

mTBI SPECIAL ISSUE

Chronic traumatic encephalopathy: neurodegeneration
following repetitive concussive and subconcussive brain

trauma

Christine M. Baugh - Julie M. Stamm - David O. Riley -
Brandon E. Gavett - Martha E. Shenton -

Alexander Lin - Christopher J. Nowinski -

Robert C. Cantu - Ann C. McKee - Robert A. Stern

© Springer Science+Business Media, LLC 2012

Abstract Chronic Traumatic Encephalopathy (CTE) is a
neurodegenerative disease thought to be caused, at least in
part, by repetitive brain trauma, including concussive and
subconcussive injuries. It is thought to result in executive
dysfunction, memory impairment, depression and suicidal-
ity, apathy, poor impulse control, and eventually dementia.
Beyond repetitive brain trauma, the risk factors for CTE
remain unknown. CTE is neuropathologically characterized
by aggregation and accumulation of hyperphosphorylated
tau and TDP-43. Recent postmortem findings indicate that
CTE may affect a broader population than was initially

C. M. Baugh * J. M. Stamm * D. O. Riley - C. J. Nowinski -
R. C. Cantu- A. C. McKee - R. A. Stern ((X))

Center for the Study of Traumatic Encephalopathy,

Boston University School of Medicine,

72 East Concord Street, Suite B-7380,

Boston, MA 02118, USA

e-mail: bobstern@bu.edu

B. E. Gavett

Department of Psychology,

University of Colorado at Colorado Springs,
Colorado Springs, CO, USA

M. E. Shenton

Psychiatry Neuroimaging Laboratory, Department of Psychiatry,
Brigham and Women’s Hospital, Harvard Medical School,
Boston, MA, USA

A. Lin

Center for Clinical Spectroscopy, Brigham and Women’s Hospital,
Harvard Medical School,

Boston, MA, USA

C. J. Nowinski * R. C. Cantu

Sports Legacy Institute,
Waltham, MA, USA

Published online: 03 May 2012

conceptualized, particularly contact sport athletes and those
with a history of military combat. Given the large popula-
tion that could potentially be affected, CTE may represent
an important issue in public health. Although there has been
greater public awareness brought to the condition in recent
years, there are still many research questions that remain.
Thus far, CTE can only be diagnosed post-mortem. Current
research efforts are focused on the creation of clinical diag-
nostic criteria, finding objective biomarkers for CTE, and
understanding the additional risk factors and underlying
mechanism that causes the disease. This review examines
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research to date and suggests future directions worthy of
exploration.
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Abbreviations

AP Beta amyloid

AD Alzheimer’s disease

ALS Amyotrophic lateral sclerosis

APOE  Apolipoprotein E

APP Amyloid precursor protein

BOLD  Blood oxygen level dependent

Cho Choline

CSF Cerebrospinal fluid

CTE Chronic traumatic encephalopathy

CTEM  Chronic traumatic enceohalomyelopathy

DTI Diffusion tensor imaging

ERP Event-related potential

fMRI Functional magnetic resonance imaging

FDDNP  2-(1-{6-[(2-[F-18]fluoroethyl)(methyl)amino]-2-
naphthyl}ethylidene)malononitrile

FTD Frontotemporal dementia

GT Glial tangle

GRN Granulin

MAPT  Microtubule-associated protein tau

MRI Magnetic resonance imaging

MRS Magnetic Resonance Spectroscopy

NAA N-acetyl asparate

NFT Neurofibrilary tangle

NT Neurophil thread

PCS Post-concussion syndrome

PET Positron emission tomography

SPECT  Single photon emission computed tomography
SWI Susceptibility weighted imaging

TDP-43 TAR DNA-binding protein 43

TBI Traumatic brain injury

Introduction

Chronic Traumatic Encephalopathy (CTE) is a neurodegen-
erative disease thought to be caused, at least in part, by
repetitive brain trauma that can occur during contact sports
and military participation (McKee et al. 2009). This trauma
can include mild traumatic brain injury (mTBI), or concus-
sions, as well as subconcussive injuries, that is, mild brain
trauma that does not result in the readily observable signs
and symptoms of a concussion (Gavett et al. 2011a; McKee
et al. 2009; Spiotta et al. 2011; Stern et al. 2011a). CTE is
distinct from the acute sequelae of concussion or traumatic
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brain injury (TBI), and is not merely prolonged post-
concussive syndrome (PCS) (Gavett et al. 2011b). While
post-concussive syndrome symptoms endure following an
acute concussion without complete relief of symptoms of
the initial injury, the symptoms of CTE typically do not
present until years after the trauma-producing activity, and
the symptoms of initial injury, if any, have ended. CTE is
pathologically distinct from other neurodegenerative dis-
eases, including Alzheimer’s disease and Frontotemporal
Lobar Degeneration (Corsellis et al. 1973; McKee et al.
2009).

For almost a century, it has been known that repeated
blows to the head are associated with cognitive and behav-
ioral impairments later in life. One of the first publications
on the topic was a 1928 paper by Martland who called the
condition he observed in boxers, “punch drunk.” Martland
hypothesized that the symptoms he observed resulted from
the repeated blows to the head that these fighters took
during their careers (1928). In 1937, Millspaugh outlined
the disease marked by motor deficits and cognitive dysfunc-
tion under the name “dementia pugilistica,” as he too ob-
served the disorder primarily in boxers. Corsellis and
colleagues presented a 15 case series in 1973 that neuro-
pathologically distinguished dementia pugilistica from other
neurodegenerative disorders.

Although the term Chronic Traumatic Encephalopathy
(CTE) was first used in the literature in the 1960’s, the
disease’s ability to affect a broader population beyond
boxers was not fully recognized until more recently (McKee
et al. 2009; Omalu et al. 2005; Omalu et al. 2006). Since that
time, CTE has been found in others with a history of
repetitive concussions from sports (e.g., American football
players, professional wrestlers, professional hockey players)
and from other activities (e.g., a victim of physical abuse, an
epileptic, a self-injurer, a circus clown who was repeatedly
shot out of a cannon) (Gavett et al. 2011b; Geddes et al.
1999; Hof et al. 1991; McKee et al. 2009; Omalu et al.
2005; Omalu et al. 2006; Omalu et al. 2010; Roberts et al.
1990; Stern et al. 2011a). Also, in recent years, our group at
the Boston University Center for the Study of Traumatic
Encephalopathy (CSTE) has found neuropathologically
confirmed CTE in football players with no history of diag-
nosed or reported concussions (but who played positions,
such as lineman, with the greatest exposure to repetitive hits
to the head [Greenwald et al. 2008]), suggesting that repet-
itive subconcussive trauma, not just symptomatic concus-
sions, may also lead to the development of this
neurodegenerative disease (Gavett et al. 2011a; McKee et
al. 2009). This paper will review research on CTE to date
including its risk factors, clinical presentation, and neuropa-
thology. In addition it will explore future directions for CTE
research with a specific focus on methods that may be useful
for in vivo diagnosis, including neuroimaging techniques.
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Clinical presentation and course

To date, more than 70 retrospective clinical examinations
have been conducted by the CSTE with the family members
of deceased athletes and military personnel whose brains
have been donated for study. The information obtained from
the semistructured interview is combined with a review of
patient medical records and analyzed by the neuropsychol-
ogist [RAS] to gain an understanding of the clinical presen-
tation and progression of the deceased brain donors whose
ages range from teens to 80s. During this process the neu-
ropsychologist remains blind to the neuropathological diag-
nosis, helping to eliminate potential bias; similarly, the
neuropathologist [ACM] remains blind to the clinical histo-
ry and medical records until the neuropathological exami-
nation and diagnosis is complete. From these interviews we
have been able to gain a greater understanding of the clinical
presentation and course of CTE. Although a clinical “pic-
ture” of CTE has been created using these retrospective
measures, there are currently no consensus-based or pro-
spective neuropathologically validated clinical diagnostic
criteria.

Neuropsychological and neuropsychiatric changes

The cognitive and behavioral symptoms associated with
CTE are reflective of the regions that have been patholog-
ically determined to be most affected by CTE. As will be
explained in further detail in the neuropathology section of
this paper, the regions of the brain most severely damaged
by CTE include the cerebral cortex and the medial structures
of the limbic system (amygdala, mammillary bodies, hippo-
campus, etc.) (Gavett et al. 2011a; Stern et al. 2011a). The
severity of the clinical manifestation progresses through the
course of the disease as the neurodegeneration increases
(Stern et al. 2011a).

The neuropsychological and neuropsychiatric changes
associated with CTE can be classified into the categories
of cognition, mood, and behavior (Table 1). CTE presents
with changes in each branch of this symptom triad and the
severity of the symptoms appears to progress with the
course of the disease. These symptoms generally begin
years or decades after repeated brain trauma, when the
neurodegeneration is severe enough to manifest clinical
symptoms (Stern et al. 2011a). The earliest neuropatholog-
ical stages of CTE may present without clinical symptoms
(Stern et al. 2011a). Early cognitive symptoms primarily
include learning and memory impairment as well as execu-
tive dysfunction. Mood changes typically include depres-
sion, apathy, and irritability, as well as suicidality. The
behavioral changes primarily include poor impulse control,
with individuals described as having a “short fuse” or being
“out of control.” Aggression and increased violence are

Table 1 Early symptoms of chronic traumatic encephalopathy

Domain Symptoms

Cognitive Memory Impairment

Executive Dysfunction (e.g., problems with
planning, organization, multi-tasking, judgment)
Mood Depression
Apathy
Irritability
Suicidality
Impulse Control Problems (e.g., “short fuse,”
“out of control”)

Behavior

Disinhibition
Substance Abuse and Other Addictions

Aggression and Increased Violence

often experienced. Disinhibition and problems with sub-
stance and other forms of abuse also occur. Later in the
disease course, these cognitive, mood, and behavioral
impairments worsen, with dementia evident in all older
cases (i.e., 65 years or greater) with advanced stage CTE.

As with most neurodegenerative causes of dementia, the
later in the course a patient with CTE is seen, the more
difficult it is to differentiate the specific underlying disease
based on clinical presentation. That is, once an adequate
amount of neural tissue is destroyed, differential diagnosis
of most cases of moderate-severe dementia is difficult just
based on current presentation. However, the early presenta-
tion and course of CTE can distinguish it from most other
causes of dementia. The closest symptom profile to CTE is
that caused by FTLD, behavioral variant. The symptoms of
FTLD typically begin between the ages of 45-65, there is a
somewhat rapid symptom progression, and there is a posi-
tive family history in approximately 40 % of cases. In
contrast, the early symptoms of CTE (Table 1) typically
present between the ages of 30 and 50, there is a slow,
prolonged course of progression, and there does not appear
to be a familial risk. Although not a completely definitive
method of distinguishing between CTE and FTLD behav-
ioral variant, all cases of CTE will have had a history of
exposure to repetitive brain trauma, whereas FTLD will not
typically have such a history.

It is important to note that although CTE is thought to
result from repeated mTBI it is separate from the acute
PCS, and it is not the accumulation of immediate symptoms
from multiple concussive or subconcussive events. PCS is
not thought to directly cause CTE pathology. Given the
noticeable overlap in symptomology between PCS and
CTE and the fact that, in some cases, there may be overlap
in the onset and expression of the two disorders, differenti-
ating between the two can sometimes be difficult (Stern et
al. 2011a).
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Clinicopathological associations

In a review of the world’s published case studies of
neuropathologically confirmed CTE (the vast majority
being boxers), McKee et al. noted that 63 % (32 of
51) had memory loss (2009). Like AD, those with CTE
appear to have anterograde amnesia, or difficulty re-
membering newly learned information (Sperling et al.
2010). This is consistent with the deterioration of the
hippocampus and other medial temporal structures seen
in cases of CTE. Further, individuals with CTE com-
monly have executive dysfunction (Omalu et al. 2011).
Executive functions refer to a group of cognitive abili-
ties responsible for goal-directed behaviors (Stern et al.
2011b); individuals with CTE often have impaired judg-
ment, poor insight, and disinhibition (Gavett et al.
2011a). This symptomology seems to reflect the neuro-
pathologic changes and atrophy of the frontal lobes
described by McKee et al. in almost all CTE cases
(2009).

Mood and behavior changes are hallmark features of
CTE (McKee et al. 2009; Omalu et al. 2011). As with
changes from other neurodegenerative diseases, the mood
and behavioral changes associated with CTE are often the
most concerning to family members and caregivers (Stern et
al. 2011b). These clinical manifestations are consistent with
the neuropathologic changes in the medial temporal lobe
(especially the amygdala) and orbitofrontal regions. The
combination of altered emotional responses (including rage)
from amygdala involvement and disinhibition and reduced
impulse control from frontal involvement appears to lead to
many of the more significant clinical manifestations of the
disease, including suicidality (Gavett et al. 2011b).

Neurological and motor changes

CTE often results in neurologic dysfunction, especially
alterations in movement and motor coordination. These
signs include difficulty with balance and gait (parkinsonism)
and speech changes (including slowed, slurred, and dysarth-
ric speech) (McKee et al. 2009). In a smaller portion of
cases, there appears to be abnormalities in gaze (McKee et
al. 2009). A small subset of individuals with CTE have a
variant referred to as chronic traumatic encephalomyelop-
athy (CTEM) that also affects the spinal cord and is associ-
ated with motor neuron disease, clinically mimicking
Amyotrophic Lateral Sclerosis (ALS), or Lou Gehrig’s dis-
ease (McKee et al. 2010). These individuals have a different
and more severe neurologic profile including clinical evi-
dence of motor neuron disease as marked by progressive
muscle weakness and atrophy, fasciculations, balance and
gait problems, dysphagia, and hyperactive deep tendon
reflexes (McKee et al. 2010).
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Neuropathological characteristics

Neuropathological findings of CTE were first described by
Corsellis et al. (1973). McKee and colleagues at the CSTE
reviewed the world’s literature of neuropathologically con-
firmed CTE and found 49 cases at the time (2009). These 49
cases, along with three new cases from the CSTE were
described in 2009 by McKee et al. Since that time, the VA
CSTE Brain Bank has grown from the original three to over
100 brains with over 60 cases of neuropathologically diag-
nosed CTE thus far (i.e., not all of the remaining 40 brains
have had completed examinations to date), making it, by far,
the largest CTE tissue repository in the world. The gross and
microscopic neuropathology of CTE described below is
based on the combination of the previous literature review
and the findings from the VA CSTE Brain Bank.

Gross pathological characteristics

Advanced stages of CTE are accompanied by generalized
atrophy of the brain with reduced brain weight, as well as
atrophy of the frontal and temporal cortices and medial
temporal lobe (McKee et al. 2009). There is often pro-
nounced atrophy of the thalamus, hypothalamus, and mam-
millary bodies. Thinning of the corpus callosum and
generalized atrophy of the cerebral subcortical white matter
is common. Pallor of the substantia nigra and locus coeru-
leus is also a typical feature of advanced CTE. Dilation of
the lateral and third ventricles, anterior cavum septum pel-
lucidum, and posterior septal fenestrations are frequent find-
ings (McKee et al. 2009).

A cavum septum pellucidum occurs when the leaflets of
the septum pellucidum are separated and the space is filled
with cerebrospinal fluid (Tubbs et al. 2011). Repetitive
concussive and subconcussive brain trauma likely produces
a fluid wave within the ventricles that damages the septum
pellucidum (Gavett et al. 2011a; McKee et al. 2009). Cavum
septum pellucidum was found in 12 of 13 boxers studied by
Corsellis et al. (1973).

Microscopic neuropathological characteristics

Microscopically, CTE is characterized by accumulation of
phosphorylated tau protein as neurofibrillary tangles
(NFTs), neurites, and glial tangles (GTs) throughout the
frontal, insular, and temporal cortices; diencephalon; brain-
stem; cerebellar dentate nucleus and spinal cord. Figure 1
demonstrates phosphorylated tau deposition in CTE brains
as compared to normal control. Accumulations of TAR
DNA-Binding Protein 43 (TDP-43) as neuronal and glial
inclusions, neurites and intranuclear inclusions are also
found in CTE and are usually most prominent in cases with
severe tau pathology. Prominent neuronal loss is seen in the
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Fig. 1 Neuropathological analysis section. Coronal sections of a brain
immunostained for hyperphosphorylated tau protein and counter-
stained with cresyl violet. The normal brain on the left shows no
deposits of hyperphosphorylated tau protein. The brain on the right
with CTE shows irregular tau deposits (dark brown discoloration) in
the cerebral cortex. There are also dense tau NFTs in the amygdala
(asterisk), entorhinal cortex and medial temporal lobe

hippocampus, entorhinal cortex, and amygdala as well as
less severe degrees of neuronal loss in the subcallosal and
insular cortex, olfactory bulbs, mammillary bodies, locus
coeruleus, substantia nigra, medial thalamus and cerebral
cortex (McKee et al. 2009).

The tau-immunoreactive neurofibrillary pathology is char-
acteristically irregular and affects primarily the superficial
cortical layers with focal epicenters at the depths of the sulci
and surrounding small blood vessels. Tau-immunoreactive
NFTs may be particularly dense in the hippocampus, amyg-
dala, entorhinal cortex and olfactory bulbs in advanced stages
of the disease (Gavett et al. 2011a; McKee et al. 2009).

Although the specific tau isoforms found in CTE are
indistinguishable from AD (Schmidt et al. 2001), the irreg-
ular nature of tau deposition and the perivascular clustering
of tau-immunoreactive abnormalities at the depth of the
sulci are unique to CTE and distinguish it from other tauo-
pathies, including AD (McKee et al. 2009). In addition, the
density of the NFTs and GTs is often far greater in CTE than
in other tauopathies (Gavett et al. 2011a).

TDP-43 immunoreactivity is most commonly seen in the
frontal and medial temporal cortices, brainstem, diencepha-
lon, insula, subcortical white matter, substantia nigra pars
compacta, amygdala, hippocampus, caudate, putamen, tha-
lamus, and hypothalamus (McKee et al. 2010; Stern et al.
2011a). TDP-43 immunoreactive inclusions have been
found throughout the anterior horn of the spinal cord and
motor cortex in a subset of individuals with CTEM (McKee
et al. 2010; Stern et al. 2011a).

Af3 deposition is an inconsistent finding in CTE. While
neuritic A3 plaques are an essential feature of AD, AB is
found in only 4045 % of CTE cases (McKee et al. 2009).
When AB is present in CTE, it generally consists of

primarily diffuse plaques with relatively few neuritic pla-
ques (McKee et al. 2009). The presence of tau proteinopathy
has been shown to enhance A3 neurotoxicity (Mann et al.
1990; Roberson et al. 2007).

Brain trauma and other risk factors

To date, all pathologically diagnosed cases of CTE have
come from individuals with a history of repetitive brain
trauma (McKee et al. 2009). As such, it seems that
repetitive trauma is necessary for incurring CTE; how-
ever, there are numerous individuals with a history of
repeated brain trauma who do not have CTE upon
neuropathological examination. Therefore, concussions
and other brain trauma alone are not sufficient to cause
the disease. Importantly, it is also possible that this
repetitive trauma does not necessarily have to be at
the concussive (mTBI) or more structural (e.g., TBI)
level (Gavett et al. 2011b; McKee et al. 2009; Stern
et al. 2011a). Subconcussive brain injury (Spiotta et al.
2011), or a blow to the head with adequate g force to
produce a non-structural brain injury (though with the
neuronal changes of concussion) that does not result in
apparent clinical symptoms, may be a sufficient trauma
load to initiate the neurodegenerative cascade (Gavett et
al. 2011b; McKee et al. 2009; Stern et al. 2011a). Given
that repetitive brain trauma is necessary, but not suffi-
cient, it is evident that other risk factors may be in-
volved in initiating or mediating CTE.

Although all individuals with neuropathologically con-
firmed CTE have had repetitive brain trauma, the nature
of this trauma is a crucial factor that requires further
scientific investigation. The age at which the brain starts
being exposed to trauma may be a critical factor in
determining whether or not an individual develops
CTE. It is possible that assaulting a young brain, which
is still developing and more vulnerable to injury, may
have more catastrophic consequences later in life
(Schneider 1979). This theory has yet to be validated,
but it has been shown that concussions and brain injuries
in youth result in more severe and longer lasting cogni-
tive deficits (Field et al. 2003; Pullela et al. 2006).
Additionally, it is not understood whether or not the
severity and frequency of the brain trauma influence
the development of CTE. Within a given sport, position
could play a significant role. A recent study utilizing
accelerometers placed inside the helmets of college foot-
ball players found that there were significant differences
in the exposure to brain trauma based on position (Crisco
et al. 2010). Further, a study by Talavage and colleagues
examined a cohort of high school football players and
showed measurable neurocognitive and neurophysiologic
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deficits after hits to the head that did not cause any
reported symptoms of concussion (2010). Importantly,
individuals who received subconcussive blows were un-
likely to undergo clinical assessment and thus continued
playing in the game, exposing their brains to further
injury (Talavage et al. 2010).

Some individuals may have a genetic predisposition to
developing CTE. Initial studies indicate that the apolipopro-
tein E (APOE) gene’s €4 allele may be a useful area of
investigation. APOE is the strongest susceptibility gene for
Alzheimer’s disease (AD). APOE ¢4 has also been associ-
ated with longer recovery time and more severe cognitive
deficits following single TBI in boxers and professional
football players (Jordan et al. 1997; Kutner et al. 2000;
Teasdale et al. 1997). APOE €4 carriers have also been
shown to have worse outcomes both in the short-term and
in the long-term following head injury (Friedman et al.
1999; Jordan et al. 1997; Katzman et al. 1996; Teasdale et
al. 1997). In contrast to its role in AD, it is thought that
APOE ¢4 may decrease the capacity to repair damage fol-
lowing brain injury (Crawford et al. 2009). Further, older
retired football players who were €4 carriers were shown to
have lower cognitive performance (Kutner et al. 2000).
Additionally, in a sample of 12 neuropathologically con-
firmed cases of CTE, 5 (42 %) cases were €4 carriers with 2
(17 %) of those cases being ¢4 homozygous (McKee et al.
2010). This is in contrast to population prevalence studies of
the APOE ¢4 allele that have shown that at least one ¢4
allele is carried by 27-29 % of the population and that ¢4
homozygosity only occurs in 1-2 % of the population (Hill
et al. 2007). Much more research is required to substantiate
the possible link between APOE ¢4 and CTE.

There are numerous other risk factors that require further
investigation. While it has been shown that females are
diagnosed with more concussions and tend to have pro-
longed recoveries, it is unknown whether this is due to
differential symptom reporting between males and females,
possibly weaker neck and upper body strength in women,
the potential role in sex hormones in concussion, or other
variables. It is also unknown whether females have a differ-
ent CTE-risk profile than their male counterparts (Covassin
and Elbin 2011; Dick 2009). To date, the large majority of
brains studied with CTE have been male due to the bias of
brain donations to date being made by families of deceased
football and other collision sport athletes. Furthermore, an
individual’s “cognitive reserve” or “brain reserve” may affect
the timing of the clinical manifestation of CTE. More specif-
ically, given approximately the same level of neurodegenera-
tion, an individual with a greater cognitive or brain reserve
may be less likely to display clinical signs and symptoms of
CTE than an individual with a lesser reserve (Schneider
1979). This finding has been shown in several studies of AD
and other neurodegenerative diseases (Stern 2007).
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Possible diagnostic tools and biomarkers

As with other neurodegenerative diseases, such as AD,
FTLD, and Lewy-Body Disease, CTE can only be diag-
nosed neuropathologically. However, in recent years
progress has been made in improving in vivo diagnostic
accuracy, especially for AD, through an integration of
clinical diagnostic features (e.g., neurological and neuro-
psychological evaluations, history, course) with more
objective biomarkers of disease (Dubois et al. 2007; De
Meyer et al. 2010). These biomarker methods include:
measurement of proteins through CSF and blood (includ-
ing beta amyloid and tau), as well as through PET
neuroimaging techniques with ligands for beta amyloid;
structural neuroimaging (e.g., measurement of hippocam-
pal volume); biochemical neuroimaging (e.g., magnetic
resonance spectroscopy; MRS); and genetic susceptibility
markers (e.g., APOE genotyping). These approaches
have now led to significant changes to research diagnos-
tic criteria for AD, incorporating both clinical and bio-
marker criteria (Jack et al. 2011; McKhann et al. 2011).
A major goal of this new diagnostic approach is to be
able to detect disease prior to dementia and even prior to
symptom onset in order to intervene more successfully
with disease modifying agents when they become avail-
able (Sperling et al. 2011).

Similar approaches to accurate in vivo diagnosis of
CTE seem quite plausible, utilizing the knowledge al-
ready gained in AD biomarker research. In addition to
CSF and blood measurements of proteins and genotyp-
ing of potential susceptibility genes, there appears to be
a large array of neuroimaging techniques that would be
appropriate for CTE diagnostic purposes. Of course, as
with AD clinical diagnostic criteria, these techniques—if
found to be sensitive and specific to CTE—would be
part of a multifactorial diagnostic approach, including
clinical evaluations and history, as well as CSF and
blood measures of proteins. The potential neuroimaging
approaches are explored below.

Structural and volumetric magnetic resonance imaging

Gross neuropathological changes attributed to CTE in-
dicate that Magnetic Resonance Imaging (MRI) may be
a useful diagnostic technique. Volumetric MRI can de-
tect whole brain atrophy as well as atrophy of specific
areas of interest (e.g., amygdala) present in CTE, as
well as cavum septum pellucidum with or without fen-
estrations (McKee et al. 2009). The ability of volumet-
ric MRI to grossly detect CTE-related atrophy was
demonstrated in an initial pilot study examining 5 for-
mer professional contact sport athletes with CTE-like
symptoms (Gavett et al. 2011b).
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Susceptibility weighted imaging

A proposed mechanism of CTE pathogenesis begins with a
disruption in the blood brain barrier and changes in the
cerebral vasculature (Gavett et al. 2011b; McKee et al.
2009). This, along with the hallmark findings of perivascu-
lar tau deposition in CTE, indicates that Susceptibility
Weighted Imaging (SWI) (a method of detecting microhe-
morrhages) could be useful for differential diagnosis of
CTE. SWI has been found to detect microhemorrhages
resulting from neurotrauma (Ashwal et al. 2006). SWI’s
current predictive validity has been limited in adults, but
there has been some success in utilizing SWI to determine
long-term outcome following TBI in children (Chastain et
al. 2009; Colbert et al. 2010). More research is required to
determine SWT’s clinical utility for understanding the long-
term effects of repeated brain trauma, including CTE, in
adults (Gavett et al. 2011b).

Diffusion tensor imaging

Diffusion Tensor Imaging (DTI) is sensitive to diffuse axo-
nal injury (see Shenton et al. for a review of structural
neuroimaging findings, including DTI, in mTBI in this
issue.). This is thought to be one of the causal mechanisms
involved in CTE, but is also known to be an injury indica-
tive of acute and chronic TBI (Liu et al. 1999; Prabhu 2011).
DTI has been used in both animals and humans to examine
the effects of brain trauma (Immonen et al. 2009; Lipton et
al. 2009). However, knowledge of DTI’s usefulness in CTE
research is limited. In experimental models in rats, DTI has
been shown to be predictive of long-term outcomes follow-
ing TBI (Immonen et al. 2009). DTT has supported the link
between executive dysfunction and axonal injuries in
humans (Lipton et al. 2009). Further, in our pilot study of
5 former professional athletes, there was an association
between overall exposure to repetitive brain trauma and
degradation of callosal white matter nerve fiber bundles
(Shenton et al. unpublished; Fig. 2). Figure 2 demonstrates
the callosal nerve fiber degradation in the contact sport
athlete brain as compared to normal control brain.

Functional magnetic resonance imaging

Functional Magnetic Resonance Imaging (fMRI) has been
useful in understanding brain-behavior relationships in nu-
merous neurologic diseases (Seeley et al. 2009). Addition-
ally, blood oxygen level dependent (BOLD) fMRI has been
able to differentiate between various types of neurodegen-
eration including AD, FTD, and dementia with Lewy bodies
(Galvin et al. 2011; Zhou et al. 2010). Recent studies of high
school football players have utilized fMRI and found sig-
nificant changes (from pre-season to post-season) in fMRI

Fig. 2 Diffusion tensor imaging section. Diffusion tensor images
captured on a 3 T magnet analyzed with streamline tractography using
Slicer 3. Control brain on the left and the brain of a former professional
boxer in his 40’s on the right. The top two images are sagittal views
with the callosal fiber tracts delineated; it is notable that the boxer’s
fiber tracts are markedly shorter than the control. The bottom two
images are a coronal view of the same two individuals and it can be
seen that the athlete’s corpus callosum (red structure in the middle of
the brain) is noticeably thinner than the control

results in those athletes with repetitive subconcussive hits
(as determined by helmet accelerometer data) (Talavage et
al. 2010). Given its current uses, it is possible that fMRI will
be helpful in determining brain-behavior associations in
CTE as well as differentiating CTE from other neurodegen-
erative disorders (Gavett et al. 2011b).

Magnetic resonance spectroscopy

Magnetic Resonance Spectroscopy (MRS) utilizes the same
clinical MR scanners utilized for MRI to non-invasively
measure in vivo brain biochemical metabolites (see Lin et
al. for a review of MRS in TBI in this issue). MRS studies
have found significant chemical changes in the brains of
individuals with various levels of brain trauma; however,
most of these studies have been conducted in the acute, rather
than the long-term, time frame (Ashwal et al. 2000; Brooks et
al. 2001; Cimatti 2006; Henry et al. 2010; Holshouser et al.
2005; Ross et al. 1998; Shutter et al. 2004; Vagnozzi et al.
2008).

However, there has been one pilot study examining the
utility of MRS for determining the long-term effects of
repetitive brain trauma and possible CTE. In this small-
scale study, Lin and colleagues found significant increases
in Cho and GlIx in former athletes with a history of repetitive
brain trauma as compared to age-matched controls (Lin et al.
2010).
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Positron emission tomography

Current Positron Emission Tomography (PET) ligands are
useful for AD. However these ligands selectively bind to
beta-amyloid (e.g., Pittsburgh Compound B or PiB, florbe-
tapir) or bind to both beta-amyloid and tau (2-(1-{6-[(2-[F-
18]fluoroethyl)(methyl)amino]-2-naphthyl}ethylidene)
malononitrile; FDDNP). However, CTE is primarily a tau-
opathy with only infrequent beta-amyloid. In cases when it
is present, the beta amyloid is aggregated into more diffuse
plaques rather than neuritic plaques (McKee et al. 2009).
Therefore, tau-selective ligands are likely to play a critical
role in in vivo biomarker detection of CTE. Unfortunately,
these ligands are not yet available for human imaging.

Single photon emission computed tomography

Single Photon Emission Computed Tomography (SPECT)
scans measure regional cerebral blood flow. As such, SPECT
is often a sensitive tool for detecting regional abnormalities in
brain function. However, the specificity of SPECT is poor
(e.g., Masterman et al. 1997). In a recent study comparing a
group of retired NFL players and a control group, Amen
reported significant differences on SPECT (2011). However,
there were many methodological problems with the study,
making it difficult to appropriately interpret their results.

Discussion

Although public awareness and media attention surrounding
the long-term effects of repetitive concussions and other
brain trauma have increased in recent years, scientific
knowledge regarding CTE has progressed more slowly,
i.e., at a typical speed of scientific discovery. Research
related to CTE has been limited thus far, and there are still
many questions about this disorder. In fact, some aspects of
CTE remain controversial, including the relationship be-
tween CTE and other neurodegenerative diseases, such as
AD and FTD. Recent research suggests that this disease,
previously only known to affect boxers, may be problematic
for a much broader population, including other athletes and
military personnel. As such, there is an even greater need
to understand the mechanism behind this disease (e.g.,
Blaylock and Maroon 2011), its incidence and prevalence,
and how to diagnose, treat, and prevent the disease during
life. Knowledge of risk factors could allow for interventions
that would help prevent the disease in the future. For exam-
ple, if an age threshold is found (e.g., individuals who do not
experience any brain trauma exposure before a certain age,
X, do not go on to develop CTE), then appropriate
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recommendations and policy changes could follow, (e.g.,
limiting or restricting activities with brain trauma exposure
in children under the age of X). In addition, it is critical to
improve understanding of the severity and number of hits
necessary to initiate the neurodegenerative cascade leading
to CTE. It may be the case that fewer, more severe TBIs
result in a different outcome than more frequent, but less
severe concussions or subconcussive blows. The different
types of forces incurred by the brain during various activi-
ties could prove important; however, further research is
necessary.

CTE research should utilize the advances made in research
of other neurodegenerative diseases such as AD in order to
progress most rapidly. For example, Similarities between CTE
and other neurodegenerative diseases provide insight into
other genes that may be involved in CTE and are therefore
worth investigating. Based on studies of other neurodegener-
ative diseases, additional genetic factors worthy of consider-
ation may be the TARDBP gene involved with TDP-43
protein production in frontotemporal lobar degeneration
(FTLD) and amyotrophic lateral sclerosis (ALS), the GRN
gene involved with the production of granulin and associated
with FTLD, and the MAPT gene associated with tau protein
and FTLD, as well as other genes associated with causes of
dementia and/or motor neuron disease.

Examining the applicability of the neuroimaging modalities
outlined in this paper as well as clinical measures, basic trans-
lational research, animal modeling, and epidemiologic studies
will all help advance knowledge of CTE. Increased scientific
knowledge about CTE will assist policy makers (e.g., league
officials, legislators, military leadership) in creating appropri-
ate guidelines for prevention and treatment of brain trauma
whether in the sports arena or on the military battlefield.

Ongoing and future research

Research related to CTE is in its infancy. Although the
neuropathology of CTE has been elucidated in recent years,
important areas of research remain, including investigations
of CTE’s epidemiology, specific risk factors (in addition to
repetitive brain trauma exposure), underlying disease mech-
anism, and the ability to diagnose CTE during life. The
development of biomarkers for the purpose of early detec-
tion, differential diagnosis, treatment, and prevention has
been an important goal of research in other neurodegenera-
tive diseases, such as AD, FTLD, lewy body dementia, and
others, and it is also the goal of future CTE research at the
BU CSTE (Stern et al. 2011a). With funding from the
National Institute of Neurological Disorders and Stroke,
the National Institute on Aging, and the National institute
of Child Health and Human Development, our group is in
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the early stages of research investigating potential bio-
markers for CTE. This research will includes a number of
the diagnostic tools described above, including volumetric
MRI, DTI, SWI, MRS, CSF protein determination, and
genetic testing, as well as neuropsychological, psychiatric,
and neurological examinations. The goal of this research is
to create valid diagnostic criteria though the combination of
clinical symptoms, history, and objective biomarkers. This
research could lead to the ability to diagnose CTE in the
early stages of the disease, possibly before the symptoms of
the disease present themselves. Neuroimaging strategies
could lead to non-invasive methods of diagnosing CTE in
the living. Additionally, genetic testing may indicate specif-
ic predisposing factors, such as APOE ¢4, that could assist
in identifying at-risk individuals. In theory, the earlier we
are able to diagnose CTE, the better effect interventions may
have on the symptoms and disease progression.

Conclusion

CTE is a progressive neurodegenerative disease linked to
repetitive brain trauma from contact sports and other activ-
ities. The disease is distinct from post-concussive syndrome
or the additive symptomatic effect of multiple concussions.
Rather, symptoms begin years or decades after brain trauma
exposure and include a triad of cognitive, mood, and

behavioral impairments. Neuropathologically distinct from
other neurodegenerative diseases, CTE is characterized by
hyperphosphorylated tau and TDP-43 deposition. As with
other neurodegenerative diseases, such as AD, CTE can
only be diagnosed postmortem at this time. However, unlike
AD, CTE research is in its infancy, and there are neither
published and validated clinical diagnostic criteria nor bio-
markers for the disease. As such, there are many unan-
swered questions about the development of CTE.
Although it is believed that repetitive brain trauma is asso-
ciated with the neuropathogenesis of the disease (Stern et al.
2011a), whether CTE can occur following a single traumatic
brain injury in at-risk individuals is not yet known. The
type, number, and severity of concussive and/or subconcus-
sive hits necessary to trigger the neurodegenerative cascade
leading to CTE has yet to be determined (Gavett et al.
2010). Moreover, other factors, including duration of expo-
sure to head trauma, age at first exposure, gender, age, race,
and genetic predisposition, may play a role in the develop-
ment of CTE, although further research is needed in these
areas (Gavett et al. 2010; McKee et al. 2009; Stern et al.
2011a). Given its potential to impact a broad population of
those who have experienced repetitive brain trauma, CTE is
an important public health issue. A critical first step is the
ability to diagnose CTE during life. Several neuroimaging
techniques have the potential to serve as biomarkers for the
disease.

Summary

areas.

Chronic Traumatic Encephalopathy (CTE) is a neurodegenerative disease thought to be caused, in part, by repetitive
concussive and subconcussive brain injury, such as those received in contact sports and military participation.

Although repetitive brain trauma seems necessary for the development of CTE, this alone is not sufficient to cause
the disease. Additional risk factors such as longer duration of exposure to head trauma, age at first exposure, and
genetic predisposition, may also play a role in the development of CTE, although more research is needed in these

The neuropsychological and neuropsychiatric symptoms associated with CTE fall into three categories: cognition,
mood, and behavior. These symptoms, including memory impairment, executive dysfunction, depression, apathy,
irritability, suicidality, lack of impulse control, aggression, and disinhibition, tend to worsen with advanced stages of
the disease. Later stages of disease are associated with dementia.

Gross neuropathological features of CTE include: atrophy of the frontal and medial temporal lobes, hippocampus,
entorhinal cortex, mammillary bodies, and amygdala; dilation of the lateral and third ventricles; anterior cavum
septum pellucidum; posterior septal fenestrations, thinning of the corpus callosum and hippocampal floor, and pallor
of the substantia nigra. Microscopically the disease is characterized by widespread neuronal loss and gliosis and
extensive tau and TDP-43 proteinopathy with a relative absence of beta amyloid deposits.

At this time CTE can only be diagnosed postmortem, as there are no validated clinical diagnostic criteria or
biomarkers for the disease. A goal of future research is to establish biomarkers using various neuroimaging tools,
such as structural and volumetric MRI, susceptibility weighted imaging, diffusion tensor imaging, magnetic
resonance spectroscopy, and positron emission tomography, that can detect the disease in the early stages, possibly
prior to symptom onset. This may allow for successful intervention with disease modifying agents once available.
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