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Abstract

The United States Department of Defense Blast Injury Research Program Coordinating Office organized the 2015

International State-of-the-Science meeting to explore links between blast-related head injury and the development of

chronic traumatic encephalopathy (CTE). Before the meeting, the planning committee examined articles published be-

tween 2005 and October 2015 and prepared this literature review, which summarized broadly CTE research and addressed

questions about the pathophysiological basis of CTE and its relationship to blast- and nonblast-related head injury. It

served to inform participants objectively and help focus meeting discussion on identifying knowledge gaps and priority

research areas. CTE is described generally as a progressive neurodegenerative disorder affecting persons exposed to head

injury. Affected individuals have been participants primarily in contact sports and military personnel, some of whom were

exposed to blast. The symptomatology of CTE overlaps with Alzheimer’s disease and includes neurological and cognitive

deficits, psychiatric and behavioral problems, and dementia. There are no validated diagnostic criteria, and neuropatho-

logical evidence of CTE has come exclusively from autopsy examination of subjects with histories of exposure to head

injury. The perivascular accumulation of hyperphosphorylated tau (p-tau) at the depths of cortical sulci is thought to be
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unique to CTE and has been proposed as a diagnostic requirement, although the contribution of p-tau and other reported

pathologies to the development of clinical symptoms of CTE are unknown. The literature on CTE is limited and is focused

predominantly on head injuries unrelated to blast exposure (e.g., football players and boxers). In addition, comparative

analyses of clinical case reports has been challenging because of small case numbers, selection biases, methodological

differences, and lack of matched controls, particularly for blast-exposed individuals. Consequently, the existing literature

is not sufficient to determine whether the development of CTE is associated with head injury frequency (e.g., single vs.

multiple exposures) or head injury type (e.g., impact, nonimpact, blast-related). Moreover, the incidence and prevalence of

CTE in at-risk populations is unknown. Future research priorities should include identifying additional risk factors,

pursuing population-based longitudinal studies, and developing the ability to detect and diagnose CTE in living persons

using validated criteria.

Keywords: blast injury; chronic traumatic encephalopathy; neurodegeneration; repetitive head trauma; traumatic brain

injury

Introduction

The notion that chronic neurodegeneration may follow

head injury was introduced in 1928 by Harrison Martland1 in

his clinical descriptions of former boxers who exhibited a range of

neuropsychiatric and motor symptoms known as ‘‘punch drunk

syndrome.’’ In the following years, the hypothesized link between

head injury and development of a distinctive neurodegenerative

disease gained support from additional clinical case reports and

eventually from histopathological assessments of affected brains.

The term ‘‘chronic traumatic encephalopathy’’ (CTE) was coined

in 19572 but did not achieve wide recognition until its revival in

2005 when Omalu and colleagues3 used CTE to describe a pro-

gressive tauopathy affecting the post-mortem brains of professional

American football players. In the intervening decade, clinical and

behavioral evidence of CTE has been reported in a diverse group of

persons that includes service members, domestic abuse victims,

and contact sport athletes.

More than 300,000 service members and veterans have sustained

at least one blast- and/or impact-related traumatic brain injury

(TBI) because of the widespread use of conventional and impro-

vised explosive devices (IED) in the conflicts in Iraq and Afgha-

nistan.4 After the initial symptoms resolve, approximately 10–15%

of individuals continue to report persistent cognitive and post-

concussive symptoms. The long-term impact of blast- and impact-

related TBI is largely unknown, including whether chronic symp-

toms are associated with clinically detectable alterations in brain

structure and function. There is growing concern that persons with a

history of head injury, with or without a diagnosis of TBI, may be at

increased risk for CTE development.

CTE is described as a progressive neurodegenerative disorder

affecting individuals exposed to head injury that results in cognitive,

behavioral, and/or motor deficits. Existing clinical data are limited,

observational in nature, and subject to methodological concerns, thus

preventing the establishment of a broad clinical and scientific con-

sensus on the existence of, and diagnostic criteria for, CTE.5–10

The present article reviews the potential causes of CTE with a

focus on head injury (frequency, type, exposure) followed by a

summary of what is known of the limited epidemiological data. A

summary of clinical manifestations is presented followed by a

section on animal models that attempts to model the neuropathol-

ogy of head injury. To help facilitate earlier diagnosis of CTE,

neuroimaging and biospecimen biomarkers are reviewed. The lit-

erature review ends with a discussion of the research needed to

draw definitive conclusions between exposure to head injury, CTE-

associated pathology, and clinical symptoms.

Methodology

This literature review searched PubMed, the Defense Technical

Information Center (DTIC), Google, and Google Scholar using the

search terms in Table 1. These search terms were generated in

collaboration with the United States (US) Department of Defense

(DoD) Blast Injury Research Program Coordinating Office and the

2015 International State-of-the-Science meeting planning com-

mittee. The inclusion criteria were: English language articles only,

clinical and animal model studies, documents available for public

distribution (Distribution A) from DTIC, and articles published in

the last 10 years (between 2005 and 2015, inclusive). Older pub-

lications were included when potentially critical to understanding

the topic.

Articles meeting the inclusion criteria were reviewed to deter-

mine if they merited inclusion in the literature review based on

whether they directly informed the following research questions:

� What is the current evidence describing the pathophysio-

logical basis of CTE?

a. What biological processes following head injury are as-

sociated with the development of CTE?

b. What advances in neuroimaging or biomarkers of CTE

may lead to the development of diagnostic tools or ther-

apeutic strategies?

� What associations are known between the mechanism(s) of

head injury (e.g., single or multiple exposures, impact or

nonimpact injury) and the development of CTE?

a. Does the frequency of exposure to head injury correlate

with the development of CTE?

b. Are there any known distinctions between how impact

injury, nonimpact injury, and blast-induced injury are

associated with the development of CTE?

Articles were reviewed for the following elements:

� Study design

� Study population (e.g., military, athletes)

� Outcome measures (e.g., histology, cognitive/behavioral

symptoms)

� Results and statistics (when available)

� Conclusions, study limitations, and recommendations rele-

vant to research questions
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Following this strategy, the literature search yielded 359 articles

that met the parameters of the search terms and inclusion/exclusion

criteria. This literature review includes a total of 191 articles.

Neuropathology

Broad consensus on the existence of and diagnostic criteria for

CTE has not been firmly established in the clinical and scientific

community.6–10 Multiple academic groups and government orga-

nizations, however, are gathering and analyzing evidence to gain

insight into the potential links between exposure to head injury and

the development of CTE.11–16 A recent National Institutes of

Health (NIH) consensus workshop began to establish the patho-

gnomonic (i.e., uniquely indicative) features of CTE required for

diagnosis.17

Defining the pathology of CTE is an active area of research and

collaboration. To date, all clinical neuropathological evidence de-

scribing CTE has been gathered from post-mortem autopsy of in-

dividuals with a history of exposure to head injury18 and include

macroscopic (i.e., gross anatomical) and microscopic (i.e., cellular

and molecular) pathological abnormalities. Although CTE shares a

number of characteristics with other neurodegenerative diseases,

including Alzheimer disease (AD), Parkinson disease (PD), and

frontotemporal lobar degeneration (FTLD), it is thought to have

unique pathological features.12,13,17

Macroscopic neuropathology

Multiple investigators had described previously gross anatomi-

cal abnormalities found during autopsy of brains with pathology

consistent with the current understanding of CTE.13,19 These ab-

normalities (Fig. 1), which may result from underlying neurode-

generative processes, include an overall reduction in brain

weight,20 the enlargement of ventricles,21 atrophy of functional

brain structures,22 cavum septum pellucidum,23 and depigmenta-

tion of the locus coeruleus and substantia nigra.20 Other observa-

tions describe relatively more modest gross anatomical findings,10

including a lack of cerebral atrophy and milder depigmentation of

the substantia nigra and locus coeruleus.14,24 Recent consensus

work determined that ‘‘Macroscopic abnormalities in the septum

pellucidum (cavum, fenestration), disproportionate dilatation of the

3rd ventricle or signs of previous brain injury’’ were supportive

criteria for diagnosis of CTE.17

Microscopic neuropathology

The microscopic pathological abnormalities associated with

CTE seen during post-mortem examination include several histo-

logical observations thought to reflect intracellular and intercellular

processes of neurodegeneration.

Tau protein aggregation. The unique pattern of hyperpho-

sphorylated tau (p-tau) protein accumulation in neurofibrillary tan-

gles (NFTs) and/or astrocytic tangles (ATs) is considered to be a

primary neuropathological sign of CTE.25 The NIH consensus

workshop determined that perivascular accumulation of p-tau pro-

teins in neurons, astrocytes, and cell processes in an irregular pattern

at the depths of cortical sulci was pathognomonic of CTE (Fig. 1).17

Autopsy examinations across multiple studies describe abnormal tau

aggregates in several brain areas, including superficial layers of the

cerebral cortex, subcortical nuclei, and brainstem.12–14,26 Differences

Table 1. Search Terms

Condition Pathology Outcome measure(s)
Study

population(s)

Alzheimer disease Motor neuron disease Activated kinases Assessment Animal models
Auditory Neurodegeneration Apolipoprotein E (ApoE)

genotype
Computational models Athletes

Behavioral disorder Neurodegenerative Astrocytes Diagnostic Boxing
Blast event Parkinsonism Astroglial tangles Diffraction spectrum

imaging or DSI
Breacher

Blast exposure Post-concussion syndrome
or PCS

Axonopathy Diffusion tensor imaging
or DTI

Football

Chronic traumatic brain
injury or TBI

Post-traumatic stress disorder
or PTSD

Beta-amyloid Magnetic resonance
imaging or MRI

International
Space Program

Chronic traumatic
encephalopathy
or CTE

Potentially concussive event
or PCE

Biomarker Screening Military

Cognition Proteinopathies Epigenetics Positron emission
tomography or PET

NASA

Cognitive deficits Repetitive head injury Glymphatics Treatment NCAA
Concussion Suicide Microglia Near infrared spectroscopy NFL
Headache/migraine Tauopathy Neuroendocrine Doppler ultrasound Occupational

blast
Head trauma Traumatic brain injury Neurofibrillary tangles Post-mortem
Hearing Traumatic encephalopathy Neuropathology Sports
Inflammation Vascular injury Neurosensory Soccer
Late effects of TBI Vertigo or dizziness TDP-43 Veteran
Mild traumatic brain

injury or mTBI
Eye, retina, optic nerve,

retinal ganglion cells,
photoreceptors

NASA, National Aeronautics and Space Administration; NCAA, National Collegiate Athletic Association; NFL, National Football League.
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in the literature remain, however, regarding the volume and location

of these tau protein aggregates.10,27

Tauopathies are a class of neurodegenerative diseases charac-

terized by the aggregation of p-tau protein28 that are thought to be

associated with head injury.29 Other tauopathies include AD, pro-

gressive supranuclear palsy,30,31 Pick disease,32 and Huntington

disease.33 Recent efforts to establish a neuropathological distinc-

tion between AD and CTE suggests that the latter is distinguished

by the widespread presence of NFTs in perivascular areas, partic-

ularly at the depths of sulci, and in superficial cortical laminae and

astrocytes.12,17,34 The normal function of tau protein is to stabilize

microtubules; however, aberrant p-tau causes the formation of

protein aggregates and NFTs, which may contribute to the devel-

opment of CTE.35 It is unknown how head injury leads to tau

pathology, but it is thought that hyperphosphorylation of tau may

be an early step in the development of CTE.28

TAR DNA-binding protein 43 aggregation. Transactive

response DNA-binding protein (TDP-43) functions as a transcrip-

tional regulator in the central nervous system36 and the presence of

TDP-43 aggregates is another pathological feature observed in the

post-mortem examination of brains with pathology consistent with

the current understanding of CTE.25 This pathological feature is not

unique to CTE, because aberrant TDP-43 aggregates are also ob-

served in other neurodegenerative diseases,37,38 including motor

neuron disease (MND),39 amyotrophic lateral sclerosis, and FTLD.40

Distribution of TDP-43 aggregates has been reported in the brain-

stem; basal ganglia; diencephalon; medial temporal lobe; frontal,

temporal, and insular cortices; and subcortical white matter.39

Beta-amyloid plaque formation. The presence of beta-

amyloid (Ab) plaques has been reported at various levels and

distributions in brains with pathology consistent with the current

understanding of CTE.13,14,41,42 Whether Ab neuropathology can

be used to identify CTE has been called into question given that

these peptide plaques are also associated with AD.26 A recent study,

however, suggests that Ab deposition is associated with a patho-

logical and clinical progression of CTE and in an accelerated tra-

jectory compared with normal aging.42

Axonal injury. Axonal injury has been described in brains

with pathology consistent with the current understanding of CTE.

Multifocal axonal varicosities have been observed in the frontal and

temporal cortex and in subcortical white matter tracts in the brains

of CTE cases.12,14,41 The extent and severity of axonal injury has

been observed to increase with the severity of other pathological

features of CTE.12 Intercellular events after axonal injury, includ-

ing microglial and astrocyte activation, are thought to be potential

mechanistic links between TBI and CTE.35,43

Neuroinflammation. Neuroinflammation has been reported

in cases with pathology consistent with the current understanding

of CTE.13,44 There is evidence that persistent neuroinflammation is

associated with microglial and astroglial activation, potentially

playing a role in long-term neurodegeneration.45 It is unclear,

however, whether neuroinflammation, which is known to persist for

years after TBI in humans, has a causative relationship with neu-

rodegenerative processes potentially associated with CTE.46

Vascular pathology. Vascular degeneration and impaired

cerebral hemodynamic regulation may also be related to CTE.

McKee and associates12 noted small amounts of vascular amyloid

in brains with pathology consistent with the current understanding

of CTE.12 In addition, McKee and Robinson47 describe micro-

vasculopathies including acute intrapontine hemorrhage in poste-

rior cerebral artery territories, widespread hypoxic-ischemic injury,

acute intraventricular hemorrhage, and hemosiderin-containing

macrophages within vascular walls of the thalamus in a case series

of four US military veterans with blast exposure and history of at

least one concussion. Similarly, in a study of brain samples from

athletes who died within six months of concussion (n = 117),

McKee and colleagues44 noted perivascular microgliosis and as-

trocytosis across many cases, as well as dot-and spindle-shaped

neurites proximal to small blood vessels at the depth of the sulci in

four cases, and tau pathology in neurons and neurites surrounding a

microbleed site in one case. Cerebral microvascular pathology was

also present in a mouse model of CTE resulting from a single blast

exposure—notably, the presence of hydropic perivascular astro-

cytic end-feet associated with abnormal capillaries.48

Vascular pathologies were reported in brain samples of indi-

viduals exposed to repeated head injury going back to a 1989 case

series of professional boxers.49 The authors highlight hemosiderin

contained in macrophages or free proximal to cerebral blood ves-

sels, in the meninges, the subpial region, and/or around the cranial

FIG. 1. Neuropathology of chronic traumatic encephalopathy (CTE). Coronal sections of normal brain (left) and brain with CTE
neuropathology (right). Macroscopic neuropathology includes dilation of ventricles (II and III), abnormalities of septum pellucidum,
atrophy of the mammillary bodies and medial temporal lobe structures. Microscopic neuropathology includes the irregular distribution of
p-tau in perivascular regions at the depths of cerebral sulci* and in pre-tangles and neurofibrillary tangles (NFTs) found in superficial
cortical layers (II-III). *CTE neuropathology identified by National Institute of Neurological Disorders and Stroke consensus working
group as required for diagnosis. Content reproduced from Acta Neuropathol. 2016;131:75–86. �2016, with permission from SpringerOpen.
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nerves in approximately 39% of boxers for whom death was not

related to an acute boxing injury. They caution, however, that the

degree of hemorrhage observed in these cases was minor and ex-

pressed hesitation in linking these pathologies individually to the

complex neurological manifestations of CTE (referred to as de-

mentia pugilistica in the publication). Nonetheless, a more recent

study has linked exposure to repeated head injury with impaired

cerebral hemodynamic function.50 As assessed through transcranial

Doppler ultrasound, near-infrared spectroscopy, and mean arterial

pressure measurement, professional boxers demonstrated impair-

ments in dynamic cerebral autoregulation and cerebrovascular re-

activity to changes in CO2 compared with matched controls.

Classifications of CTE

Two research groups have proposed classification frameworks

for CTE based on neuropathological observations. Omalu and co-

workers14 proposed four CTE phenotypes thought of as parallel

pathologies.14 McKee and colleaues12 proposed four CTE stages

that describe progressive neuropathological changes. These

frameworks reflect an emerging understanding of the neuropa-

thology of CTE, not rigid or absolute classifications.10 Criteria for

both frameworks is informed by the presence of Ab plaques and

related neuritic plaques despite the recent understanding that these

features may not be associated with CTE.26

In the CTE phenotypic classification framework proposed by

Omalu and coworkers14 (Table 2), phenotype I is described as

sparse to frequent NFTs and neuritic threads (NTs) in the cerebral

cortex and brainstem. Phenotype II also includes NFTs and NTs in

the basal ganglia and cerebellum in addition to diffuse amyloid

plaques. Phenotype III is defined by a combination of moderate to

frequent NFTs and NTs predominately in the brainstem with absent

to sparse NFTs and NTs in the cerebral cortex and basal ganglia and

none in the cerebellum. Phenotype IV is defined by a combination

of absent to sparse NFTs and NTs in the cerebral cortex, brainstem,

and basal ganglia, an absence of NFTs and NTs in the cerebellum,

and an absence of diffuse amyloid plaques in the cerebral cortex.

Across all four phenotypes, there is a possibility of observing

varying degrees of NFTs and NTs in the hippocampus with or

without diffuse amyloid plaques.

According to the classification framework of progressive path-

ological stages proposed by McKee and associates12 (Table 3),

CTE begins focally, usually perivascularly, at the depth of the sulci

in the frontal cerebral cortex, as well as in the superficial layers of

the cerebral cortex. Over time, the pathology develops to involve

widespread regions of the medial cortex, medial temporal lobe,

diencephalon, basal ganglia, brainstem, and spinal cord. Stages I

and II are considered mild forms of CTE and are characterized by

NFTs in focal epicenters of the frontal cortices. Stages III and IV

represent severe forms of CTE, with more widespread tau in-

volvement. Validation of the proposed stages, including their

clinicopathological correlation, has not been completed.

Neuropathological diagnosis

Currently, there are no pre-mortem diagnostic criteria for CTE.

Recent proposals for post-mortem CTE diagnostic criteria12 have

been followed by an NIH consensus workshop,17 which established

required neuropathological diagnostic criteria for CTE, supportive

criteria for a diagnosis of CTE, and exclusions to a primary diag-

nosis of CTE (Table 4).

Exposure to Head Injury

The existing clinical literature is not sufficient to determine

whether CTE is associated with head injury frequency (e.g., single

vs. multiple exposures) or head injury type (e.g., impact, nonim-

pact, blast). Data about the frequency or type of head injury ex-

posure are not collected systematically or consistently across, or

sometimes within, CTE case series or case studies. Most CTE

studies characterize head injury exposure as exposure to sport or

occupation (e.g., football, boxing) without including data describ-

ing head injury frequency, severity, or the elapsed time between

multiple injuries. Head injury exposure in these cases is assumed,

but not necessarily confirmed or quantified, making comparisons

between studies difficult. Among the studies that do include data

about the occurrence of head injuries in CTE cases, including

frequency, type, and/or severity, this information is gathered ret-

rospectively from family interviews and/or medical records, which

are subjective and carry other potential biases. In addition, a high

rate of duplication (i.e., re-reporting cases across multiple publi-

cations) exists in the clinical CTE literature.51

Head injury exposure data in CTE cases

A recent review of 153 unique individuals with pathology con-

sistent with the current understanding of CTE characterized ex-

posure to head injury by categorizing cases according to sports

participation, veteran status, or miscellaneous exposure types.51

Within each category, additional information about head injury

incidence (e.g., motor vehicle accidents, IEDs) was included when

available, but was not available consistently across cases. The au-

thors note that although all cases had a ‘‘history of head trauma,’’

documentation of severity, frequency, and concussion was ‘‘highly

variable’’ in the literature.

McKee and Robinson47 presented post-mortem case reports for

four military veterans with pathological signs of CTE, three of which

were reported previously.48 Exposure to head injury across the four

cases is described as exposure to blast (from ‘‘single’’ to ‘‘several’’),

Table 2. Phenotypic Classification of Diverse Chronic

Traumatic Encephalopathy Pathologies
14

Phenotype Characteristics

I � Sparse to frequent NFT and NT in the cerebral
cortex and brainstem but without involvement
of basal ganglia and cerebellum

� No diffuse amyloid plaques in the cerebral
cortex

II � Sparse to frequent NFTs and NTs in the
cerebral cortex and brainstem and may include
pathology in the basal ganglia and cerebellum

� Presence of diffuse amyloid plaques in the
cerebral cortex

III � Brainstem predominant: moderate to frequent
NFTs and NTs in the brainstem nuclei, absent
or sparse NFTs and NTs in the cerebral cortex,
basal ganglia, and cerebellum

� No diffuse amyloid plaques in the cerebral
cortex

IV � Incipient: absent or sparse NFTs and NTs in the
cerebral cortex, brainstem, and basal ganglia

� No cerebellar involvement
� No diffuse amyloid plaques in the cerebral

cortex

NFT, neurofibrillary tangles; NT, neuritic threads.
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as well as concussion symptoms and/or history.47 The authors also

reviewed a single case study of a veteran exposed to ‘‘multiple

mortar blasts and IEDs’’ whose autopsy showed neuropathological

changes consistent with CTE.52 In addition, McKee and Robinson47

reviewed 23 post-mortem cases of veterans with pathology consis-

tent with the current understanding of CTE. In this cohort, obtained

from the Boston VA Brain Bank, exposure to head injury is char-

acterized by sports participation in 16 subjects, exposure to IED blast

or military concussion in five subjects (three of whom also played

high school football), and other exposures, such as assault, motor

vehicle accident, and post-traumatic epilepsy. Frequency and se-

verity of head injury in these cases was not reported.47

In a case series of retired football players from the Canadian

Football League, three of six players studied had pathology con-

sistent with the current understanding of CTE at autopsy.6 These

three CTE cases were reported to have sustained multiple con-

cussions; however, the authors note that actual frequency or se-

verity information could not be determined. Although clinical

details of these cases were gathered retrospectively from family

interviews, treating physicians, and medical records, the source of

the concussion history was not specified by the authors.

The case series review by McKee and associates12 included 35

American football players with pathology consistent with the cur-

rent understanding of CTE for whom head injury exposure infor-

mation was available from structured retrospective interviews of

family members. Statistical analyses found that the number of

concussions reported by family members was not correlated with

the pathological stage of CTE (concussion frequency data was not

provided by authors). The number of years played, the number of

years since retirement, and the age at death was correlated with

CTE stage in these cases, however. The authors also did not report

the collection of head injury exposure information for 17 football

players included in the case series review who did not exhibit pa-

thology consistent with the current understanding of CTE. This

case series also included 21 military veterans, 16 of whom were

athletes (eight professional football players) and nine of whom

experienced combat. The authors note that three veterans sustained

TBI and four were exposed to IEDs or explosive munitions.

Characterization of head injury exposure for 11 persons with

pathology consistent with the current understanding of CTE by

Omalu and colleagues14 is limited to that of contact sports partic-

ipation. Although retrospective clinical symptom information was

collected through next-of-kin interviews, the correlation of symp-

toms and pathology was not reported.

McKee and coworkers41 presented case reports of one football

player and two boxers with pathology consistent with the current

Table 3. Progressive Classification of Chronic Traumatic Encephalopathy
12

Stage Macroscopic pathology Microscopic pathology

I � Normal brain weight
� Brain pathology is unremarkable

� Focal epicenters of perivascular p-tau and neurofibrillary
and astrocytic tangles involving the sulcal depths and
typically affecting the superior and dorsolateral frontal
cortices

� Approximately half of Stage I p-tau pathology also shows
rare TDP-43 neurites

� No presence of Ab plaques, except in subjects over 50
years of age

II � Normal brain weight
� Subtle brain pathology exhibited mild enlargement of the

frontal horns of the lateral and third ventricles, cavum
septum pellucidum, and pallor of the locus coeruleus and
substantia nigra

� Multiple epicenters of perivascular foci of p-tau NFT and
neurites at the depths of the sulci with localized spread
from epicenters to the superficial layers of the adjacent
cortex

� Mild TDP-43 pathology as abnormal neurites and
neuronal inclusions

� No neurofibrillary p-tau involvement in the medial
temporal lobe

� Ab plaques found in 19% of subjects if over 50 years
of age

III � Mild reduction in brain weight
� Mild cerebral atrophy with dilatation of the lateral and

third ventricles
� Septal abnormalities
� Moderate depigmentation of the locus coeruleus and mild

depigmentation of the substantia nigra atrophy of the
mammillary bodies and thalamus

� Widespread p-tau pathology in the frontal, insular,
temporal, and parietal cortices

� Neurofibrillary pathology in the amygdala, hippocampus,
and entorhinal cortex

� Ab plaques found in 13% of cases

IV � Marked reduction in brain weight
� Atrophy of the cerebral cortex
� Marked atrophy of the medial temporal lobe, thalamus,

hypothalamus, and mammillary bodies
� Diffuse atrophy of the white matter and thinning of the

corpus callosum, particularly the isthmus
� Severe thinning of the hypothalamic floor

� Severe p-tau pathology affecting most regions of the
cerebral cortex and the medial temporal lobe, sparing
the calcarine cortex

� Severe p-tau pathology in the diencephalon, basal ganglia,
brainstem, and spinal cord

� Astrocytosis of the white matter
� Neuronal loss in the cerebral cortex
� Marked axonal loss of subcortical white matter tracts
� Widespread TDP-43 deposits
� Marked loss of myelinated nerve fibers

TDP-43, Transactive response DNA-binding protein; Ab, amyloid beta; NFT, neurofibrillary tangles.
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understanding of CTE. Retrospectively collected head injury ex-

posure information is documented for the football player (at least

11 concussions during college and the professional career, only one

medically confirmed) and one of the boxers (a mild injury during

the teenage years). The authors also review 47 cases previously

documented in the literature, including boxing, football, and other

sport activities. A review of these cases reveals that the charac-

terization of exposure to head injury was limited to that of exposure

to sport, with the exception of a soccer player who suffered a single

severe head injury and a circus dwarf who was knocked uncon-

scious approximately a dozen times.

Frequency of head injury exposure

Case reports of individuals with pathology consistent with the

current understanding of CTE have not investigated how the fre-

quency of head injury exposure affects the development of CTE by,

for example, comparing subjects with single versus multiple head

injury exposures. Some investigators have explored associations

between injury frequency and other neurological outcomes that are

thought to be related to CTE; however, very few conclusions can be

drawn given mixed evidence and methodological concerns. A meta-

analysis comparing the effect of exposure to multiple versus single

mild TBI (mTBI) in athletes finds minimal, nonsignificant differ-

ences in cognitive function and symptom complaints between the

two exposure frequencies, although secondary analysis finds poorer

performance in delayed memory and executive measures in the

multiple mTBI exposure group.53 Previously, investigators have re-

ported an association between the number of concussions sustained

and cognitive impairments, as well as self-reported clinical depres-

sion in retired professional football players.54,55 Methodological

limitations attributed to errors inherent in self-reporting, however,

have put these findings subsequently in question.10,56

Type of head injury exposure

Existing case reports are not always conducive for determining

how head injury type impacts the development of CTE. For ex-

ample, in football players with pathology consistent with the cur-

rent understanding of CTE, some have a history of at least one

concussion and some do not.26 This raises the possibility that

subconcussive injury, or nonsports-related injury (in this popula-

tion), is associated with the induction of CTE. In a study of brain

samples from the general population, however, tau pathology

consistent with CTE was found in 21 of 66 individuals with ex-

posure to contact sports, but no tau pathology was seen in indi-

viduals with documented head trauma not related to sport (e.g.,

falls, car accidents, assault).34 In addition, some football players

with a documented history of multiple concussions do not exhibit

pathology consistent with the current understanding of CTE on

post-mortem examination.6 These findings highlight the complex-

ities of linking particular injury etiologies with CTE.

Epidemiology

The incidence of CTE-associated pathology and/or symptoms in

at-risk populations has not yet been determined, prompting a call

for population-based studies.27,57 Early estimates of CTE preva-

lence in boxers (17%)58 are likely inapplicable to modern realities

given changes over the past several decades, including the nature of

boxing, diagnostic criteria, the inclusion of other at-risk popula-

tions in the field (e.g., football), and an evolving understanding of

CTE.18,57,59 In an autopsy study of 321 professional football

players, Gavett and associates60 estimated prevalence of CTE at

3.7%. Strikingly, another study with brain samples from the general

population observed tau pathology consistent with the current un-

derstanding of CTE in 32% of males with exposure to contact

sports.34 It is important to note that the samples used in that study

Table 4. Preliminary National Institute of Neurological Disorders and Stroke diagnostic Criteria

for Chronic Traumatic Eencephalopathy
17

I. Required for diagnosis of CTE
The pathognomonic lesion consists of p-tau aggregates in neurons, astrocytes, and cell processes around small vessels in an irregular

pattern at the depths of the cortical sulci

II. Supportive neuropathological features of CTE
a. p-Tau-related pathologies:

1. Abnormal p-tau immunoreactive pretangles and NFTs preferentially affecting superficial layers (layers II–III), in contrast to
layers III and V as in AD

2. In the hippocampus, pretangles, NFTs or extracellular tangles preferentially affecting CA2 and pretangles and prominent
proximal dendritic swellings in CA4. These regional p-tau pathologies differ from the preferential involvement of CA1 and
subiculum found in AD

3. Abnormal p-tau immunoreactive neuronal and astrocytic aggregates in subcortical nuclei, including the mammillary bodies and
other hypothalamic nuclei, amygdala, nucleus accumbens, thalamus, midbrain tegmentum, and isodendritic core (nucleus
basalis of Meynert, raphe nuclei, substantia nigra and locus coeruleus)

4. p-Tau immunoreactive thorny astrocytes at the glial limitans most commonly found in the subpial and periventricular regions
5. p-Tau immunoreactive large grain-like and dot-like structures (in addition to some threadlike neurites)

b. Non-p-tau-related pathologies:
1. Macroscopic features: disproportionate dilatation of the third ventricle, septal abnormalities, mammillary body atrophy, and

contusions or other signs of previous traumatic injury
2. TDP-43 immunoreactive neuronal cytoplasmic inclusions and dot-like structures in the hippocampus, anteromedial temporal

cortex and amygdala

III. Age-related p-tau astrogliopathy that may be present; non-diagnostic and non-supportive
1. Patches of thorn-shaped astrocytes in subcortical white matter
2. Subependymal, periventricular, and perivascular thorn-shaped astrocytes in the mediobasal regions
3. Thorn-shaped astrocytes in amygdala or hippocampus

Reprinted from Acta Neuropathol. 2016;131:75–86, � 2016, with permission from SpringerOpen

CTE, chronic traumatic encephalopathy; NFT, neurofibrillary tangles; AD, Alzheimer disease.
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were from a brain bank of neurodegenerative disorders; however,

samples from individuals with previous neuropathological diag-

nosis of a primary tauopathy were excluded. Studies investigating

the risk of neurodegenerative disorders secondary to repetitive head

injury exposure yield mixed results,61 because some investigators

have observed greater rates of neurodegenerative symptoms in

contact sport athletes,54,62 but others find no increased rates in

similar populations.63 Because the International Classification of

Diseases does not list CTE as a cause of death, it is also possible that

individuals with CTE have been classified incorrectly as having

other neurodegenerative diseases.62

Despite inconclusive epidemiological evidence, the primary risk

factor for CTE appears to be exposure to head impacts from con-

cussive or subconcussive events. This determination is largely the

result of observations that most persons with pathology consistent

with the current understanding of CTE have a history of repetitive

brain trauma.64 Other factors related to or influencing injury ex-

posure may play a role as well, including the length of boxing or

professional football career.57

Studies of genetic CTE risk factors have focused primarily on the

apolipoprotein E (ApoE) genotyping, particularly the e4 allele, which

is a known risk factor for AD,65 but when taken together, existing

studies yield inconclusive evidence. The ApoEe4 variations have

been observed in case studies of individuals with pathology consis-

tent with the current understanding of CTE,14 and some evidence

suggests neuropathological impairment in contact sport athletes with

the ApoEe4 variation.66,67 More recent studies, however, have noted

that abnormal ApoE allelic variation in CTE cases does not appear to

be greater than that of the general population.12,51

Clinical Manifestations

Clinical symptoms of CTE are generally thought to occur years

after the initial exposure to trauma. Clinical symptoms associated

with CTE include chronic psychiatric illnesses (e.g., depression),

headache, cognitive problems, and motor impairment.12,14,27,51,57

The CTE-associated clinical symptoms are often variable and non-

specific, and overlap with symptoms of multiple neurodegenerative

diseases, including AD, PD, FTLD, MND, as well as post-concussive

syndrome.27,51,57 Experts have noted an extensive overlap of clinical

symptoms associated with CTE and post-traumatic stress disorder in

military populations.47,52 Although suicidality is commonly re-

ported, links between CTE and suicide have been questioned in the

literature and are not well established.5,51,68

Defining clear links between clinical changes and CTE neuro-

pathology continues to be a research focus. McKee and col-

leagues12 correlate clinical findings with a proposed framework of

progressive neuropathological staging for CTE. In addition, Stern

and colleagues69 propose two types of clinical presentation vari-

ants, one termed ‘‘behavior/mood’’ and one termed ‘‘cognitive.’’69

Stein and coworkers42 reported subsequently that the cognitive

variant might be associated with Ab deposition. While the broad

range of symptoms associated with CTE has been questioned as

clinically meaningless,9 investigators have suggested recently di-

agnostic criteria for CTE,70,71 including the proposal of traumatic

encephalopathy syndrome.72,73

To address existing questions about links between CTE neuro-

pathology and clinical/behavioral changes, established diagnostic

criteria for longitudinal studies are needed.74 In addition, meth-

odological gaps, common in the existing body of case reports, must

be addressed. Data reporting is inconsistent across case studies, and

a high rate (43%) of duplication (i.e., re-reporting cases across

multiple publications) has been described.51 Conclusions derived

from case studies, which are often referred to researchers by fam-

ilies with concerns about neurobehavioral problems,74 are limited

by the significant likelihood of selection (ascertainment) bia-

ses.51,75 In addition, pre-mortem symptom data, which are often

derived from interviews with family members, is not objective and

is subject to recall biases.76

Animal Models

Animal models may offer insights into neuropathological and

neurobehavioral abnormalities thought to be associated with CTE.

To date, few investigators have developed animal models designed to

reflect CTE specifically,48,77 but certain animal models of TBI may

be useful because they replicate injury exposure conditions associ-

ated with CTE, such as blunt force or blast-induced TBI. Caution

must be applied, however, in interpreting these results because there

are no animal models currently that accurately and precisely dem-

onstrate the neuropathological features of CTE. This has been

identified as an opportunity for research and development.78

A recent comprehensive review of animal models used in mTBI

research is provided by Schultz and associates.79 Studies of blunt

force TBI are conducted primarily using weight drop, controlled

cortical impact (CCI), or fluid percussion injury (FPI) mechanisms

in rodents, all of which are tunable to achieve a range of TBI

severities. In the weight drop model, a weight is dropped through a

guide tube onto a steel plate attached to a rodent’s exposed skull.

This technique produces diffuse injury after single and repeat

drops, but some model variability is introduced through the po-

tential for rebounding weight impact. In the CCI model, a narrow

impactor is pneumatically or electromagnetically driven to strike an

animal’s exposed dura, creating a focal brain injury. Schultz and

associates79 highlight that although groups have reduced the ve-

locity and/or impact depth to induce mTBI, some studies report

injuries consistent with more moderate–severe TBI. In recent years,

researchers have begun investigating CCI as a closed-head injury

model in nonanesthetized animals, which may be a higher fidelity

model. Finally, the FPI model creates both focal and diffuse injury

via a pressure pulse delivered to the exposed dura through a fluid-

containing tube. The FPI can be used to induce single or multiple

mild impact injuries.

Existing animal models of blast-induced TBI include the shock-

tube and open-field model. The shock-tube model induces injury by

delivering blast waves from a gas-driven pneumatic tube system to

the head of an anesthetized animal. Some investigators secure the

neck, head, torso, and abdomen of the animal to minimize move-

ment and tertiary blast effects.80 Others use a Kevlar vest to protect

the thorax of the anesthetized animal from the blast shockwave and

avoid transvascular transmission of a hydrodynamic pulse.81 The

open-field model typically involves placing anesthetized animals in

compartments on a platform in close proximity (e.g., 4–7 m) to an

ordinance (e.g., trinitrotoluene) and then exposing the animal to

blast waves from a controlled explosion.82 Recently, application of

a lithotripsy machine has been developed to generate shockwaves

that induce brain injuries in mice.83

Comparison of results across studies of blast-induced TBI is

challenging because small differences in shock tube or ordinance

design and animal placement can significantly affect the charac-

teristics of the impacting blast wave, which are difficult to mea-

sure.79 Investigators have emphasized that precise replication TBI

etiology is of secondary importance to generating clinically rele-

vant and repeatable results, however.78
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Neuropathological analysis

Animal models of blunt force-induced and blast-induced TBI

described above have revealed few histological abnormalities

matching observations in humans with pathology consistent with

the current understanding of CTE.

Tau. Tau aggregation in animal models after TBI varies across

different studies. In several rodent studies, tau concentrations in-

crease after a single impact TBI48,84–86 or blast-related TBI.48

In contrast, other studies have failed to demonstrate a difference in

tau aggregation when comparing single-impact TBI and sham-

injury groups.87–89

Animal model studies investigating the impact of repeated TBI

on tau aggregation also vary. In some studies, animals exposed to

repeated TBI did not have elevated brain levels of p-tau 24 h,

34 days, 10 weeks, 4 months, 6 months, and 12 months post-injury

(as measured by immunohistochemistry, enzyme-linked immuno-

sorbent assay, and Western blot).89–91 Other studies, however, re-

ported that repeated TBI increases tau levels in the brain

postinjury.85,92–95 Of the studies that found increased tau post-

injury, one reported region-specific increases (cortex, amygdala,

and hippocampus) of tau immunoreactivity up to six months after

repeated TBI.77

One reason rodent models do not reflect accurately the neuro-

pathology of CTE cases may be that the endogenous rodent tau

aggregates differently than the human tau protein. Mouse models

expressing human tau isoforms have been created in an attempt to

generate a more precise rodent model of head injury. The hTau

mouse expresses all six human tau isoforms,96 and the T44 mouse

expresses the shortest human tau isoform.97 In hTau mice, Ojo and

colleagues98 demonstrated increased expression of phosphorylated

tau 21 days after repetitive injury; however, tau expression in these

animals did not increase after a single head injury.98

Axonal injury. Axonal injury is a common neuropathological

consequence of closed head injury.99,100 Because axonal injury and

subsequent intercellular events, including activation of microglia

and astrocytes, are thought to be potential mechanistic links be-

tween TBI and CTE,35,43 animal models may provide a means to

study these associations.

Traditionally, axonal injury was thought to be limited to acute

periods after head injury; however, recent evidence has identified

axonal degeneration in human brains many years after the initial

injury.99,101 Evidence of chronic axonal injury indicates a potential

pathology contributing to chronic symptoms of CTE. In closed

head injury animal models, the presence of persistent axon damage

with corresponding activation of astrocytes and microglial cells has

been described in mice that underwent single and repetitive mTBI

exposure.85,89,102–104 Activation of astrocytes and microglial cells

suggestive of CTE pathology also appears to be a common feature

of blast injuries in rodents.48,105,106

Neurobehavioral analysis

Animal model studies have also described neurobehavioral ab-

normalities reflecting clinical manifestations thought to be associ-

ated with CTE. Two common neurobehavioral tests used with

rodent models are the Morris water maze test for cognitive as-

sessment (i.e., spatial learning and memory)107 and the accelerating

rotarod test for motor assessment (i.e., balance and sensorimotor

coordination).108 Multiple investigators have demonstrated cogni-

tive109–111 and motor109,112 deficits after exposures to impact-

related TBI. Neurobehavioral deficits have also been observed after

blast-related TBI exposure in rodents.48,81,113,114

In addition, animal model studies have explored the impact of TBI

exposure frequency on neurobehavioral abnormalities. Numerous

investigators have demonstrated that multiple TBI impact-related

exposures result in more pervasive and long-lasting neurobehavioral

deficits when compared with single-exposure injuries.89,109–112 Stu-

dies also suggest greater cognitive impairments when the interval

between multiple impacts to the head is shorter.88,115

Biomarkers

The successful development of objective in vivo biomarkers

could enable the identification of CTE pathology in living persons,

which would greatly enhance our understanding of the underlying

biological mechanisms and could inform potential diagnostic,

treatment, and prevention strategies. Investigators are pursuing

neuroimaging modalities and biospecimen analytes as potential

predictive biomarkers of CTE.

Neuroimaging

Current neuroimaging research relevant to CTE biomarkers

generally focuses on two approaches. One approach is the detection

of molecules associated with CTE pathology (e.g., tau, Ab). The

second approach is detecting structural or molecular changes as-

sociated with head injury, which is thought to contribute to the

development of CTE. It is important to note that there are no lon-

gitudinal studies correlating in vivo neuroimaging data directly

with post-mortem CTE-associated pathology, and the techniques

described here currently only describe differences in populations

with brain injury or disease and controls. Successful development

of noninvasive diagnostic approaches for CTE are critically reliant

on first defining the disease as a distinct entity with appropriate

neuropathological and clinical validation.

Positron emission tomography. Positron emission tomog-

raphy (PET) can detect the presence and distribution of specific

molecules using trace amounts of radioactive ligands that bind to

molecules of interest. Investigators are developing PET radi-

oligands to image pathology associated with CTE,116 including

aggregations of tau117 and Ab.118 PET is also being used to assess

changes in metabolic activity in the brain associated with exposure

to head trauma.

Several PET radioligands targeting tau have shown potential as

CTE biomarkers, and some are being investigated in clinical trials.

Maruyama and coworkers119 demonstrated that the [11C]PBB3

radioligand exhibits specificity for tau in transgenic mouse models

and human subjects with probable AD. A Phase II clinical trial is

under way to determine whether [11C]PBB3 can detect tau aggre-

gates in patients with a history of head injury (single and multiple

exposures included).120

In addition, two related radioligands, [18F]T807 and [18F]T808,

have high affinity and selectivity for p-tau in humans.121,122 Mul-

tiple clinical trials are under way to investigate the use of [18F]T807

as a potential biomarker of CTE.123,124

PET imaging of tau faces several challenges.125 Tau protein

aggregates are expressed intracellularly, which requires the cor-

responding imaging ligand to cross the blood–brain barrier and

cell membrane. Tau aggregates are also subject to several

post-translational modifications that alter the ultrastructural con-

formation of the aggregates and diminish radioligand binding. Tau

ligands have an affinity for Ab aggregates as well, which poses a
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challenge for characterization of CTE pathology because both

protein aggregates may be present in different anatomical locations

and Ab pathology is significant in AD. Nevertheless, at least six

new classes of tau radioligands have been developed, each with

different levels of affinity and specificity to tau relative to Ab.126

PET imaging of Ab aggregates has been demonstrated using a

[18F]FDDNP radioligand;118 however, unlike [18F]T807, binding

is relatively nonselective and also labels NFTs (i.e., tau).127 In

football players with a history of concussion (single or multiple),

[18F]FDDNP PET demonstrates increased signaling in the amyg-

dala and subcortical brain regions, which is potentially indicative of

CTE.128 Barrio and colleagues129 describe differences in [18F]FDDNP

signal patterns between football players with mTBI and veterans with

blast-induced mTBI.129 These observations suggest that the radi-

oligand may be useful in identifying and characterizing CTE. The

[18F]FDDNP radioligand also binds with extracellular Ab plaques and

intracellular NTFs in patients with AD127,130 and Down syndrome,131

so discrimination between tauopathies must rely on regional signal

differences.

PET imaging with [18F]FDG PET can measure glucose meta-

bolic activity, which reflects the functional states of brain struc-

tures.116 [18F]FDG PET imaging has found hypometabolism

(relative to controls) in the frontal lobe anterior to the Broca area,

the posterior cingulate cortex, the posterior parietal lobe, and the

cerebellum of boxers.132 The authors note that the presence of

hypometabolism in the frontal lobe anterior to the Broca area is not

observed generally after TBI from other etiologies and suggest that

it may be caused by impacts to the side of the head. The hypo-

metabolism of the posterior cingulate cortex and the posterior pa-

rietal lobes, however, is similar to that seen in patients with AD,133

which may be responsible for the AD-like cognitive decline seen in

boxers.132 Hypometabolism in the cerebellum, however, is not seen

generally in AD patients until very advanced stages,134 suggesting

it may complement other methods as a way to differentiate between

AD and TBI as the cause of cognitive impairments. Together, these

results suggest that [18F]FDG PET could be used potentially as a

biomarker for TBI-related neurodegenerative processes resulting

from exposure to head injury.

Researchers have also pursued the use of PET to characterize

TBI-related neuroinflammation through use of radioligands selec-

tive for activated microglia. Elevated uptake of [11C]R-PK11195,

which binds to a transmembrane protein expressed in activated

microglia, was observed in the brains of patients with moderate to

severe TBI from several months to years post-injury.135,136 In-

creased binding of [11C]-DPA-713, a second-generation radi-

oligand with greater specificity for activated microglia, was

observed in the brain regions associated with TBI of nine former

NFL players compared with controls.137

Diffusion tensor imaging. Diffusion tensor imaging (DTI)

can visualize white matter axon tracts, enabling investigators

to detect abnormalities not visible using conventional magnetic

resonance imaging or computed tomography imaging methodolo-

gies.116 DTI revealed significant white matter changes in a high-

school contact sport athlete after a single concussion.138 Further,

significant white matter changes can be detected in contact sport

athletes exposed to multiple subconcussive injuries in the absence

of clinically evident concussion.138,139 DTI findings have also

supported a link between axonal abnormalities and executive im-

pairment after TBI.140

Studies in athletes with a history of concussion suggest that

white matter integrity may be a marker of cognitive and/or mood

disorders after brain injury. In a study of retired professional

American football players with a history of concussion (single or

multiple; n = 26), DTI revealed a significant, negative correlation

between the fractional anisotropy of four white matter tracts (for-

ceps minor, right uncinate fasciculus, right frontal aslant tract, and

left superior longitudinal fasciculus) and total score on the Beck

Depression Inventory, suggesting a correlation between white

matter integrity and depression.141 Indeed, the mean fractional

anisotropy of the forceps minor distinguished depressed from

nondepressed participants with a sensitivity of 100% and specificity

of 95.2% (five participants were classified as depressed by their

Beck Depression Inventory scores).

Hart and associates142 also investigated white matter integrity in

former professional American football players with a history of

concussion (single or multiple). In this study, fractional anisotropy

was significantly lower across many bilateral frontal and parietal

regions, the corpus callosum, and the left temporal lobe of partic-

ipants with cognition and/or mood impairments than of age-

matched controls (n = 14 per group).

Several DTI studies that have investigated white matter integrity

in veterans with exposure to blast- and/or impact-related injuries

report different findings. Some studies detect abnormalities in

multiple, diffuse areas,143–146 while Mac Donald and colleagues147

report abnormalities restricted to the cerebellum. Detection of

spatially heterogeneous areas of decreased fractional anisotropy

may indicate a potential DTI-based biomarker for blast-related

mTBI.148 In contrast, one recent DTI study found no significant

differences in white matter integrity between veterans exposed to

blast-related injury and controls.149

Magnetic resonance spectroscopy. Magnetic resonance

spectroscopy (MRS) is a noninvasive method of measuring brain

chemistry in vivo that can be applied to detect changes in brain

metabolites after TBI.116,150 MRS has been used to detect common

brain metabolites altered by brain injury including decreased N-

acetyl aspartate (NAA; indicating neuronal damage), increased

choline (Ch) and lipid (indicating membrane damage and diffuse

axonal injury), increased combined glutamate and glutamine (Glx;

indicating excitotoxic effects of the brain), and increased myo-

inositol (indicating brain injury from membrane damage and/or as a

result of astrocytosis).150

Single voxel MRS has demonstrated a significant decrease in

Glx and NAA in the primary motor cortex and NAA in the pre-

frontal cortex in concussed athletes as compared with non-

concussed athletes.151 Using single voxel MRS techniques,

increased levels of Ch and Glx were found in retired professional

athletes with CTE symptoms, when compared with age-matched,

healthy controls.152 Use of advanced spectroscopy methods, spe-

cifically two-dimensional localized correlated spectroscopy, illus-

trated changes in Glx and Ch typically captured with conventional

MRS, but also recorded increases in phenylalanine and fucose from

the brains of former athletes, which cannot be measured by con-

ventional MRS.150,153 Although imaging changes in these brain

metabolites using MRS may help describe pathological changes

after single or repetitive brain injury, it can be difficult to distin-

guish between natural changes with aging and those of injury.154

Researchers have been using MRS to study the effects of blast

injury in veterans. Reductions of NAA relative to brain metabolites

Ch and creatine (Cr), NAA/Ch and NAA/Cr ratios, respectively, are

thought to indicate brain injury.155 Significant hippocampal re-

ductions of NAA/Ch and NAA/Cr have been observed in veterans

when compared with controls.156,157
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Functional magnetic resonance imaging. Functional mag-

netic resonance imaging (fMRI) can investigate structural and

functional changes of the brain after brain injury.158–160 Re-

searchers have used fMRI to evaluate functional disruptions in both

concussive and subconcussive injury groups, even in the absence of

overt clinical symptoms.161 Given its ability to detect deficits in

subconcussive injury, fMRI may hold promise for future investi-

gations of CTE-related changes.150

Biospecimens

Effective biospecimen-based biomarkers would provide a more

accessible, cost-effective, and deployable method for identifying

CTE in vivo than neuroimaging modalities that are resource in-

tensive and located in fixed brick-and-mortar facilities. There are

few studies focused on biospecimen-based CTE biomarkers, in part

because of the pathological and symptological similarities to es-

tablished neurodegenerative diseases.116 Investigators, however,

have been pursuing the measurement of proteins and/or micro-

RNAs found in cerebrospinal fluid (CSF) or blood plasma as po-

tential biomarkers of TBI, which may support the identification of

CTE pathology in vivo.162,163

CSF. Although CSF is considered a potential source of TBI

biomarkers given its direct contact with the brain and nervous

system,116 the lumbar puncture required to sample CSF poses ob-

vious disadvantages. Research on CSF biomarkers of TBI has fo-

cused on axonal proteins, such as neurofilament light and tau.164 A

longitudinal study of amateur boxers demonstrated increased levels

of neurofilament light and tau in CSF after bouts.165 The increases

of neurofilament light suggested dose dependency (increases were

more pronounced in boxers who sustained several head punches),

but the utility of this marker is called into question given that

protein levels returned to normal after three months without bouts.

Additional studies in amateur boxers have described increases in

CSF proteins, in particular neurofilament light, tau, and glial fi-

brillary acidic protein (GFAP), that correlated with exposure to

head trauma.166–168 The number of days in which the proteins re-

mained elevated varied, indicating that they may be best used as

markers of acute injury. Additional studies are needed to validate

blast biomarkers and determine the most effective time to take CSF

samples after exposure.

Blood plasma. Although blood-based biomarker sampling

poses lower risk than the lumbar punctures that CSF approaches

require, plasma biomarkers have their drawbacks, including: (1)

dilution of the brain-specific protein by the large volume of plasma

and in the extracellular fluid of peripheral organs, (2) degradation

of the biomarker candidate by blood proteases, (3) clearance of the

protein by hepatic metabolism or renal excretion, and (4) analyses

of brain proteins in blood that can be confounded by release of the

same protein from peripheral tissues.164

Recent research has identified several potential blood plasma-

based biomarkers of TBI. Serum levels of S100 calcium-binding

protein beta (S-100b) were increased in patients with severe TBI

and demonstrate a strong correlation to clinical outcome.169,170 In

addition, the ratio of GFAP to ubiquitin carboxy-terminal

hydrolase-L1 in plasma may be characteristic of a focal or diffuse

TBI171 and may change after multiple concussive or subconcussive

head injuries. This ratio may offer insight into the development of

CTE.116 Transient, severity-dependent, and time-dependent ele-

vations of tau levels in serum were detected after TBI in rats.84 In

addition, Olivera and colleagues172 reported elevated concentra-

tions of plasma tau protein in military personnel with TBI from both

blast and nonblast cohorts.172

Another plasma-based TBI biomarker of potential relevance to

CTE is neuron-specific enolase.173 Elevated levels of this protein

were detected in boxers after they abstained from boxing for two

months when compared with healthy controls. The S-100b, brain-

derived neurotrophic factor, and heart-type fatty acid binding

protein did not change, however. These results suggest that neuron-

specific enolase may remain elevated for an extended period post-

injury and could be a useful biomarker for making a diagnosis in

athletes and patients who have had multiple concussive and sub-

concussive head injuries.

Chronic Progressive Neurodegeneration
after Moderate or Severe TBI

A potential confounder to the study of CTE resulting from

multiple subconcussive or mild concussive impacts is the obser-

vation of single moderate to severe TBI events also leading to

chronic progressive neurodegeneration. Imaging and pathology

studies suggest volumetric and structural changes accompanied by

inflammation and axonal degradation can persist years after the

initial injury.

In an MRI study conducted five and 20 months after injury, more

than 96% of participants who sustained a mild to severe TBI (at

least 70% had severe TBI) demonstrated progressive atrophy in at

least one region of the brain compared with normative controls,

with 75% showing atrophy in at least three regions (regions studied:

left and right hippocampus, corpus callosum, and ventricle to brain

volume ratio).174 Similarly, other studies have shown that persons

with moderate or severe TBI have progressive decreases in hip-

pocampal volume up to 2.5 years after injury175 and experienced

greater atrophy than controls in the brainstem, parahippocampal

gyrus, thalamus, inferior longitudinal fasciculus, superior longitu-

dinal fasciculus, internal capsule, external capsule, forceps minor,

superior and anterior corona radiata, and the splenium, body, and

genu of the corpus callosum four years after injury.176

As assessed by DTI, individuals with moderate or severe TBI

had greater declines in fractional anisotropy of numerous white

matter tracts and greater increases in white and gray matter mean

diffusivity than controls at 12 months compared with two months

after injury.177 These results are corroborated in a separate DTI

study demonstrating progressive white matter degeneration in the

corpus callosum over a four-year period.178 In a study of brain

samples from persons who sustained a single moderate or severe

TBI, inflammation, axonal pathology differing from that observed

in acute stages of injury, and white matter degradation were ob-

served in the corpus callosum up to 18 years after injury.101 No-

tably, NFTs were present in higher densities and wider distributions

in brain samples of approximately one-third of individuals who

sustained a single moderate or severe TBI than in matched controls

for at least one year after injury.179 In that study, NFTs in TBI

samples were identified primarily in superficial cortical layers,

clustering at the depths of the sulci.

Although studies of changes in cognitive performance in the

years after a TBI event are varied, one group reported a significant

decline 2–5 years after injury on at least two neuropsychological

measures in 27.3% of participants who sustained moderate or se-

vere TBI.180 As the fields of research in CTE and chronic pro-

gressive neurodegeneration after moderate or severe TBI progress,

it will be critical to consider the uniqueness and commonalities of
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the anatomical and cognitive effects of each injury etiology in

setting diagnostic criteria and potential treatment regimens.

CTE and Blast Exposure

Given that the first case of pathology was consistent with the

current understanding of CTE observed after blast exposure was

reported in 2011,52 the understanding of potential links between blast

and development of CTE is still nascent.159 Goldstein and associ-

ates48 reported a case series of three veterans with a history of blast

exposure—two with a history of concussion and one with exposure to

multiple blasts but no previous blunt-force concussion. The authors

note perivascular tau-positive NFTs located at the depths of the sulci

and axonal degradation and distortion in subcortical white matter,

which were consistent with pathological findings in the same study

from amateur American football players with histories of multiple

concussive and/or subconcussive injuries, and are consistent with the

current understanding of the pathological presentation of CTE.

McKee and Robinson47 describe an additional case of a veteran

exposed to multiple blast events, noting pathology of severe axonal

loss and a single focus of perivascular NFTs at the sulcal depth of the

inferior parietal cortex. It was not reported whether this individual

had a history of blunt-force concussion.

Although these case reports suggest that a relationship between

blast exposure and development of pathology consistent with the

current understanding of CTE cannot be ruled out, this assertion is

complicated by an additional study that did not observe tau pa-

thology in five veterans exposed to blast, three with the confound of

opiate abuse.181 The subjects in that study, however, were only

stated to have exposure to a single blast event, only one had a

history of a blunt-force concussive injury, and widespread diffuse

axonal injury was observed in these individuals that differed from

the axonal injury pattern seen after car accidents or opiate overdose.

A few groups have begun to investigate whether exposure to blast

can be linked to CTE through pre-clinical models. In a rat model of

repeated side-impact blast exposure using a shock tube, there was

significantly more hyperphosphorylated tau, located perivascularly

and in the contralateral hemisphere, in blast animals than in con-

trols.182 This study also demonstrated significantly more NFT pre-

cursors (i.e., CP-13) in the contralateral hippocampus of blast

animals, again with perivascular localization, than in controls. Cog-

nitive deficits in blast animals relative to controls were also observed.

Two additional groups have investigated CTE-like pathology after

single blast exposure in mice. Goldstein and associates48 detected

NFT precursors (CP-13) in the superficial layers of the cerebral

cortex and bilateral phosphorylated tauopathy using a shock tube

with the animal placed inside the tube.48 Huber and coworkers183

also placed animals within a shock tube, facing the blast wave head

on, and reported phosphorylated tau species, including CP-13, in the

cortex, hippocampus, and cerebellum of blast animals. Both studies

are careful not to suggest that their results imply a single blast ex-

posure can lead to CTE in humans, but all studies provide pre-clinical

evidence that blast exposure can lead to the initial stages of NFT

formation. These efforts set the stage for further pre-clinical inves-

tigation of whether and how blast exposure can lead to pathology

consistent with the current understanding of CTE.

Treatment and Prevention Strategies

Because there are no treatments for CTE, current mitigation

strategies focus on prevention of head injury and/or concussion.61,164

Protective headgear can prevent severe injuries such as penetrating

injuries, skull fracture, and intracranial hemorrhage, but they do not

appear to mitigate the incidence or severity of sports-related con-

cussion184,185; some have suggested that the use of helmets in sports

enables or promotes aggressive play and increases the risk for head

injury.186 Other prevention strategies in sports include rule changes

and return-to-play guidelines.185 The DoD has developed return-to-

activity guidelines for service members after mTBI.187

Although consensus on the understanding of CTE is still being

established and diagnostic criteria are still under development,

researchers are investigating potential treatment approaches. One

approach has been to target tau pathology as a potential interven-

tion strategy. Kondo and colleagues188 blocked tauopathy pro-

gression in mice with the application of an antibody that interrupted

an early stage of tau development, (cistauosis) after TBI.188 Recent

work describing the impact of acetylation on tau aggregation sug-

gests a potential therapeutic target for CTE.189,190 In addition,

pharmacological inhibition of a metabolic enzyme, mono-

acylglycerol lipase, in a mouse model of repetitive closed-head

injury reduced several neuropathological signs of CTE, including

tau phosphorylation and TDP-43 protein aggregation.95 Because of

the neuropathological similarities with AD and TBI, potential

pharmacological and behavioral interventions for these conditions

could also be applied to CTE.74,191

Discussion

CTE represents a major public health issue, given the number of

athletes and service members who are exposed to concussive and/or

subconcussive events. The current state of the science has gener-

ated an initial consensus on the neuropathology of CTE.17 The

evidence, however, does not allow for a conclusive determination

of whether exposure to head injury is sufficient and causal in the

development of CTE pathology. Existing clinical data are limited,

observational in nature, and subject to methodological concerns.

These realities have led some to question whether existing data are

adequate to treat CTE as a unique neurodegenerative disease.7,9,27

Existing neuropathological evidence describes brain abnormal-

ities after exposure to head injury, which may be associated with

CTE development and may reflect underlying biological processes.

Recent consensus establishing perivascular p-tau aggregation in

cortical sulci depths as unique indications of CTE represents the

most conclusive pathological evidence to date.17 Pathophysiolo-

gical mechanisms explaining how tau aggregation causes or con-

tributes to clinical symptoms of tauopathies, including AD, have

yet to be determined, and it has not definitively been determined

whether or how tau pathology drives or causes clinical manifesta-

tions of CTE.27 More broadly, it is still not clear what other mac-

roscopic and microscopic (e.g., Ab, TDP-43) pathological findings

are unique to CTE, given that autopsy reports are inconsistent7 and

that these same pathologies are also associated with aging8 and

multiple neurodegenerative diseases.7

The identification of biomarkers for the in vivo detection of CTE

pathology would advance ongoing research needs. Investigators are

working to develop neuroimaging and biospecimen-based bio-

markers, targeting the pathophysiological mechanisms associated

with CTE (e.g., tau aggregates) and the biological processes after

head injury exposure. Pre-mortem identification of CTE could

benefit prevention and treatment. Current pre-clinical and clinical

development of therapeutic or rehabilitative strategies is also tar-

geting pathophysiological mechanisms associated with CTE and

the biological processes after head injury exposure.

Existing clinical evidence is not sufficient to determine whether

variations in head injury frequency (e.g., single versus multiple
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exposures) or head injury type (e.g., impact, nonimpact, blast) are

differentially associated with CTE. Data about frequency or type of

head injury exposure are not collected systematically or consis-

tently across, or sometimes even within, CTE case series or case

studies. Most CTE studies characterize head injury exposure sim-

ply as exposure to sport or occupation (e.g., football, boxing)

without including data describing head injury frequency, severity,

or the time elapsed between injuries.

Other fundamental questions exist about the links between ex-

posure to head injury, CTE-associated pathology, and clinical

symptoms. For example, evidence does not conclusively support

that retired athletes exhibit a unique neurodegenerative pathology

or have higher rates of associated clinical symptoms relative to the

general population.9 Alternative hypotheses have been described

recently by Iverson and colleagues,27 such as the possibility that

neurotrauma reduces a cerebral reserve normally protecting per-

sons from development of neurodegenerative disorders, or that tau

pathology is silent clinically such that symptoms are because of

other, potentially multi-factorial, causes.27

Given these challenges, it is too early to draw conclusions re-

garding links between blast exposure and the development of CTE,

although recent case studies and pre-clinical work provide evidence

for a relationship between blast exposure and pathology consistent

with the current understanding of CTE. With hundreds of thousands

of active duty service members and veterans having been exposed

to blast events, often more than once, it is essential for the DoD and

scientific community to continue and expand research in this field.

Research needs

Limitations to the conclusions that can be drawn about links

between exposure to head injury, CTE-associated pathology, and

clinical symptoms stem in part from the characteristics of existing

evidence and methodological issues. For example, post-mortem

CTE autopsy cases, which are often referred to researchers by

families with concerns about neurobehavioral problems,74 are

limited by significant selection (ascertainment) biases.7,51,75 Data

about the clinical symptoms associated with CTE are retrospective

and often derived from interviews with family members, which

make the data subjective and limited by recall biases.76

CTE has drawn significant public and media attention given the

large at-risk population (e.g., military personnel, contact sport

athletes). Experts have noted concern over the potential clinical and

legal consequences of a widespread misunderstanding of CTE.10

Given these factors, the need for additional research is clear, and

investigators have called for specific actions:9,27,72

� Initiation of cross-sectional, prospective, longitudinal, and/or

epidemiological studies; initial work could compare retired

athletes and service members or veterans with a history of

blast exposure to demographically matched controls and

assess whether a higher risk for clinical symptoms is sup-

ported; additional work could investigate links between

CTE-associated pathology and observed clinical symptoms

� Development of standardized protocols for studying pathol-

ogy, including establishing control data

� Development of validated clinical diagnostic criteria and

clinical research criteria

� Continued biomarker development, such as determining

whether PET imaging can detect differences in tau between

groups with and without head injury exposure, with different

clinical manifestations, including comorbidities (as well as

control subjects)
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