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INTRODUCTION

Concussion, or mild traumatic brain injury (mTBI), is a common
injury that affects between 1.6 and 3.8 million people each year
(37, 82). The symptoms following a concussion usually resolve
within days to weeks, but for some postconcussive symptoms
persist [see review in (141)]. Most notably, there is evidence that
those exposed to repetitive brain trauma may be at higher risk for
persistent postconcussive symptoms, for structural alterations
in the brain [see review in (119)] as well as for developing a
neurodegenerative disease such as chronic traumatic encephalopa-
thy (CTE) [eg, (151); see also review by (156)]. CTE is marked by
a widespread accumulation of hyperphosphorylated tau (p-tau)
(107, 108). It is most frequently observed in professional athletes
involved in contact sports (eg, boxing, American football) and
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Abstract

Chronic traumatic encephalopathy (CTE) is a neurodegenerative disease confirmed at
postmortem. Those at highest risk are professional athletes who participate in contact
sports and military personnel who are exposed to repetitive blast events. All neuro-
pathologically confirmed CTE cases, to date, have had a history of repetitive head impacts.
This suggests that repetitive head impacts may be necessary for the initiation of the
pathogenetic cascade that, in some cases, leads to CTE. Importantly, while all CTE appears
to result from repetitive brain trauma, not all repetitive brain trauma results in CTE.
Magnetic resonance imaging has great potential for understanding better the underlying
mechanisms of repetitive brain trauma. In this review, we provide an overview of advanced
imaging techniques currently used to investigate brain anomalies. We also provide an
overview of neuroimaging findings in those exposed to repetitive head impacts in the
acute/subacute and chronic phase of injury and in more neurodegenerative phases of injury,
as well as in military personnel exposed to repetitive head impacts. Finally, we discuss
future directions for research that will likely lead to a better understanding of the underlying
mechanisms separating those who recover from repetitive brain trauma vs. those who go on
to develop CTE.

in warfighters (55, 108). Particularly noteworthy, there is no evi-
dence that a single mTBI or even a more severe single TBI leads
to CTE (116, 150). In contrast, there are many cases of
neuropathologically confirmed CTE without any reported or
known symptomatic concussions but with significant exposure to
repetitive subconcussive head impacts. In fact, to date, all cases of
neuropathologically confirmed CTE have had a history of repeti-
tive head impacts, including concussion or mTBI as well as
subconcussive impacts, suggesting that repetitive head impacts
may be necessary for the initiation of the pathogenetic cascade that
eventually leads to neurodegeneration [eg, (13, 53, 107, 115, 116,
15D

Advanced neuroimaging techniques may lead to the early detec-
tion of brain alterations associated with repetitive head impacts, as
well as to an improvement in our understanding of the underlying
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pathomechanisms that link exposure to repetitive head impacts to
neurodegenerative disease.

The purpose of this review is to provide an overview of
advanced neuroimaging findings in athletes and in military service
members with repetitive head impacts (one civilian study was
included that met repetitive head impact criteria, see below), and to
elucidate possible trajectories such as chronic postconcussive syn-
drome and neurodegeneration.

In what follows, we first provide an introduction to different
categories or classifications of brain trauma, including concussion
(mTBI), subconcussive head impacts as well as the different tra-
jectories observed, including chronic postconcussive syndrome
and progressive neurodegeneration, such as CTE. Second, we
provide a brief overview of advanced imaging techniques that are
currently used to investigate repetitive brain trauma. Third, we
review neuroimaging findings and we include comprehensive
tables that list the major findings, along with specific information
about the subjects evaluated and the methods used. Finally, we
provide information regarding important future directions for
research that will lead to a better understanding of the underlying
mechanisms involved in those who recover vs. those who go on to
experience postconcussive symptoms or a neurodegenerative
disease such as CTE.

DEFINITION OF CATEGORIES/
CLASSIFICATIONS AND STAGES OF
BRAIN TRAUMA

In what follows we introduce the concept of mTBI before describ-
ing repetitive concussive brain trauma and repetitive subcon-
cussive head impacts/brain trauma. We also provide a figure that
depicts how these categories and trajectories can be viewed in the
context of repetitive brain trauma and its sequelae.

mTBI or concussion

mTBI (concussion) usually results from a bump or blow to the
head that leads to temporary functional and structural alterations in
the brain (26, 104, 110, 157). Common causes include sports-
related injuries, motor vehicle accidents and falls (134). In addi-
tion to a direct impact to the head, mTBI can also result from
explosions (90). It is estimated that at least 6 per 1000 people
experience mTBI each year [eg, (28)]. Sports-related concussion is
particularly common with about a 20% risk per year for the indi-
vidual contact sport athlete (35). However, the incidence of mTBI
is likely to be much greater due to differences in the definition of
mTBI and, more importantly, due to underreporting (82, 133).
Symptoms following mTBI include nausea, vomiting, head-
ache, irritability, insomnia, anxiety, depression and sometimes per-
sonality change (19, 58, 74). These symptoms are typically most
prominent immediately postinjury and typically resolve over days
and weeks, although cognitive and behavioral sequelae may persist
for months or even years (80, 81, 95, 127). These cognitive and
behavioral deficits are generally mild and generally resolve on
their own (18, 137). However, a significant number of those
afflicted (15%-30%), the so-called miserable minority (135),
suffer from persistent postconcussive symptoms [see review in

(141)].
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Although the precise pathomechanisms that link mTBI to
neuropathological changes are not completely understood, they
likely involve a series of multifocal axonal injuries set in motion
by the initial trauma. During mTBI, the brain undergoes
shear deformation that produces a stretch of axons resulting in
alterations in axonal membrane permeability and ionic shifts,
including a massive influx of calcium into the cell, which, in
turn, leads to an accumulation in the mitochondria, which
impairs oxidative metabolism, leading to energy failure and
to the breakdown of microtubules (21, 54). Additive effects
may include a decrease in total cerebral blood flow, activation of
N-methyl-D-aspartate receptors and a decrease in gamma-
aminobutyric acid and other inhibitory neurotransmitters (22, 54,
139). Trauma-induced metabolic changes, however, may return to
baseline within a relatively short period of time. Nonetheless,
advanced neuroimaging techniques reveal structural and func-
tional brain abnormalities following mTBI [see review in (120,
141)].

Repetitive TBI

There is evidence that the brain is particularly vulnerable when
recovering from mTBI. The most severe form of repetitive mTBI is
referred to as second-impact syndrome. It is a rare, often fatal, TBI
that may occur when the first brain trauma is followed shortly by a
second brain trauma before the symptoms of the first trauma have
resolved (27). Although there have been several cases described in
the literature (27, 105, 109), second-impact syndrome remains a
controversial diagnosis and the underlying mechanisms are still
unclear (103).

The focus of this review is not on single mTBI or on second-
impact syndrome. It is instead on repetitive brain trauma, which
may result from multiple head impacts over the course of months
and years, as experienced most frequently by athletes who partici-
pate in contact sports as well as by soldiers who are exposed to
multiple blast events. The incidence of repetitive subconcussive
head impacts [ie, hits to the head with enough force to have an
impact on neuronal integrity, but without associated symptoms] is
much greater than that of impacts that may lead to concussion. For
example, a recent study by Broglio efal/ (26) found that the
average high school football player receives 652 hits to the head
per season that exceed 15 g’s of force. Similarly, repeat deploy-
ments, mission demands and the use of improvised explosive
devices increase the exposure of military service members to
repetitive mTBI. More specifically, one study reported 4623
combat blast exposures in military personnel deployed to Iraq
between March 2004 and December 2007, where 273 (5.9%) were
characterized by repetitive blast events, that is, up to four blast
events per person (49). Those who experience repetitive brain
trauma are particularly vulnerable to developing persistent
postconcussive symptoms (117). Moreover, repetitive brain
trauma may be a necessary condition for developing CTE. Further,
and as noted previously, to date, all neuropathologically confirmed
cases of CTE have had a history of repetitive brain trauma (151).
Importantly, however, a history of repetitive brain trauma may also
lead to other neurodegenerative disorders such as Parkinson’s
disease (PD), frontotemporal lobar degeneration (FTLD) as well
as other neurodegenerative diseases characterized by tauopathies
[see below; see also (65, 156)].

319



Neuroimaging Findings in Repetitive Brain Trauma

0.000504

Koerte et al

Radial Diffusivity

Repetitive subconcussive brain trauma

Subconcussive head impacts are even more common than head
impacts that lead to concussions. The term “subconcussive” was
introduced to describe impact to the head that produces neuronal
changes similar to those in concussion, but without the acute
symptoms (9). Most concerning, however, is the fact that because
there is often no evidence of clinical symptoms, subconcussive
head impacts are generally considered to be harmless. Although
little is known about the pathophysiology of subconcussive blows,
recent neuroimaging literature has shown that this may not be the
case. For example, in a study by our group we used advanced,
sensitive neuroimaging techniques and demonstrated, for the first
time, alterations in the brain’s microstructure in soccer players
who are at high risk for repetitive subconcussive head impacts
when heading the ball (78) (Figure 1). The soccer players included
in this study were selected specifically for having no history of
concussive brain trauma (78). This finding is not only alarming,
given the large number of soccer players worldwide, but, and most
importantly, it challenges current concepts of the effects of
repetitive head impacts by demonstrating that even repetitive
subconcussive head impacts may lead to subtle alterations in the
brain. Findings from this study are consistent with a very recent
study using task-based functional magnetic resonance imaging
(MRYI) that reports impaired brain function in college-level contact
sports athletes without a history of concussion (100). They are also
consistent with a series of studies demonstrating cognitive (170),
functional (1, 25, 154) and biochemical changes (128) in the brains
of contact sport athletes, despite a lack of diagnosed concussion. It
is unknown, however, whether or not these findings represent the
direct cumulative effects of repetitive brain trauma (eg,
axonopathy) or if these findings reflect a vulnerability to develop-
ing a neurodegenerative disease, including CTE (151).

Chronic traumatic encephalopathy

CTE, historically referred to as “punch drunk,” “dementia
pugilistica” or “boxer’s dementia” (39, 94, 112), is a
neurodegenerative disease believed to be caused, in part, from
exposure to repetitive head impacts. Bowman and Blau (24) were
the first to use the term “chronic traumatic encephalopathy” in
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Association [see (78)].

their description of a 28-year-old professional boxer who suffered
from progressive changes in behavior, mood and cognition. Since
that time, several others have used this term (41, 42, 111). For
example, Critchley, in 1957, reviewed 69 cases of progressive
neurodegenerative disease in professional boxers and suggested
that the term “chronic progressive traumatic encephalopathy of
boxers” be used to describe the neurodegenerative changes he
observed (42). Some of the symptoms observed were similar to
postconcussive symptoms and acute concussion such as headaches
and dizziness, but other symptoms were more disabling including
mood swings, euphoria, emotional lability, unsteady gait (see also
below) as well as changes in behavior. Additionally, Miller (111)
also used the term CTE to describe the kind of symptoms that he
thought resembled neurodegenerative disorders such as Alzhei-
mer’s disease (AD) and FTLD (111). The diagnosis, however, as
noted previously, is made postmortem. Symptoms may begin years
or even decades following brain trauma exposure and include
memory and other cognitive impairments, depression and
suicidality, as well as problems with impulse control (150, 151). As
the disease progresses, it may lead to dementia such as CTE or
even to other neurological diseases [see (65, 156)].

CTE has been reported most often in professional athletes
involved in contact sports (eg, boxing, American football) who
have been subjected to repetitive head impacts. CTE has also been
reported in individuals with epilepsy, developmentally disabled
individuals with head banging behavior and in victims of physical
abuse (108, 151). Additionally, CTE has been reported in military
personnel with a history of repetitive head impacts or blast events
(55, 108). Thus, the number of those affected is potentially quite
large. Besides exposure to repetitive brain trauma, it is not known
to date what additional risk factors lead to CTE. There are, for
example, cases of young athletes who show evidence of CTE,
suggesting that there may be some who are more vulnerable to the
cascade of neurodegenerative changes it involves. Genetic factors
such as apolipoprotein 4 (APOE4), which has been studied in AD,
may also be a risk factor for CTE [eg, (44)].

CTE is defined by a specific pattern of neuropathological
changes, that is, the presence of p-tau protein in the form of
neurofibrillary tangles, glial tangles and neuropil threads, with
widespread distribution throughout the brain, beginning primarily
with focal perivascular deposits at the depths of the cortical sulci
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Figure 2. \We present a multistage disease model of short- and long-term consequence following repetitive brain trauma. Quality of life is indicated
by symptom load, which is expressed as a function of time, thereby allowing for the differentiation between at least three main trajectories of the
disease including an acute/subacute phase, a chronic/static phase and a phase of possible neurodegeneration.

(107) (for review please see article by McKee in this special issue).
While other neurodegenerative diseases also involve p-tau (eg, AD,
frontotemporal lobe dementia), the specific regional and cortical
distribution of this protein in CTE is thought to be unique (108,
116, 151), although Tartaglia et al in an extensive review of CTE
note that not all those who experience multiple head impacts and
develop a neurodegenerative disease will have neuropatholo-
gically confirmed CTE (156). Thus, a better understanding of the
differences and similarities of CTE with other neurodegenerative
diseases, including possible coexisting neurodegenerative disor-
ders, would help guide possible future interventions. Hazrati and
colleagues, for example, examined, prior to death, six retired
Canadian Football League players who had a history of concus-
sions and symptoms (65). At postmortem, three showed a pattern
consistent with CTE. Of the three, there was comorbid evidence of
AD, PD or vasculopathy, and the other three showed evidence of
PD, AD and amyotrophic lateral sclerosis, respectively.

Understanding concepts

Concussive head impacts may lead to acute symptoms that gener-
ally resolve within days or weeks (see Figure 2, as indicated with
blue lines). Subconcussive head impacts may not lead to acute
symptoms, as indicated by the horizontal dotted blue line in the
acute/subacute stage of Figure 2. Following brain trauma, between
15% and 30% of patients develop chronic postconcussive symp-
toms that either resolve within months or years (blue line in
Figure 2) or remain the same (yellow band in Figure 2). Those who
are exposed to repetitive head impacts are particularly at high risk
for developing chronic symptoms. Moreover, a small number of
those exposed to repetitive head impacts will develop a progressive
neurodegenerative disease such as CTE (red band in Figure 2).

SHORT PRIMER ON RELEVANT
IMAGING MODALITIES

In acute hospital settings, both computed tomography (CT) and
conventional MRI are used to rule out severe complications result-
ing from a TBI, including skull fracture, intracranial hemorrhage
and/or brain edema. However, conventional CT and MRI have
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proven to be insensitive to the more subtle changes in the brain
such as diffuse axonal injury following repetitive brain trauma.
Moreover, conventional imaging modalities do not provide
accurate information relevant to long-term prognosis (70, 84, 114).
Thus, highly sensitive as well as objective measures of early
diagnosis and accurate prognosis are needed to detect structural
and functional brain alterations following repetitive brain
trauma.

In what follows, we provide a brief overview of advanced
neuroimaging techniques that are currently being used in research
studies to evaluate brain structure (high-resolution structural
MRI), micro-hemorrhages (susceptibility-weighted imaging,
SWI), tissue microarchitecture (diffusion tensor imaging, DTI),
brain metabolism (magnetic resonance spectroscopy, MRS; posi-
tron emission tomography, PET), brain function (functional and
functional connectivity MRI) and, finally, regional blood flow
(single-photon emission computer tomography, SPECT).

High-resolution structural imaging

Based on T1-weighted MRI, the entire human brain volume, as
well as specific white or gray matter structures, can be quantified
and characterized. Methods of quantification include region of
interest (ROI) (Figure 3), voxel-based morphometry as well as
almost fully automated software tools such as Statistical Paramet-
ric Mapping (http://www.fil.ion.ucl.ac.uk/spm/) and FreeSurfer
(76) (75) (74) (Athinoula A. Martinos Center for Biomedical
Imaging, Charlestown, MA, USA), all of which enable compari-
sons between groups. Quantitative analyses of brain volume, and
characteristics of specific structures such as cortical thickness,
provide useful information for the early diagnosis and prognosis of
neurodegenerative diseases (31, 45, 69, 72, 123, 138, 146). For
example, brain volume and cortical thickness have been shown to
correlate with cognitive performance (31, 138, 146). Recent lit-
erature also suggests that the quantitative analysis of the brain’s
structure, such as cortical thickness, may be helpful in both diag-
nostic assessment and in determining the prognosis of mTBI (159)
and repetitive brain trauma (145). Figure 4 depicts an image of the
cortical surface of the brain where measures of cortical thickness
may now be quantified.
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Figure 3. Three-dimensional reconstruction of the hippocampus. The
hippocampus has been associated with memory impairment in trau-
matic brain injury and repetitive brain trauma.

Susceptibility Weighted Imaging

SW1is based on a gradient-recalled echo MRI that takes advantage
of'the different responses of molecules to an applied magnetic field
(susceptibility), which can be measured as phase shifts. These
phase shifts are then superimposed on the conventional MRI,
which primarily uses the signal magnitude. This overlaying accen-
tuates local susceptibility changes in the final image. The resulting
contrast is sensitive to venous blood, hemorrhage and iron in the
brain (59). SWI has proven to be a sensitive technique to detect
microhemorrhages and to predict severity of brain injury follow-

Figure 4. Surface lines of pial (yellow) and white matter (red) superim-
posed on a T1-weighted image. Surface segmentation was performed
using FreeSurfer 5.1 in a retired national football league player,
the surfaces can then be used to calculate cortical thickness and
perform group comparisons as well as associations with, for example,
neuropsychological test evaluations.
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Figure 5. Susceptibility-weighted image (SWI) with superimposed
lesion mask. SWI is sensitive to detect microhemorrhages following
brain trauma. Typically, the hemorrhages appear dark in SWI making
them difficult to separate from blood vessels. A threshold mask is used
such that lesions are hyperintense and can be used to calculate the
hypointensity burden [see (66)].

ing TBI (6, 11, 17). The number and volume of microhemorrhages
identified using SWI have been shown to be correlated with
neuropsychological and clinical outcome (36). SWI is just begin-
ning to be used to investigate repetitive brain trauma [see review of
the literature below; see also (66)]. Figure 5 shows evidence of
microhemorrhages following repetitive head impacts detected
using SWIL.

Diffusion Tensor Imaging

DTI is an advanced MRI technique that quantifies the diffusion
properties of water molecules in tissue (12). Diffusion indices
provide indirect information about the tissue’s microstructure. Iso-
tropic diffusion is characterized by water molecules that diffuse
with the same probability and speed in all directions. This is found,
for example, in the cerebrospinal fluid (CSF). In contrast, aniso-
tropic diffusion results when the diffusion of water molecules is
restricted as, for example, in restrictions resulting from axonal
membranes, filaments and/or myelin sheaths, which lead to
directionality, or anisotropy, in the motion of water molecules.
Moreover, based on the diffusion of water molecules, the diffusion
tensor can be quantified and characterized in each voxel. Common
parameters are mean diffusivity (MD), which is the average of the
diffusion, and fractional anisotropy (FA), which takes into account
the directionality of the diffusion. In addition, radial (RD) and
axial diffusivity (AD) can be calculated relative to the main vector
of the diffusion (12). Accordingly, DTI has proven to be a
particularly sensitive technique to evaluate the brain’s white matter
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Figure 6. Spectrum obtained using magnetic resonance spectroscopy.
acetyl aspartate. [see (86)]

microstructure following mTBI. For reviews, see Niogi and
Mukherjee (120) and Shenton et al (141). This makes sense given
that the most common injury observed in mTBI is diffuse axonal
injury, thus making DTI an important imaging technique for inves-
tigating brain alterations in mTBI. These findings will be reviewed
below in the context of repetitive brain trauma.

Magnetic Resonance Spectroscopy

MRS differs from other imaging methods in TBI in that it measures
the concentration of chemicals in the brain. These chemicals are
often involved in metabolic processes in the brain and as such
provide a window into the underlying pathological changes that can
occur as a result of brain injury from acute to more chronic stages.
This quantitative, noninvasive and objective technique has demon-
strated its value in diagnosis and prognosis, particularly in severe
brain injury. Specific chemical changes identified by MRS are also
amenable to targeted treatment and treatment monitoring. This
research technique is available across all MR scanners as a software
option, and it shows great promise for translation into clinical
practice [eg, (86)]. The major metabolites measured by MRS
include the following: (i) N-acetyl aspartate (NAA), a putative
marker of viable neurons and axons; (ii) glutamate (Glx), the
primary excitatory neurotransmitter in the brain, tightly coupled to
glutamine and found in astrocytes; (iii) glutathione (GSH), an
anti-oxidant that is reduced with oxidative stress; (iv) creatine (Cr),
an energy marker that is often used as an internal reference for the
measurement of other peaks; (v) choline (Cho), a membrane marker
used to measure changes in brain tissue; and (vi) myoinositol (ml),
an astrocyte marker and osmolyte (Figure 6). Specific patterns of
change in these metabolites can provide insight into biological
processes such as neuroinflammation, which has been shown not
only to reduce GSH levels but also to increase Glx and ml levels. Of
particular note, and as described below, MRS has been applied to
mTBI and has shown significant changes in brain metabolism
following repetitive brain trauma (119).
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Cho = choline; Cr = creatine; Glx = glutamate; ml = myoinositol; NAA = N-

Functional MRI (fMRI) and resting state
functional MRI

Functional MRI measures the cerebral blood flow via the blood
oxygen level-dependent contrast (BOLD contrast) due to the pres-
ence of deoxyhemoglobin in the blood. Functional MRI is based
on the assumption that cerebral blood flow is directly linked to
neuronal activity. For example, when a subject performs a visual
activation or attention task, increased blood flows to the region of
the brain responsible for the task. One method of fMRI is to
subtract images acquired during the task from those acquired when
not performing the task in order to determine which brain regions
show signal changes that may indicate neuronal activity. Another
method is to compare images acquired during tasks of increasing
cognitive demand for a particular cognitive task, and yet another is
to identify multiple tasks that rely on the same cognitive process
and measure commonalities in activation across tasks. Tasks may
include tests of memory, executive function or other brain func-
tions. One unique method of fMRI examines activity during
“resting state,” which presumably reveals connectivity between
different brain regions. Although there have been a number of
studies in mTBI [eg, (106)], there have been very few studies in
repetitive brain trauma that have used fMRI to understand brain
function and dysfunction in repetitive brain injury [eg, (136,
154)].

Positron Emission Tomography

PET uses positron-emitting radionucleotides bound to ligands,
which are molecules that have specific biological roles in the brain.
When injected, these radiopharmaceuticals are taken up into the
brain and imaged in three dimensions to provide a functional
assessment of brain activity. A commonly used marker is
18-fluorodeoxyglucose (["*F]-FDG), an analog of glucose. Here,
increased signal indicates an area of increased binding or uptake of
the marker. The acquisition time of the data is relatively short due
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to high sensitivity, although this time may be limited by the
half-life of the radionucleotide that is used. Like fMRI, PET can be
performed either in a resting state or with performance stimuli (52,
56, 68, 73).

Of quite recent origin is the development of PET ligands that
specifically target tau (165). Shah and Catafau (140) reviewed six
new tau PET radiotracers that have been tested in humans ([''C]-
PBB3, ["*F]-THKS523, ['*F]-THKS515, ['*F]-THKS5119, ['*F]-T807
and ['*F]-T808). The first is not practical for clinical use given its
short half-life of 20 minutes. The family of arylquinolines that
comprise the next three tau ligands is also not as amendable for
clinical use because the first does not label tau lesions in non-AD
tauopathies and has high retention in white matter, whereas the
latter two have more data in vitro and less data in vivo. Finally,
["*F]-T807 and ['®F]-T808 both show strong selectivity for tau vs.
amyloid beta (AP) in vitro (165, 171), although in vivo studies in
humans are more promising for ['*F]-T807 (33) than ['*F]-T808
(34) because human studies with ["®F]-T808 show bone uptake in
skull due to defluorination, which may interfere with interpreting
images. This is not seen in ['*F]-T807, which shows good clearance
from normal gray and white matter, although it has only been tested
in AD, with the exception of one case study of a retired NFL player
by Mitsis etal (113) and one ex vivo study of a former
NFL player with neuropathologically confirmed CTE, where the
fluorescent probe T557 and the radiolabeled ['*F]-T807 were used
and showed increased binding to paired helical filament (PHF-tau)
in brain sections in Alzheimer’s and in one case of confirmed CTE
(7) (note: abstract does not include the CTE case but it was
presented at the meeting). Thus, a focus on PET tau ligands that can
image tauopathy in living brains may be an important first
step toward the diagnosis of CTE during lifetime, which may,
in turn, lead to possible interventions that might decrease or
eliminate hyperphosphorylated tau in the brain and prevent
further neurodegenerative changes. (See also below under
Neurodegenerative section, under American Football and under
Future Directions for Research for a further discussion of
tau and AP PET studies and their role in furthering our understand-
ing of the specificity of tauopathy vs. amyloid neuritic plaques in
CTE.)

Single Photon Emission Computed Tomography

SPECT is a functional imaging technique used to determine
blood flow in the brain based on the distribution of radioactive
pharmaceuticals in the brain. The most common radiophar-
maceutical used for SPECT imaging in the brain is technetium-
99m-hexamethylpropyleneamine ~ oxime  (99mTc-HMPAO).
99mTc-HMPAO is injected into the bloodstream of patients and as
the radioisotope decays and accumulates in areas of blood flow, the
photons emitted are detected and recorded by gamma-cameras.
Cameras rotate 360 degrees around the subject and produce three-
dimensional tomographic images of activity in the brain. There-
fore, SPECT is utilized as a resting state functional neuroimaging
technique similar to functional MRI methods. The radionuclides
can be generated much more cheaply than PET isotopes, they have
a longer half-life and they are more readily available for clinical
use. Despite these factors, SPECT has only seen very limited use
in the study of repetitive brain trauma.
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IMAGING FINDINGS ASSOCIATED WITH
DIFFERENT TRAJECTORIES OF
REPETITIVE BRAIN TRAUMA

Introduction

In this section, we present neuroimaging findings in the following
categories: (i) acute/subacute injuries (Table 1); (ii) chronic inju-
ries (Table 2); (iii) neurodegenerative changes (Table 3); and (iv)
military (Table 4). Acute/subacute injuries include studies on ath-
letes who are currently playing sports and who experienced repeti-
tive subconcussive and/or concussive head impacts. Chronic
injuries include imaging findings from studies of retired athletes
who were examined months to years after their last concussion. In
neurodegenerative changes, we include imaging findings from
studies of athletes who are primarily retired and who experience
symptoms of and are likely to be at risk for CTE (and one civilian
study that met criteria). Finally, in military injuries, we include
imaging findings from studies of military personnel who have
experienced repetitive head impacts.

We used PubMed to locate these articles. The following key-
words were used: (neuroimaging or imaging) AND (repetitive
traumatic brain injury or repetitive brain trauma or chronic trau-
matic encephalopathy). The dates for the articles selected were
inclusive to 1 December 2014. Studies were selected if: (i) repeti-
tive brain trauma was explicitly stated and it was clear that subjects
had sustained more than one concussion; or (ii) subjects of the
study were contact sport athletes and/or military service members
who experienced repetitive brain trauma via blasts or direct impact
to the head; or (iii) repetitive brain trauma was explicitly stated and
it was clear there was more than one subconcussive impact to the
head. We did not include case studies (with the exception of a PET
tau ligand case study), review articles, articles that focused on
animal models (see article in this special issue by Margulies,
which covers this topic) or articles that focused on repetitive head
trauma resulting from head banging, epilepsy or physical abuse.
One civilian study met these criteria and the remaining studies
were either sports related or military (see descriptions below and
see Tables 1-4).

Acute/subacute (Table 1)

Boxing As noted previously, CTE has been referred to histori-
cally as “punch drunk,” “dementia pugilistica” and “boxer’s
dementia” [see early descriptions by (39, 94, 112)]. It is still not
known, however, what additional risk factors lead to the long-term
complications of repetitive concussive and subconcussive brain
trauma long recognized in boxing.

Martland introduced the term “punch drunk” in his early 1928
paper where the term was used to highlight a peculiar behavioral
profile, including Parkinsonian motor features, as well as a tilt of
the head and even a dragging of one side of the body, that was
observed in some prizefighters. These physical signs resembled
someone who was drunk, hence the term “punch drunk.” Based on
his observations, Martland concluded that these symptoms were
most likely the result of blows to the head and injuries to the brain.

It is only recently that neuroimaging techniques have been used
to investigate brain abnormalities in boxers. Levin et al (85) did
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not detect any abnormal MRI findings in young boxers nor any
relationship between behavior and brain structure on MRI. This
early imaging study, however, used a 0.35 T magnet and MRI
findings were based on the qualitative clinical read of the MR scan
by two neuroradiologists. This study did not use quantitative meas-
ures that are better able to discern subtle changes in the brain.

Another study by Jordan and Zimmerman (71) was interested in
determining the efficacy of MRI compared with CT in delineating
brain abnormalities in a group of male professional boxers. Similar
to the Levin et al (85) study, qualitative rather than quantitative
measures were used, with clinical radiology reads and neurological
exams performed. These investigators concluded that MRI was
superior to CT in discerning visible abnormalities such as cavum
septi pellucidi (CSP), periventricular white matter disease and
small subdural hematomas, which were either not observed or
were far less visible using CT. Orrison et al (121) investigated
85 boxers and used semi-quantitative assessments by one
neuroradiologist who reported that 76% of these boxers evinced
some sign of TBI with 59% showing hippocampal atrophy, 43%
showing CSP and 24% showing cerebral atrophy as well as other
changes (see Table 1). These findings are consistent with those
reported in neuropathologically confirmed CTE [see (107, 108)].

In a study using more advanced techniques, Zhang et al (169)
used DTI to investigate brain injuries in professional boxers and
concluded that abnormalities in diffusion, which were correlated
with frequency of hospitalization for boxing injuries, might be a
preclinical sign of TBI in boxers who did not have any major
symptoms.

In another DTI study by Chappell efal (32) boxers were
selected who had nonsevere head trauma and these investigators
also reported diffusion abnormalities, particularly in deep white
matter and in cortical gray matter, compared with controls. Based
on these findings, Chappell et al suggested that there was a patho-
logical effect of cumulative repetitive head impacts on the brain,
even when the impacts are nonsevere. Zhang et al (168) also
reported diffusion abnormalities in professional boxers compared
with controls in a group where 42 of 49 boxers had normal clinical
MRI reads, and yet DTI revealed abnormalities in the corpus
callosum and in the posterior limb of the internal capsule, again
underscoring the presence of what might be preclinical signs of the
brain alterations that precipitate further progression to CTE. In a
separate study, Kemp et al (75) looked at cerebral perfusion in 34
male amateur boxers and 20 male controls and reported more
cerebral perfusion abnormalities in the boxer group as well as
more cognitive decline on psychometric tests. In addition, these
changes were associated with more bouts and longer years boxing.

More recently, Shin et al (142) examined both boxers and mixed
martial art (MMA) fighters to determine whether or not fight
exposure would predict DTI abnormalities. Findings demonstrated
that in boxers, the number of knockouts predicted increased axial
diffusivity and RD in white matter and in subcortical gray matter
regions, as well as increased MD and decreased FA. Interestingly,
these investigators did not find that the number of fights predicted
DTI changes, suggesting that the number of knockouts best pre-
dicts damage to the brain. In MMA fighters, the results were
different. The number of knockouts did predict increased RD in the
posterior cingulate. These results suggest that the mechanism of
injury is different in MMA, which might be expected given the
different striking and grappling techniques that are used. Finally,
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we note that we included this study in the acute/subacute category
as it is part of an ongoing study and the DTI scans were reported
as baseline scans; however, the investigators do specify that they
“did not consider time after the onset of head injury” and therefore
there may be some subjects in this cohort who may be better
characterized as evincing chronic injury.

Other studies listed in Table 1 include a study by Tanriverdi et al
(155) who examined the association between pituitary volume and
growth hormone deficiency in retired boxers compared with
younger and more active boxers. Growth hormone deficiency and
pituitary volume changes were characteristic of some older retired
boxers, although there was no control group and the comparisons
for pituitary volume included only a subset of the subjects. None-
theless findings here warrant further investigation. A study by
Banks ef al (10) using FreeSurfer to automatically segment brain
regions also noted changes in pituitary volume in 60 boxers and 71
mixed martial artists, compared with 393 controls. Other regions
were also observed to be abnormal, including the caudate, thala-
mus and hippocampus, all of which showed reductions associated
with attention problems and reduced self-control.

A study by Hahnel etal (61) investigated cerebral micro-
hemorrhages in 42 amateur boxers and 37 controls. Two radiologists
reviewed the images clinically for the presence or absence of
microhemorrhages and reported 3 out of 42 boxers with
microhemorrhages compared with 0 out of 37 controls. These
findings suggest that microbleeds are present in a very small
number of amateur boxers. Another study by Hasiloglu et al (64)
also examined microbleeds in 21 amateur boxers and 21 controls
using visual inspection of SWI by two neuroradiologists. Although
there were no significant differences regarding microbleeds
between groups, there were more CSPs observed in the boxers than
in the controls.

Provenzano et al (129) used ['®F] FDG-PET imaging in active
male boxers who were all performing poorly in the ring and all had
received knockout blows to the head. These boxers, both profes-
sional and amateur, showed reduced brain glucose metabolism in
the brain, where there was an 8%—15% decrease in uptake bilat-
erally in the posterior cingulate cortex, in the parieto-occipital
lobes, in frontal lobes (Broca’s area) and in the cerebellum com-
pared with controls. Such findings suggest hypometabolism and
likely reflect mechanisms relevant to repetitive brain trauma in
boxers. It would be of interest to know whether or not such findings
are extant in boxers with no or fewer symptoms.

In summary, the number of studies with appropriate control
groups and the use of more advanced imaging techniques are quite
small in this population. This is somewhat surprising, particularly
given that boxing has received a great deal of attention with respect
to brain trauma. Further studies are needed to delineate the course
of changes in the brain over time in boxers. Longitudinal studies
over time would also be instructive to determine why some are
more prone to neurodegenerative changes in the brain while others
are not. Such knowledge might lead to possible interventions that
would prevent further progressive changes over time.

American football American football is a high-speed collision
contact sport. Players are at high risk for experiencing repetitive
head impacts during training sessions and games. A study by
Broglio et al (26) previously found that high school football
players receive an average of 652 hits to the head per season that
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exceed 15 g’s of force. Given that there are more than one
million high school students playing football each year, the
public health impact of repetitive head impacts may be quite sig-
nificant. In a study of college-level football players, Singh et al
(145) studied brain structural characteristics in 25 football
players with a history of concussion and compared them with
both a group of 25 players without a history of concussion and a
group of controls. Findings showed decreased bilateral
hippocampal volumes in football players compared with controls.
Within the football group, those players with a history of con-
cussion had smaller hippocampal volumes than those without a
history of concussion. Further, the number of years playing foot-
ball was inversely correlated with left hippocampal volume, sug-
gesting a dose—response relationship.

Recently, fMRI studies have investigated brain activation pat-
terns in football players using task-related approaches, as well as
resting state fMRI over the course of a play season. For example,
a study by Talavage et a/ (154) investigated high school-level foot-
ball players before and after a play season using task-related fMRI.
All three athletes who sustained a concussion during the play
season showed behavioral and functional abnormalities in
follow-up scans. However, a subgroup of 4 of the 8§ players without
a clinically diagnosed concussion also showed changes in activa-
tion pattern as well as subtle impairment detected using immediate
postconcussion assessment and cognitive testing (ImPACT).

Another study by Breedlove ef a/ (25) that included the afore-
mentioned cohort, plus an additional football team from the fol-
lowing season, confirmed that these results suggest that some of
those who experience repetitive subconcussive head impact will
show alterations in brain function even in the absence of a con-
cussive event. Moreover, there was an association between the
number of head impacts experienced during the play season and
change in activation pattern between pre- and postseason evalu-
ation. The authors concluded that the changes in brain activation
might be related to exposure to repetitive head impacts. When
investigating brain connectivity in this same cohort using resting
state fMRI, Abbas et al (1) found a hyperconnectivity of the
default mode network (DMN), a network of brain areas that are
active when the brain is at wakeful rest. The subjects were 22
asymptomatic high school-level football players compared with
athlete controls at pre- and postseason evaluation. There were,
however, an increased number of DMN connections in football
players during the season at month 2 and month 3, and a lower
or comparable number of DMN connections at month 1 and
month 4 evaluations. Changes in connectivity persisted 5 months
postseason suggesting neurophysiological alterations that per-
sisted beyond the time of exposure to repetitive head impacts.

In the same cohort, Poole ef al (128) used MRS to investigate
pre- and postseason brain metabolism in 34 high school-level
football players compared with noncontact sport athletes. Results
showed increased Glx in all football players at postseason evalu-
ation, despite the fact that none experienced a concussion during
the play season. There was also a significant decrease in Cr and ml
in a subset of the subjects, based on team and season, but not found
across all football players. These findings indicate that repetitive
subconcussive head impacts may result in the activation of Glx
pathways, although changes in other metabolites are less clear.
Activation of Glx pathways may suggest potential cellular injury
even in the absence of clinical symptoms.
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Microstructural changes in the brains of football players have
been investigated using DTI. Davenport et al (43), for example,
evaluated 24 male high school-level football players before and
after a play season using DTI, head impact measures and InPACT.
Diffusion measures did not correlate with number of recorded
subconcussive head impacts. However, the risk-weighted cumula-
tive exposure, which includes both linear and rotational accelera-
tions, correlated with the number of voxel changes in the diffusion
measures. These findings suggest an association between exposure
to repetitive head impacts and white matter alteration. Further, pre-
vs. postseason difference in ImPACT verbal memory composite
score also correlated with diffusion measures. These results suggest
an association between deficits in verbal memory and changes in
white matter microstructure over the course of a play season.

Marchi et al (93) studied the blood serum of 67 college-level
football players to identify the pathomechanisms of brain structural
changes in repetitive brain trauma and found increased postgame
levels of S100B, indicative of blood—brain barrier disruption, in
those players who experienced subconcussive head impacts. The
increase in S100B levels positively correlated with number and
severity of head impacts experienced during the game. A subset of
10 players also underwent DTI scans pre- and postseason. The
percentage of voxels with change (positive or negative) in MD
correlated with change in S100B autoantibodies. These results
suggest that football players may experience repeated blood—brain
barrier disruption associated with changes in white matter micro-
structure due to repetitive subconcussive brain trauma. This was
further supported by a subsequent study by Bazarian ez a/ (15) that
included 10 college-level football players and five nonathlete
control subjects who were scanned before and after a play season as
well as 6 months later. Athletes showed greater changes in FA and
MD between pre- and postseason as well as between pre- and 6
months postseason evaluation compared with controls. Within the
football group, the percentage of voxels with decreased FA at
postseason was positively correlated with head impact exposure.
The persistence of white matter changes between preseason and 6
months postseason was associated with changes in serum ApoAl
and S100B autoantibodies. White matter changes were not associ-
ated with cognition or balance.

In summary, there is evidence of alterations in brain structure,
function and metabolism in football players who are exposed to
repetitive concussive and subconcussive head impacts. Further,
studies indicate an association between the frequency and strength
of head impacts and extent of brain alterations as well as cognitive
and behavioral sequelae.

Ice hockey Ice hockey is a high-speed contact sport (3) with a
high rate of concussions (46-48, 101, 132). The number of con-
cussions per 1000 athlete exposures is reported to be as high as
11.7 (47). However, to date, there are only a small number of
neuroimaging studies that have included ice hockey players with
repetitive head impacts (14, 30, 79, 102).

A study by Bazarian et al (14) investigated four high school-level
ice hockey players and five high school-level football players using
pre- and postseason DTI. One of the contact sport athletes sustained
a concussion during the time of the study. A group of six nonathletes
served as controls. The percentage of voxels with significant
changes in FA and MD between pre- and postseason evaluation was
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highest for the concussed subject (n=1), intermediate for the
remaining athletes who were exposed to repetitive subconcussive
head impacts and lowest for controls. Another study by Koerte et a/
(79) investigated a cohort of 17 male college-level ice hockey
players before and after one play season using DTI. Three athletes
sustained a concussion during the time of the study. An increase in
trace (or MD), AD and RD in the right precentral region, the right
corona radiata and the internal capsule was reported from pre- to
postseason. Although two of the three concussed subjects showed
the most pronounced increase in diffusion measures, most of the
nonconcussed athletes also showed changes from pre- to postsea-
son. Results from these two studies suggest a cumulative effect of
repetitive head impacts on white matter microstructure.

Another pre- and postseason study by Helmer ez a/ (66) used SWI
to investigate a cohort of 45 college-level hockey players (25
males/20 females) and reported significant increases in the
hypointensity burden index suggesting potential cerebral
microbleeds at 2 weeks postconcussion in male but not female
concussed subjects. A smaller but nonsignificant increase in the
hypointensity burden was observed for concussed females at the
same time point. There were no significant changes pre- to postsea-
son in nonconcussed players of either sex. However, there was a
significant difference in the burden index between males and
females at both the beginning and end of the play season, with males
having a higher hypointensity burden, suggesting that gender influ-
ences must be considered in evaluating head impacts and their
sequelae.

A recent study by McAllister ef a/ (100) investigated a cohort of
80 college-level football and ice hockey players and compared
them with 79 noncontact sport athletes. Athletes underwent pre-
and postseason DTI. Significant group differences were found for
MD in the corpus callosum and FA in the amygdala at postseason
scan. No differences, however, were reported between pre- and
postseason evaluation in either group. However, head impact expo-
sure during the season correlated with diffusion measures in
corpus callosum, amygdala, cerebellum, hippocampus and thala-
mus at postseason evaluation. Poorer learning and memory task
performance also correlated with MD in the corpus callosum at
postseason scan in both groups. These results indicate a relation-
ship between head impact exposure and white matter microstruc-
ture even in players who appear cognitively and clinically
unaffected, suggesting that repetitive brain injury may be extant
even in the absence of cognitive and clinical symptoms.

Charmard et al (30) investigated brain metabolic changes in the
corpus callosum over the course of one play season in a sample of
45 college-level ice hockey players. Female athletes without a
diagnosed concussion showed a decrease in their NAA/Cr ratio
over the course of the season, possibly indicative of neuronal loss,
whereas all ratios remained stable for male athletes. This study
provides the first indications that there may be gender differences
in metabolic changes in the brain for those who are exposed to
repetitive head impacts. No differences were observed in meta-
bolic changes over the season between athletes with concussive
and those with subconcussive head impacts. It is possible that the
corpus callosum is not biochemically sensitive to these kinds of
injury in the acute phase.

Soccer For a long time soccer has not been the focus of research
in repetitive brain trauma and much more attention has been given
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to other contact sports such as boxing, martial arts, football and ice
hockey. Soccer players, however, are not only at a relatively high
risk for sustaining a concussion while playing soccer, but they are
also at high risk for repetitive subconcussive head impacts to their
unprotected heads when heading the ball. On average, soccer
players perform 6—12 headings per game, resulting in thousands of
headings over a player’s career (97, 160). A study initiated by the
Fédération Internationale de Football (FIFA) showed head accel-
erations of up to 20 g when heading a soccer ball (118). These head
accelerations are within the range of those that occur in a car crash
at 30 km/h. Additionally, more severe head accelerations are
expected to occur when a child with insufficient neck strength and
posture control attempts to head a high-velocity ball (130). This is
very concerning given the fact that the young brain is still devel-
oping and may be even more vulnerable to brain injury. This
concern is supported by a recent study that reports an increased
risk for long-term brain alterations depending on the age at start of
exposure to repetitive brain trauma (149). Soccer players have also
been shown to be at increased risk for impaired neurocognitive
function later in life (96, 161). Earlier clinical studies from the
1970s have already suggested a link between frequent heading of
a soccer ball and cognitive impairment in professional soccer
players (98). Moreover, a recent study reports an association
between heading the ball and reduced cognitive performance
immediately after training (170). However, until recently there
were no techniques available that were sufficiently sensitive to
detect changes in the brain in vivo.

A study by Koerte eral (78) described earlier used DTI to
investigate a small cohort of young professional soccer players
who were selected specifically for having no history of a clini-
cally symptomatic concussion compared with professional swim-
mers. An increase in RD was found in widespread white matter
areas in soccer players consistent with findings observed in
mTBI studies, suggesting possible demyelination due to repeti-
tive subconcussive head impacts. This study is particularly
important because it is the first study to show microstructural
changes in the brains of athletes who experienced only repetitive
subconcussive head impact in the absence of a symptomatic con-
cussion. A study by Lipton ef al (88) also used DTI to study
white matter alterations in amateur players and found a nonlinear
association between the number of headings performed during
the previous 12 months and lower FA in temporo-occipital white
matter, suggesting a threshold dose—response relationship. In this
study, lower FA was also associated with poorer performance in
a memory task. Lifetime history of concussion did not correlate
with either FA or memory function.

In summary, soccer players who are at high risk for repetitive
subconcussive head impacts show brain microstructural alterations
associated with subtle cognitive deficits. Given the great number
of soccer players worldwide, future studies are needed to evaluate
the association of cognitive impairments with strength and fre-
quency of exposure to head impact as well as to characterize the
time course of brain alterations and clinical sequelae.

Mixed sports

An important longitudinal spectroscopic study (162) utilized a
mixed population of 14 athletes including kickboxers (n = 6),
boxers (n=4, of which one was a professional boxer), soccer
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players (n =2), a rugby player (n = 1) and an alpine skier (n=1)
compared with five age-matched healthy controls without a history
of head injury. Single-voxel spectroscopy was acquired in the
frontal white matter bilaterally using a long echo time sequence.
As a result, only NAA, Cho and Cr were available for analysis
(metabolites such as Glx and ml are not visible at this longer echo
time). Their results showed significantly lower NAA 3 days after
injury, which was increased at 15 days postinjury, and recovered
back to control levels at 30 days postinjury in those subjects who
experienced a single concussion. Three subjects (boxers and
kickboxer) received a second concussion 10—13 days after their
initial concussion. These subjects manifested prolonging reduction
in levels of NAA, but NAA did not recover back to normal levels
even at 45 days postinjury. As NAA is a marker of neuronal health,
this study demonstrates the cumulative effects of repetitive brain
injury.

Chronic (Table 2)

The long-term effects of repetitive brain trauma are among the
greatest concerns in sports-related head injury. In this next
section, we highlight studies that examine individuals with a
history of repetitive head injury 3 months to more than three
decades after the last concussion. However, we note that some
studies that would fall under the definition of “chronic” and that
specifically focus on individuals with symptoms of CTE or
neurodegeneration, or military subjects, are highlighted subse-
quently under Neurodegenerative and Military sections.

Boxers

The earliest study of chronic repetitive brain trauma was con-
ducted in 1990 by a group in Sweden examining amateur boxers
(60). A retrospective study examined CT and 0.5 T MRI scans for
evidence of CSP, which is considered a potential marker for brain
injury. In comparing 50 boxers (25 with high exposure with a large
number of bouts, 25 with low exposure and few bouts) with
matched soccer and track-and-field athletes, there were no signifi-
cant differences in CSP observed. A more quantitative analysis
that measured the anterior horn index and width of sulci also did
not show significant differences. Although the authors concluded
that there was a lack of evidence of chronic brain injury, advances
in imaging technology that provide higher resolution images
suggest that this conclusion requires reconsideration as increased
rates of CSP have been reported among boxers and participants of
other contact sports exposed to repetitive head impacts (121, 148).
Additionally, recent studies suggest a possible causal relationship
between repetitive head impacts and CSP. Aviv and colleagues,
for example, studied 164 active boxers who underwent annual MRI
for a boxing board license renewal (8). CSP was present in 49% of
boxers and was found in the subsequent scans of eight boxers who
did not exhibit CSP on their first scan. Moreover, three boxers
showed an increasing extent of CSP in follow-up scans. These
findings demonstrate clear evidence of brain injury in boxers.

American football

It is interesting that similar controversies occur today in studies
of American football players. In a study that was prematurely
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ended from the former NFL’s MTBI Committee, 45 former NFL
players were examined and the authors concluded a lack of evi-
dence of chronic brain injury (29). Using 1.5 T MRI, SWI and
DTI, Casson and colleagues found microhemorrhages in 9% of
the players and 7% with CSP. Although they found correlations
with global white matter FA and number of self-reported con-
cussions, the study on the whole was negative. Several limita-
tions to this study such as the lack of a control group, relatively
low resolution MRI (1.5 vs. 3.0 T) and early termination of the
study raise questions about the strength of their conclusions,
especially in light of the many previous studies to the
contrary.

For example, two recent fMRI studies (50, 62) used
fMRI to show patterns of hyperactivity that reflect deficits
in episodic memory and executive function, respectively, in
former NFL players. In both studies, the number of concussions
correlated with the degree of hyperactivation. Ford et al
compared NFL players with 0-2 concussions to those with greater
than three concussions and found greater activation during
memory tasks in the group with more concussions. Their
data suggest that multiple concussions may be associated with
less efficient memory performance. Similarly, Hampshire et a/
showed hyperactivation and hypoconnectivity of the dorsolateral
frontal and frontopolar cortices both of which correlated with
the number of documented concussions. Their results suggest
that there may be a cortical compensatory mechanism to counter-
act disrupted dorsal executive network connectivity. In another
fMRI paradigm that included the Stroop test and operation span
testing, 28 male college athletes from several different sports who
experienced two or more concussions were compared with 20
young college male controls. Results showed no differences
between groups, which led to these investigators concluding
younger brains have more plasticity in the face of multiple head
impacts (158). This particular fMRI task, however, may be less
sensitive to detecting differences between groups. Moreover, com-
bining different athletic sports injuries may increase the variation
in the sports injured group, making detection of differences
between the concussed group and the controls more difficult to
discern.

The question therefore is: are any of these changes reversible
with treatment? An intriguing study conducted by Amen et a/ (5)
used SPECT imaging to try to answer this question. One hundred
retired NFL players had baseline SPECT and were then given a
cocktail of fish oil (omega-3 for memory and mood), ginkgo
(enhance Dblood flow), vinpocetine (decrease cortisol),
phosphatidylserine (enhance acetylcholine), n-acetyl cysteine
(anti-oxidant) and various other homeopathic remedies for 2—12
months and were then re-imaged. The authors report significant
increases in brain perfusion in the prefrontal cortex, anterior
cingulate gyrus, parietal lobes, occipital lobes and cerebellum.
These results suggest that this treatment regimen was effective in
improving brain perfusion. However, there are several limitations
to the study including the lack of a control group, informal
monitoring of the regimen and the method of statistical analysis
performed was group as opposed to individual comparisons,
making it unclear if individuals improved. Nonetheless, the study
does provide inspiration for future clinical trials that can utilize
neuroimaging as end points for treatment of repetitive brain

injury.
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Ice hockey

These changes in brain structure and function are not limited only
to retired professional athletes as there appear to also be near-term
and long-term effects in other contact sports such as ice hockey.
Albaugh etal (4), for example, examined preparatory- and
collegiate-level ice hockey players approximately 3 months after
their last concussion and found decreased cortical thickness in
frontal, parietal and temporal regions that was inversely correlated
with self-reported postconcussive symptoms. Self-reported atten-
tion problems were inversely correlated with cortical thickness in
the left anterior cingulate, left ventromedial prefrontal and left
dorsomedial prefrontal areas, as well as in the left temporal cortex.
These results suggest that morphological changes occur at a young
age in athletes with multiple concussions. Perhaps of greater
concern is that these changes appear to persist. Tremblay et al
(159) studied athletes who played in college but imaged them at
least 30 years after their last concussion. Their aim was to under-
stand better the effect of head injury upon aging. In addition to also
finding cortical thinning in the frontal, temporal and parietal lobes,
these former athletes also exhibited lateral ventricular enlarge-
ment. Using MRS, Tremblay found increased ml and decreased
Cho in the mesial temporal lobe. Increased ml is associated with
glial proliferation and decreased Cho with membrane turnover. Of
particular interest, both are also changes found in mild cognitive
impairment. These underlying biochemical changes and persistent
changes in brain morphology are concerning.

Neurodegenerative (Table 3)

Repetitive head impacts are, as noted previously, a necessary risk
factor for CTE. Studies listed in Table 3 are differentiated from
Tables 1 and 2 in that these players have both a history of repetitive
head impacts but also clinical symptoms that may be indicative of
CTE. Given the postmortem diagnosis of CTE, these studies
provide the current state-of-the-art prospective studies of pre-
sumed CTE [and/or perhaps other neurodegenerative disease; see
also (156)], absent pathological confirmation.

American football

The study by Hart et al (63) recruited both symptomatic (cogni-
tive impairment and/or depression) and asymptomatic retired
NFL players, all with a history of at least one concussion during
their professional career, and compared them with healthy age-
matched controls. Results showed that the symptomatic athletes
showed increased total and deep white matter lesion volumes
using fluid-attenuated inversion recovery MRI as well as reduced
FA in the left and right frontal and parietal regions, corpus
callosum and left temporal lobe using DTI. Of particular interest,
these same findings were found when comparing the sympto-
matic and asymptomatic athletes, indicating that differences
between professional sports lifestyle and nonprofessional sports
lifestyles did not impact these results. The study also incorpo-
rated the use of arterial spin labeling, a method of measuring
cerebral blood flow, which showed significantly increased flow in
the left inferior parietal lobe, posterior superior temporal gyrus,
bilateral mid-cingulate gyri and right middle frontal gyrus, and
reduced flow in the left temporal pole and right occipital region
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in symptomatic retired NFL players when compared with con-
trols. Comparison with asymptomatic players was not possible
due to image coregistration issues. These findings also correlated
with cognitive measures, although other neuroimaging measures
did not. These results demonstrate that there are neuroimaging
abnormalities that may be specific to the symptoms of CTE. In a
second study by the same group (153), which focused primarily
on depression, a cohort of noncognitively impaired retired NFL
players with and without depression was compared with healthy
controls. Voxel-wise analysis found widely distributed FA
changes in the frontal region that appeared to correlate nega-
tively with depressive symptoms. Tract-based analysis showed
depressive symptoms that negatively correlated with forceps
minor, right frontal aslant tract, right uncinate fasciculus and left
superior longitudinal fasciculus tract ROIs. These results imply
that the changes observed in these DTI changes are specific to
depression and not necessarily to CTE.

One of the major questions is what is the underlying mechanism
for the neurodegenerative decline? Neuroinflammation could be a
potential suspect. Coughlin et al utilized [''C] DPA-713, a PET
ligand that binds to translocation proteins, which have been found
to colocalize with regions of neuroinflammation to study retired
NFL players with a history of multiple concussions (40). In addi-
tion, they acquired T1-weighted MRI to measure brain volumes
and cortical thickness. Their results showed increased binding in
the hippocampus, amygdala, entorhinal cortex, parahippocampal
cortex and supramarginal gyrus, all bilaterally. Of further note,
MRI brain volumes showed atrophy in the right hippocampus as
well as reduced total gray matter volume. These results appear to
show widespread neuroinflammation as well as brain atrophy,
reflective of neurodegeneration. However, one of the major weak-
nesses of this study is that the control subjects were not age
matched and they were significantly younger than the NFL cohort.
As neuroinflammation increases with age (16), the differences
observed may be related to age rather than the injury itself.

The most recent study by Lin et al (87) also studied a cohort of
symptomatic retired NFL players using an advanced MRS method
called correlated spectroscopy (COSY), which can measure addi-
tional metabolites by utilizing a second chemical shift domain that
provides greater spectral specificity. The authors identified
increased Cho (indicative of diffuse axonal injury) and increased
Glx/glutamine (indicative of excitotoxicity), which have been
found in previous mTBI MRS studies. However, using the COSY
method, they also identified additional cerebral metabolites that
have not been previously shown, and which also link to
neuroinflammation, providing further support of the mechanism
described earlier. These metabolic changes may provide insight
into the potential mechanisms of injury that underlie the structural
changes observed in the previous study.

Because symptoms of presumed CTE overlap with many other
disorders, the development of a method to detect and to measure
tau in the brains of living individuals is critical for the early
diagnosis of CTE, even prior to the onset of symptoms, as well as
for quantifying the degree and progression of tau accumulation.
Until there is an accurate in vivo biomarker for CTE, it will not be
possible to examine incidence and prevalence of CTE, to charac-
terize underlying structural and physiological changes, to deter-
mine genetic and other risk factors, or to conduct clinical trials for
treatment and prevention. It has also been only quite recently that
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PET ligands that specifically target tau have been developed. One
older ligand, ['8F]-FDDNP, has shown increased uptake in retired
NFL players (147). However, this tracer is nonspecific as it binds
to both AP and tau proteins. Agdeppa et al have also highlighted
the binding characteristics of FDDNP and note that it binds to both
AR and tau (2). There are now, however, as noted previously,
several promising probes with good tau specificity that have been
developed (33, 143, 171) and recently used, in vivo, in several
studies of neurodegenerative diseases, including CTE. One of
these probes, ['*F]-T807, was used in a recent case study report
(113), where a retired NFL player showed not only subcortical
binding of tau but also negative binding for ['*F]-florbetapir, dem-
onstrating that CTE is likely separate from AD, which tends to
show more AP and less tau accumulation (163, 164). It is impor-
tant to note however that the subject also suffered from progressive
nuclear palsy that also results in tauopathy; therefore, it is unclear
if the patterns observed in this subject are wholly representative of
CTE (51). Of further note, an ex vivo study by Attardo et al (7) has
shown that the fluorescent probe T557 and the radiolabeled ['*F]-
T807 bind to paired helical filament (PHF-tau) in brain sections in
AD and non-AD samples, including, notably, samples with
neuropathologically confirmed CTE, suggesting the selectivity of
this tau ligand (note: published abstract did not include CTE case
but this was included in the presentation). There is thus much
promise in investigating, in vivo, tau protein accumulation in the
brains of those suspected of having CTE.

Nonsports-related concussion

Finally, rather than focusing on retired NFL players, Little et al
(89) recruited civilians with a history of single and repetitive brain
trauma for neuropsychological evaluation and volumetric imaging.
Their results show that those subjects with a history of multiple
mTBI have more neuroimaging changes compared with those with
a single concussion including decreased tissue density in the
temporal lobes, parahippocampal gyri, ventrolateral prefrontal
regions, external capsule and cerebellum. They also showed sig-
nificantly worse neuropsychological performance. These findings
suggest that the greater the number of brain injuries, the greater the
neurodegenerative changes that are seen.

Military-related repetitive brain trauma (Table 4)

One of the difficulties with studying brain injury in military per-
sonnel are the comorbidities of posttraumatic stress, other mood
and anxiety disorders, and substance misuse that may contribute to
changes in brain morphometry and functionality (83). Also, given
the difficulty in conducting imaging studies in acute or subacute
time periods of brain injury in combat theater settings, most
studies have focused on brain injury in the chronic phase or in
veteran populations with repetitive exposures to blast and/or con-
cussion. Further, because it is difficult to obtain an accurate esti-
mate of the number of blast-related exposures, many studies
include individuals with a range of exposure in terms of both
number of incidents and severity of incidents. Further, such inju-
ries are less likely to utilize the label “repetitive” and so our search
may have excluded these studies. There is also the issue of other
complications for many military personnel including pre- and
postdeployment concussion via other nonblast incidents that com-
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plicate the picture. Finally, the difficulties involved in retrospective
and self-report-based determination of “TBI” or “concussion”
contribute to the complexity in this area. Nonetheless, this is an
important area of investigation, and there is an active line of
research investigating whether or not repeated exposure to explo-
sive events (both controlled, as with military breachers in training,
and uncontrolled, as with unintentional exposure to improvised
explosive devices) may lead to brain findings similar to those
observed in former NFL players in both in vivo imaging studies
and postmortem analyses (see (55).

Nevertheless, recent military conflicts have increased interest in
the long-term effects of exposure to repeated blast and nonblast
concussive events sustained in combat. For example, an FDG-PET
study that examined Iraq war combat veterans exposed to up to 51
blast events during deployment, and 102 over their entire career,
showed reduced uptake in the cerebellum vermis, pons and medial
temporal lobes (125). Furthermore, the same patterns of
hypometabolism were observed in veterans with and without a
diagnosis of PTSD. These findings indicate that these changes are
likely specific to repetitive brain trauma and may provide the
biological basis of impairments in information processing, verbal
fluency, attention and working memory. One of the weaknesses of
the study, however, was the use of an older, nonmilitary control
group.

In a follow-up study by the same group (126), veterans without
exposure to blast injury were included as controls and different
results were reported from the previous study. In this study,
reduced FDG uptake was noted in the bilateral parietal cortices,
left somatosensory cortex and right visual cortex. This demon-
strates the importance of using an appropriate comparison group.
This study also examined DTI FA as well as a novel measure of
macromolecular proton fraction (MPF), which quantifies white
matter myelin compositional integrity using the magnetization
transfer effect. DTI FA values were reduced ~20% in the corpus
callosum between groups. For MPF measures, significant differ-
ences between the blast and nonblast exposed veterans became
more apparent after 20 blasts, suggesting a possible threshold for
the number of exposures before changes can be detected. PTSD
comorbidity did not change the results, suggesting that these
changes are, as noted in the previous study, likely specific to
repetitive brain trauma. However, the functional relevance of the
PET, DTI and MPF measures is yet to be determined as there
were no significant correlations observed with any of the
neuropsychological measures.

Similar to sports-related injury, there is also an element of
subconcussive injury in military-related repetitive brain injury. For
example, there are several occupations in the military that result in
being repeatedly exposed to blast events, such as bomb detonators,
mortor men, field artillery personnel, infantrymen that fire hand-
held missiles, etc. Another such group are breachers, those who
use explosives to breach buildings. Stone et a/ found significant
differences in DT and MRI measures in breachers with 7-15 years
of experience compared with those with little to no experience and
those with only 1-3 years of experience, demonstrating a potential
cumulative effect of injury (152) (not included in Table 3 because
it is an Abstract).

Another study of functional imaging in military subjects with
repetitive brain trauma has shown greater activation in the anterior
cingulate gyrus, medial frontal cortex and posterior cerebral areas
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involving visual and visual-spatial functions (136). In this study, 15
subjects underwent a task-related functional MRI examination that
included a stimulus—response compatibility task that tests executive
function including cognitive control. Increased activation was
found with stimulus—response incompatibility after controlling for
differences in reaction time and symptoms of PTSD and depression.
It is difficult to compare the results of this study with other studies
in single mTBI due to differences in the study design. However,
these brain regions have been shown to be involved in fMRI studies
of mTBI, and may be relevant to repetitive brain injury.

Finally, a recent study utilized MRS, albeit at 7 Tesla (67).
Findings showed that hippocampal NAA/Cho and NAA/Cr ratios
were decreased in veterans at least 1 year after 1-10+ blast expo-
sures. Reduced hippocampus volume and deficits in neurocognitive
testing were also found. Changes in NAA also appeared to be
correlated with effort testing, although without a formal compari-
son. These findings point toward injury to the hippocampus in
soldiers exposed to repetitive blast events. Interestingly, there were
no significant differences between mTBI subjects with and without
a diagnosis of PTSD, anxiety or alcohol abuse, demonstrating that
these changes are, as noted above in other studies, likely specific to
repetitive brain trauma.

SUMMARY AND FUTURE DIRECTIONS
FOR RESEARCH

Introduction

Today, advanced neuroimaging techniques can provide insights
into brain injury following repetitive head impacts that go beyond
self-report and clinical measures. Diagnosing repetitive brain
trauma or resulting neurodegeneration on the basis of objective
radiological evidence sets the stage for a more complete under-
standing of the underlying pathophysiological mechanisms. This is
thus an exciting new era of discovery with the hope that this
greater understanding will lead to early diagnosis, efficacious
treatment and monitoring of repetitive brain trauma. More studies
are, nonetheless, needed to further elucidate the pathomechanisms
underlying repetitive brain trauma. There are several directions for
future research that we believe will improve our understanding of
repetitive brain trauma and the different trajectories, as well as lead
to possible interventions to prevent the cascade of progressive
changes that characterize some of the outcomes observed to date.

Neuroimaging as a biomarker of
neurodegeneration

A major issue with neuroimaging of any brain injury is the dynamic
course of neuropathological changes that occur during the acute to
subacute and chronic stages, including neurodegenerative changes
that result in progressive volume loss (20). Little is known about
how and under what circumstance repetitive head trauma results in
neurodegeneration. Although most studies that have examined lon-
gitudinal neuroimaging findings in TBI are based on just a single
traumatic event (167), two consistent findings from that literature
have direct implications for the study of repetitive brain trauma (1):
injury induced atrophic changes over time may be region specific
(ie, hippocampus) and/or involve the whole brain, and (2) vulner-
ability of damage to white over gray matter. For example, focusing
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just within the mild end of the TBI spectrum (Glasgow Coma
Scale > 13), both MacKenzie ef al (91) and Zhou et al (172) estab-
lished an early postinjury baseline with various volumetric analy-
ses, and then followed patients a year or more postinjury. Findings
demonstrated that even at this mild end of brain injury, volumetric
loss was particularly notable within white matter, which was also
predictive of neuropsychological outcome. The implications
of such findings are that even mild injury may set into motion
degenerative changes (38), including neuroinflammation and
neuroprotective factors, where advanced neuroimaging techniques
may function as biomarkers of recovery and pathological outcomes.
This may be particularly important if repetitive brain trauma has the
potential to induce a subtle neuroinflammatory response that may
set the stage for progressive neurodegenerative changes at some
point during the life span [see previous discussions; see also (40,
166)]. Of further note, a number of the imaging modalities dis-
cussed in this review provide quantitative metrics that would be
sensitive to parenchymal loss associated with neurodegeneration.
Additionally, as explained in this review, once a baseline is estab-
lished in cases of repetitive head impacts either pre-injury or as
close to the time of injury as possible, such a neuroimaging
reference point will provide the basis for determining if
neurodegeneration occurs and whether brain changes are static or
progressive. Finally, a further important area of future research is to
understand the similarities and differences between CTE and other
neurodegenerative diseases that may co-occur so as to refine further
our understanding of the underlying mechanisms that characterize
CTE as well as other tauopathies [see also review (156)].

Multimodal imaging, longitudinal study designs
and standardized protocols

Each modality provides different information and using several
different modalities, we enrich the information we have regarding
an individual injury. Future research needs to include multimodal
imaging to acquire different information from different modalities
in the same subject in order to have a more complete picture of
each subject’s brain alterations. Findings from a multimodal
imaging approach can be combined with information from clinical
evaluations, neuropsychological evaluations as well as biomarkers
from blood and CSF to identify sensitive biomarkers for diagnosis,
therapeutic decisions and prognosis. To date, studies in this field
have not used a multimodal approach.

Moreover, there is a need for longitudinal studies of repetitive
brain trauma to understand the dynamic nature of repetitive brain
trauma and the influence of possible modulating factors such as the
biomechanics of the injury, lesion location, genetics and other
factors that are currently not known. This may lead to the early
identification of those individuals who are likely to develop
neurodegeneration vs. those who will not. Studies of pre- and
postseason injury are important but more instructive would be
studying, for example, football players at the beginning of their
careers and following them through several years of play.

In addition, given the heterogeneous nature of brain trauma,
studies will likely need a large number of subjects to truly connect
symptoms to brain pathology. Thus, multicenter studies will be
needed and the development of standardized protocols that can
produce similar measurements across MR platforms will be a key
component of future research.
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A B

More specific measures of repetitive brain
injury
Multi-shell sampling

Advanced diffusion MRI (dMRI) protocols use a multi-shell sam-
pling scheme. Here, diffusion measurements are acquired at
several different b-values for a specific set of gradient directions.
This enables the calculation of microstructural properties that are
not available using standard dMRI protocols (single shell) (131).
For example, one can compute additional diffusion parameters
such as kurtosis, fast and slow diffusion fractions, mean-squared
displacement etc. (57, 122, 173).

Multi-tensor tracing of fiber bundles

Tracing of multiple fiber components is now also possible using a
two-tensor tractography algorithm (92). This novel tractography
algorithm improves the estimation of fiber directions in areas of
fiber crossings and increased noise (Figure 7).

Free water (FW)

Another newly developed diffusion measure, FW, distinguishes the
contribution of extracellular water, which is a potential measure
of atrophy, edema and neuroinflammation (124), and neurode-
generative processes.

MRS

Although the biochemical changes observed by MRS can help
elucidate underlying pathophysiology, they may not necessarily
provide specific diagnostic information. The use of MRS with
greater spectral resolution such as COSY might provide the
needed additional biochemical specificity. Other advances in
spatial resolution such as three-dimensional chemical shift
imaging may also provide specificity by allowing for the interro-
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Figure 7. Comparison between single-tensor
streamline tractography (A) and two-tensor
tractography (B) of the corpus callosum. The
same region of interest was used to seed
fibers (A) and to select fibers from a

\ two-tensor whole-brain tractography (B).

"‘\ A Note that two-tensor fiber reconstruction
includes numerous fibers in the periphery
while the single-tensor approach only
detects more central fibers.

gation of brain biochemistry in all regions of the brain, which,
importantly, may then be correlated with other imaging modalities.

PET tau ligands

By successfully imaging tau deposition, in vivo, along with osten-
sibly ruling out AD through negative AP imaging, we will be able
to develop a potential biological marker of CTE in living individu-
als (to be neuropathologically confirmed). This method has the
potential to quickly become a tool for aiding in differential diag-
nosis in cases of suspected CTE, much like ['*F]-DOPA is cur-
rently used in PD. Correlates of PET findings including cognitive/
clinical and other imaging measures (MRI, DTI, MRS and resting
state fMRI) will also likely provide noninvasive biomarkers for a
putative measure of CTE, in vivo. Careful attention to other
tauopathies and differentiating among them will, nonetheless, be
an important challenge for future research studies.

Personalized medicine approach

The heterogeneity of repetitive brain trauma also calls for new
postprocessing approaches to identify individual injury patterns.
An example is the work by Bouix et a/ (23) who observed altera-
tions in diffusion in gray matter in individuals with chronic
postconcussive symptoms following a single mTBI [see also (77,
99, 144)]. Bouix et al used individual profiles of injury based on
developing a normative atlas, and then compared individual
patients to the normative atlas to reveal individual profiles of
injury. Using this approach provides a signature of injury for each
patient that can be used to guide treatment, to correlate findings
with cognitive deficits and to provide a more informed treatment
plan. Such an approach could also be used to prospectively
monitor changes over time in a single individual, which may be
very important with respect to early detection of brain altera-
tions, and to following those who are exposed to repetitive head
impacts.
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Summary

All of the above advances, such as in DTI, PET and MRS, have
great promise for becoming highly sensitive markers of tissue
structure that, in combination, will likely lead to greater specificity
in diagnosing CTE (and differentiating it from other tauopathies),
perhaps in the early stages, which may facilitate preventative strat-
egies. These new advances and their application to longitudinal
studies of repetitive head impacts will also provide invaluable
information about the neurobiology of brain injuries and hopefully
lead to an understanding of the underlying mechanisms that deter-
mine recovery vs. progression. Such information may, in the
future, identify early indicators of those at risk for poor outcome so
that early interventions can be introduced. Further, a personalized
medicine approach to identify individual profiles of injury will
provide the treating physician with helpful information about indi-
vidual patients, as well as serve as a way to monitor treatment
efficacy in that the profile of injury may be followed over time to
determine change. All of these new advances are not beyond the
horizon but are available today to begin a whole new era of inves-
tigating repetitive head trauma so as to change the trajectory of
outcome in those most at risk for CTE.
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