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Abstract

Mild traumatic brain injury (mTBI) includes concussion, subconcussion, and most exposures to
explosive blast from improvised explosive devices. mTBI is the most common traumatic brain
injury affecting military personnel; however, it is the most difficult to diagnose and the least well
understood. It is also recognized that some mTBIs have persistent, and sometimes progressive,
long-term debilitating effects. Increasing evidence suggests that a single traumatic brain injury can
produce long-term gray and white matter atrophy, precipitate or accelerate age-related
neurodegeneration, and increase the risk of developing Alzheimer's disease, Parkinson's disease,
and motor neuron disease. In addition, repetitive mTBIs can provoke the development of a
tauopathy, chronic traumatic encephalopathy. We found early changes of chronic traumatic
encephalopathy in four young veterans of the Iraq and Afghanistan conflict who were exposed to
explosive blast and in another young veteran who was repetitively concussed. Four of the five
veterans with early-stage chronic traumatic encephalopathy were also diagnosed with
posttraumatic stress disorder. Advanced chronic traumatic encephalopathy has been found in
veterans who experienced repetitive neurotrauma while in service and in others who were
accomplished athletes. Clinically, chronic traumatic encephalopathy is associated with behavioral
changes, executive dysfunction, memory loss, and cognitive impairments that begin insidiously
and progress slowly over decades. Pathologically, chronic traumatic encephalopathy produces
atrophy of the frontal and temporal lobes, thalamus, and hypothalamus; septal abnormalities; and
abnormal deposits of hyperphosphorylated tau as neurofibrillary tangles and disordered neurites
throughout the brain. The incidence and prevalence of chronic traumatic encephalopathy and the
genetic risk factors critical to its development are currently unknown. Chronic traumatic
encephalopathy has clinical and pathological features that overlap with postconcussion syndrome
and posttraumatic stress disorder, suggesting that the three disorders might share some biological
underpinnings.
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1. Introduction

In military settings, most traumatic brain injuries (TBIs) are mild TBIs (mTBIs). For U.S.
forces deployed to Afghanistan and Iraq in Operation Enduring Freedom (OEF), Operation
Iraqi Freedom (OIF), and Operation New Dawn (OND), blast exposure is the leading cause
of mTBI, although service members are also susceptible to concussions [1]. Estimates of the
prevalence of mTBI among returning service members range from 15.2% to 22.8%,
affecting as many as 320,000 troops [1-4]. Despite their frequency, the acute and long-term
effects of mTBI have been a relatively unexplored area of medical inquiry until very
recently. Undoubtedly, the “invisible” nature of mTBI, notably the lack of any external
physical evidence of damage to the head or brain, has been a major factor contributing to the
impression of inconsequentiality. However, there is accumulating evidence that some
individuals develop persistent cognitive and behavioral changes after mild neurotrauma. In
addition, the relative contributions of physical injury or psychic stress to chronic sequelae
after mTBI remain a matter of debate— a discussion that began during World War |
regarding the basis for “shell shock,” and that continues today concerning the relative
contributions of posttraumatic stress disorder (PTSD) and physical brain injury to persistent
symptoms after mTBI.

The first large-scale evidence of military-related mTBI occurred in World War | (1914-
1918) in association with the frequent use of high explosives in trench warfare. Service
members who experienced high doses of explosive artillery fire sometimes developed shell
shock or “commotio cerebri,” a mysterious condition characterized by headache, amnesia,
inability to concentrate, difficulty sleeping, depression, and suicidality [5-7]. At the time, it
was unclear whether shell shock was a maladaptive, psychiatric condition related to the
stresses of combat or whether the condition was caused by physical injury to the brain.
Despite the lack of any pathological studies on the brains of individuals diagnosed with shell
shock, wartime committees entreated with the responsibility to inquire into the entity
declared the disorder to have psychiatric origins [7].

Shortly thereafter, Harrison Martland, a New Jersey pathologist, drew attention to a
symptom complex that affected professional boxers, “Punch Drunk,” a condition well
known to boxing enthusiasts that appeared to result from repeated sublethal blows to the
head [8]. Martland described unsteadiness of gait, mental confusion, and slowing of
muscular movements occasionally combined with hesitancy in speech, tremors of the hands,
and nodding of the head. Later, Winterstein summarized the psychiatric manifestations of
approximately 50 professional boxers and noted impairment of intelligence, mental dullness,
difficulty concentrating, paranoia, and garrulousness [9]. Johnson later added memory loss,
dementia, rage reactions, and morbid jealousy to the clinical syndrome [10]. In the scattered,
small case series of “dementia pugilistica” reported over the next half century, the condition
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was variously referred to as “traumatic progressive encephalopathy” and later as “chronic
traumatic encephalopathy” (CTE) to highlight the chronic and progressive nature of the
disorder [11,12]. In 1973, Corsellis, Bruton, and Freeman-Browne detailed the
neuropathological findings found in the brains of 15 retired boxers and correlated the
pathological findings with retrospective clinical symptoms [13]. The authors noted gross
neuropatho-logical changes of cerebral atrophy, enlargement of the lateral and third
ventricles, thinning of the corpus callosum, cavum septum pellucidum with fenestrations,
and cerebellar scarring. General cell stains and VVon Braunm€uhl's silver stain were used to
demonstrate neuronal loss in the cerebellar tonsils and substantia nigra, neurofibrillary
degeneration of the substantia nigra and cerebral cortex, and senile plaques in approximately
one quarter of the cases. The authors speculated that pathology in the limbic structures (such
as the hippocampus, medial temporal lobe, and fornix) was responsible for impairments in
learning and memory, that pathology in the substantia nigra accounted for the Parkinsonian
features, and that pathology in the septal cortex for the abnormal rage reactions.

Studies of CTE in boxers were followed by reports of CTE in civilians exposed to repetitive
brain trauma as a consequence of head-banging behaviors, physical abuse, and poorly
controlled epilepsy (reviewed in [14]); other sports, including Omalu's seminal observations
in American football players [15,16]; and in ice hockey, baseball, soccer, rugby, and
professional wrestling [14,17,18]. CTE was also reported in a few Iraq and Afghanistan
veterans whom experienced military-related blast TBI [17,19,20]. In addition, CTE has been
reported in military veterans, many of who were also athletes, including former National
Football League (NFL) players [17]. CTE has been reported in military veterans who saw
combat in the Gulf War, Vietnam, World War 11, and Irag and Afghanistan. In this review,
we summarize the acute and long-term effects of mTBI that have been reported in veterans
and describe the experience over the past 6 years at the VA Boston Brain Bank with military
service-related mTBI.

Understanding the effects of military-related mTBI presents additional challenges not
encountered in studies of neurotrauma associated with play of sports. Unlike the relatively
stereotyped features of brain trauma that occur during athletic participation, in which injury
is dependent on the rules of engagement specific to the sport, military-related mTBI is
acquired in widely heterogeneous ways, including athletics, recreational activities, physical
training practices (e.g., combatives, boxing competitions, and ropes courses), falls, motor-
vehicle accidents, and exposure to explosive blasts. Injury from explosive blasts varies
depending on the strength of the explosive; whether the injury occurs in an open field, in, or
near buildings; or in a motor vehicle. Military mTBI is also random and unpredictable,
ranging from a single injury to many thousands of traumatic injuries over similar time
periods depending on an individual's chance exposure to blasts and impacts.

1.1. Acute injury

1.1.1. Concussion, subconcussion—A concussion is a mTBI induced by an impulsive
force transmitted to the head resulting from a direct or indirect impact to the head, face,
neck, or elsewhere [21,22]. In the combat setting, most concussions occur as a result of blunt
trauma associated with blasts from explosive devices, such as hitting the head against the
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interior of a vehicle [23]. Symptoms from concussion and other forms of mTBI are usually
self-limited and resolve spontaneously over a period of a few weeks, although 10-15% of
individuals develop prolonged symptoms or postconcussive syndrome (PCS). Signs and
symptoms of concussion and PCS include irritability, sleep disturbance, forgetfulness,
anxiety, headaches, poor concentration, pain, and psychological distress [24].
Neuropsychological testing in PCS may reveal persistent, yet subtle, cognitive deficits, often
in the executive domain [24]. Less severe impact injuries that do not produce overt
neurological symptoms but are associated with subtle neuro-psychiatric deficits or changes
in functional magnetic resonance imaging (fMRI) are referred to as “subconcussion”
[25,26]. Concussion and subconcussion are produced by acceleration and deceleration forces
on the brain that may be linear or rotational [27]. Rapid acceleration, deceleration, or
rotational forces cause the brain to elongate and deform, stretching individual cells and
blood vessels and altering membrane permeability. Although all cell compartments are
affected by the injury, axons are especially vulnerable to shear injury given their relatively
long length and high membrane-to-cytoplasma ratio. In addition to axonal damage, the
integrity of the microvasculature is compromised, with disruption of the blood-brain barrier
and focal cortical hypoperfusion [28]. Moreover, acceleration-deceleration forces produce
rapid release of neurotransmitters, including glutamate, and alterations in sodium channels
with subsequent ionic dysregulation [29], producing an influx of calcium and an efflux of
potassium, acceleration of the cellular sodium-potassium (Na*-K*) pump to maintain
membrane homeostasis, and large increases in glucose metabolism [30].

Pathological studies of concussion and PCS demonstrate microscopic evidence of multifocal
traumatic axonal injury (TAI) [18,31] that is best visualized by amyloid precursor protein
(APP) immunohistochemistry [32], often located around small blood vessels in the corpus
callosum, fornix, subcortical U-fibers, and cerebellum [18]. In general, the severity of the
multifocal axonal injury is parallel to the severity of the TBI. However, APP
immunohistochemical identification of traumatic axonal swellings may significantly
underestimate the overall magnitude of the axonal damage [33]. TAI affects multiple axonal
populations, including large caliber myelinated and non-neuropathologically detected fine-
caliber myelinated and unmyelinated fibers. There is evidence that fine-fiber unmyelinated
axons are disproportionately vulnerable to traumatic injury and, as such, may be significant
contributors to the morbidity associated with mTBI. There are currently no reliable neuro-
pathological markers for unmyelinated fine-fiber damage; accordingly, it is likely that the
total axonal damage associated with TAI is considerably more than what is detectable with
conventional neuropathological methods [33]. In addition, concomitant with the break-down
of the axon and myelin sheath, axon terminals also undergo neurodegenerative change and
deafferentation. This axonal degeneration and deafferentation likely contribute significantly
to the morbidity associated with TAI. Furthermore, deafferentation sets the stage for
subsequent neuroplastic changes that may be adaptive or maladaptive. These neuroplastic
responses to mild neuro-trauma have not been well studied in the human brain [34,35].

After concussion, there is pathological evidence of blood-brain barrier damage with
microhemorrhage, astrocytosis, and perivascular clusters of activated microglia [18]. In
addition, some cases of recent concussion and PCS show isolated focal perivascular
accumulations of hyperphosphorylated tau (p-tau) as neurofibrillary tangles (NFTs) and
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neurites as well as hemosiderin-laden macrophages. The finding of focal p-tau abnormalities
in the brains of individuals with PCS in close proximity to focal axonal injury,
microhemorrhage, astrocytosis, and perivascular microgliosis suggests that the development
of p-tau pathology may be mechanistically linked to axonal injury, breach of the blood-brain
barrier, and neuroinflammation [18]. Whether these acute pathologies are reversible and
resolve over time is unknown. Because most patients with mTBI recover fully, it suggests
that intrinsic mechanisms are generally able to repair low-level injury [33]. However,
repetitive TAI superimposed on continuing, perhaps broadening, breach of the blood-brain
barrier; disruption of sodium channels; ionic dysregulation; and metabolic irregularities
might trigger a self-perpetuating, progressive neurodegenerative cascade in some
individuals.

Concussion and subconcussive injury are associated with microstructural changes in the
white matter and alterations in fiber tract integrity that are detectable with diffusion tensor
imaging (DTI) and susceptibility weighted imaging but are not evident on conventional
structural imaging studies such as computed tomography (CT) scan and magnetic resonance
imaging (MRI). The significance of these asymptomatic subconcussive injuries is
increasingly recognized in sports such as football, ice hockey, and soccer, in which
accumulating evidence demonstrates microstructural changes in the white matter on DT as
well as abnormalities in functional MRI (fMRI) [26,36-40]. Similar changes recently have
been demonstrated in asymptomatic military-related blast injury [37,41]. Bazarian and
colleagues found a strong association between exposure to blast and reduced first percentile
fractional anisotropy (FA) on DTI that was independent of symptoms of mTBI at the time of
blast exposure. Because these asymptomatic mTBIs are difficult to assess, it is likely that
DTI and fMRI will become useful tools to guide the prognosis and management of these
injuries moving forward.

Our experience with repetitive concussive injury includes a 28-year-old male U.S. Marine
veteran with two combat deployments. Similar to many other military personnel, his history
was notable for multiple concussions that occurred as a civilian and in combat. His first
concussion occurred at age 12 in a bicycle accident with temporary loss-of-consciousness
(LOC) and posttraumatic amnesia (PTA). At age 17, he experienced a second concussion
without LOC during football practice. At age 25, during his second military deployment, he
experienced a third concussion with temporary alteration in mental status but no LOC, after
which he was diagnosed with PTSD. Four months later at age 26, he sustained a fourth
concussion with temporary LOC and PTA resulting from a motor vehicle-bicycle collision.
He subsequently developed persistent anxiety, difficulty concentrating, word-finding
difficulties, learning and memory impairment, reduced psychomotor speed, and
exacerbation of PTSD symptoms. He died from a self-inflicted gunshot wound 2 years after
his last concussion. Neuropathological analysis revealed multiple areas of p-tau
immunoreactivity surrounding small blood vessels in the temporal cortex, consistent with
the diagnosis of early-stage CTE, although the limited availability of tissue precluded any
further histo-logical analysis.

1.1.2. Blast injury—Most military-related TBI comes from exposure to explosive blast;
blast TBI accounts for approximately 60% of military-related TBI, of which 80% is mTBI
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[3]. The physical effects of the blast depend on many factors, including the characteristics of
the improvised explosive device (IED); the relationship of the individual with respect to the
source of the blast, including the distance from the blast; whether the exposure occurred in
an open environment or in an enclosed space such as a building or vehicle; and whether a
solid structure is located between the individual and the device, because the reflection of
blast pressure waves off of various surfaces can lead to multiple pressure waves impacting
an individual from various directions for a prolonged period [42]. Blast injury is often
further complicated by an accompanying concussive mTBI.

Blast injury is the result of the rapid transmission of an acoustic wave through the brain
tissue and accompanying blast winds [20]. Many animal models of blast-induced injury
exist, although the precise biomechanics of blast-related traumatic injury and its
neuropathological consequences are the subject of debate [43,44]. In our experience with
experimental single-blast injury in wild-type C57BL/6 mice [20], detailed kinematic
analysis demonstrated that blast winds produce forces similar to multiple, severe concussive
impacts occurring over microseconds. In addition, simultaneous intracerebral pressure
recordings demonstrated that blast waves traversed the brain with minimal change. The blast
wavefront transmissions were not associated with thoracovascular or hydrodynamic
contributions; indeed, separation of the mouse head from the thorax did not significantly
change the blast-induced intracerebral pressure amplitudes. Furthermore, head
immobilization during blast prevented neurological sequelae, confirming that the effect was
not triggered by blast waves but rather by inertial forces from blast wind (the “bobblehead
effect”).

Pathologically, blast injuries produce hemorrhage and edema as blood vessels and brain
tissue rapidly contract and expand several times within a fraction of a second after a blast
wind, damaging cerebral vasculature [45]. In the acute phases, blast injury may produce
large intraparenchymal and subarachnoid hemorrhages [46—48]. Blast injury is also
associated with pseudoaneurysm formation and the development of vasospasm. When
severe, vasospasm can lead to cerebral ischemia and clinical deterioration that can be
delayed as long as 30 days after initial blast exposure [49-51]. Lu and colleagues
investigated the effects of relatively low-level single and repetitive primary blast injury in
nonhuman primates [52]. Ultrastructural analysis and histopathology at 3 days and 1 month
postinjury revealed microvascular degeneration and collapse with obliterated capillary
lumens, hypertrophic astrocytic end-feet, vacuolated endothelial cytoplasm, and increased
perivascular reticuloendothelial cells. Other changes included chromatolysis of cortical
neurons, hippocampal pyramidal neurons, and Purkinje cells in the cerebellum; white matter
damage; and increased astrocytic aquaporin-4, suggesting cerebral edema.

The number of neuropathological analyses of acute blast injury in humans are few. In the
instances reported by Mott, there was mild brain edema, severe vascular congestion, variable
amounts of extravasation of blood around small vessels, intraparenchymal and subarachnoid
hemorrhage, and generalized chromatolysis of neurons [5,6]. Warden and colleagues
described the neuroimaging findings in a service member exposed to a series of large
explosions. Three months after exposure, the service member still experienced headache,
occasional nausea, and eye twitching, but she was found to have a normal neurological
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examination. Her MRI showed a resolving hematoma in the internal auditory canal and an
area of hyperintensity in the cerebellum. In addition, there was abnormal FA in the
cerebellar white matter on DTI [53]. Other investigators using DTI have demonstrated lower
FA and higher radial diffusivity after blast injury [41,54], although the white matter
abnormalities found in various studies tend to be heterogeneous and spatially diverse. Using
[18 F]-fluorodeoxyglucose positron emission tomography imaging of cerebral glucose
metabolism, Peskind and colleagues demonstrated regional brain hypometabolism in
veterans with repetitive blast injury [55]. A recent study of Iraq and Afghanistan veterans
with one or more blast/impact mTBIs found reduced FA in the corpus callosum; reduced
macromolecular proton fraction values in white matter tracts and gray matter/white matter
border regions; reduced glucose metabolism in the cerebral cortex; and higher scores on
measures of PCS, PTSD, combat exposure, depression, sleep disturbance, and alcohol use.
The neuroimaging metrics did not differ between participants with versus those without
PTSD [56].

We examined the postmortem brains of four young military veterans (n = 4 males; ages 22—
45 years; mean 32.0 years) with histories of known blast exposure ranging from 1 to several
years before death and found evidence of myelinated fiber loss, axonal degeneration,
microvascular degeneration, neuroinflammation, and early changes of CTE.

A 28-year-old male U.S. military Marine veteran who experienced several blast exposures
during multiple tours in Iraq and Afghanistan subsequently developed severe behavioral
abnormalities including poorly controlled anger, debilitating social isolation issues,
difficulty with attention and concentration, aggressive tendencies, paranoia, difficulty
sleeping, and depression. At age 25, he “snapped” and attempted suicide in Afghanistan. He
was diagnosed with combat-related PTSD. At age 27, he was honorably discharged from the
Marines. At age 28, during an early-morning incident in which he allegedly fired on police
and other civilians, he was shot and killed. At autopsy, his brain weighed 1410 g and was
remarkable for slight thinning of the posterior body of the corpus callosum and discoloration
of frontal tracts in the cerebral peduncle. Microscopically, there was evidence of severe
axonal loss with widespread axonal swellings and axon retraction bulbs, myelinopathy,
astrocytosis, and foci of dystrophic calcification in the cerebral subcortical white matter,
internal capsule, and cerebellar white matter. Myelinated fiber loss was particularly
prominent in the frontal lobes and frontal tracts of the cerebral peduncle. A single focus of
perivascular p-tau NFTs and neurites was found at the sulcal depths of the inferior parietal
cortex consistent with Stage I/IV CTE (Fig. 1, case 1).

A 45-year-old male U.S. Army veteran with a single close-range IED blast exposure
experienced a state of disorientation without LOC that persisted for 30 minutes after blast
exposure. He subsequently developed headaches, irritability, difficulty sleeping and
concentrating, and depression that continued until his death 2 years later from a ruptured
giant basilar aneurysm. His medical history was notable for a concussion associated with a
motor-vehicle accident at age 8 years. At autopsy, neuropathological analysis showed acute
intrapontine hemorrhage and bilateral infarction in the posterior cerebral artery territories.
Microscopic examination also revealed multiple areas of perivascular p-tau NFTs in the
frontal, parietal, and temporal cortices with a predilection for sulcal depths and superficial
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cortical layers diagnostic of CTE Stage 11/1VV. Myelinated fiber degeneration with axon
retraction bulbs and axonal dystrophy was found, most prominently perivascularly, in areas
well away from the areas of infarction. There were also perivascular clusters of activated
microglia in the subcortical white matter [20] (Fig. 1, case 2).

A 34-year-old male U.S. Marine veteran without a history of previous concussive injury
sustained two separate IED blast exposures 1 and 6 years before death. Both episodes
resulted in LOC of indeterminate duration. He subsequently developed depression, short-
term memory loss, word-finding difficulties, decreased concentration and attention, sleep
disturbances, and executive function impairments. His neuropsychiatric symptoms persisted
until death from aspiration pneumonia after ingestion of prescription analgesics. At
postmortem examination, there was evidence of CTE Stage 11/1V and widespread hypoxic-
ischemic injury [20] (Fig. 1, case 3).

A 22-year-old male U.S. Marine veteran was exposed to a single close-range IED blast
exposure 2 years before death. There was no LOC, but he reported headache, dizziness, and
fatigue that persisted for 24 hours after the blast. He subsequently developed daily
headaches, memory loss, depression, and decreased attention and concentration. In the year
before his death, he became increasingly violent and verbally abusive with frequent
outbursts of anger and aggression. He was diagnosed with PTSD 3 months before death
from an intracerebral hemorrhage. His past history included 2 years of high school football
and multiple concussions from altercations. At autopsy, there was an acute intraventricular
hemorrhage with tonsillar herniation. There was also evidence of multifocal axonal injury
and p-tau neuritic immunoreactivity consistent with CTE Stage I/1V. In the thalamus,
multiple small- to medium-sized blood vessels showed prominent perivascular lymphocytic
cuffing as well as foci of lymphocytes and hemosiderin-laden macrophages within the
vascular walls. Focal dystrophic calcification was also found in the walls of scattered small
blood vessels in the thalamus and subcortical white matter (Fig. 1, case 4).

A similar case involving a 27-year-old veteran who had been exposed to multiple mortar
blasts and IEDs was reported by Omalu and colleagues [19]. The veteran had developed
progressive cognitive impairment, impaired memory, behavioral and mood disorders, and
alcohol abuse, and he was diagnosed with PTSD. He committed suicide approximately 8
months after his discharge. His brain at autopsy showed changes of CTE consisting of
multifocal NFTs that were most prominent at the depths of sulci in the frontal cortex.

Of interest, two of the five veterans died from spontaneous intracerebral hemorrhage several
years after exposure to explosive blast, one died secondary to rupture of a giant basilar
aneurysm, and the other died of intraventricular hemorrhage. The unusual locations of the
hemorrhages might be interpreted to suggest that vascular integrity was initially
compromised by the blast exposure and that subsequent vascular degeneration led to basilar
artery aneurysm formation in one individual and to focal vasculitis and small vessel rupture
in the other. The findings of focal dystrophic calcification and lymphocytic and
hemosiderin-laden macrophage infiltration in the walls of small thalamic vessels in one
individual support the concept of trauma-associated vasculitis and vascular degeneration
(Fig. 1, case 4).

Alzheimers Dement. Author manuscript; available in PMC 2014 December 04.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

McKee and Robinson Page 9

The changes of CTE, axonal injury, and microvasculopathy found in the postmortem brains
of blast-injured veterans are consistent with neuroimaging studies of blast-injured service
members showing white matter abnormalities and cerebral glucose hypometabolism [52—
56]. The pathological changes found after blast are also strikingly similar to the pathological
findings found in young athletes exposed to sports-related impact injuries [20]. The
histological parallels suggest that similar biomechanical mechanisms underlie concussion
and blast-related neurotrauma [20]. Experimental blast neurotrauma mouse models using
wild-type C57BL/6 mice provide additional evidence linking the two types of trauma
[20,41]. Two weeks after wild-type mice were exposed to a single blast, neuropathological
analysis demonstrated hy perphosphorylated tauopathy, myelinated axonopathy, micro-
vasculopathy, astrocytosis, and microgliosis that in several ways recapitulated human CTE
pathology. These neuropatho-logical changes were associated with hippocampal-dependent
learning and memory deficits that persisted for at least 1 month and correlated with impaired
axonal conduction, which also mirrors some of the clinical aspects of human blast mTBI
[20]. Moreover, a recent study in C57BL/6 mice demonstrated acute elevations of p-tau and
cleaved tau species after a single blast exposure; these elevations were significantly higher
than levels in similarly anesthetized, sham-treated mice and persisted for at least 30 days
after blast exposure [57].

1.2. Chronic effects of TBI

1.2.1. Alzheimer's disease, Parkinson's disease, and amyotrophic lateral
sclerosis—Moderate-to-severe TBI is associated with progressive atrophy of gray and
white matter structures that may persist months to years after injury [58,59]. In addition,
multiple studies support a link between single moderate-severe TBI and Alzheimer's disease
(AD) [60,61], Parkinson's disease (PD) [62], and amyotrophic lateral sclerosis (ALS)
[63,64]. In a meta-analysis of 15 case-control studies, males who had a single head injury
associated with LOC had a 50% increased risk of AD dementia [60]. A longitudinal study
involving World War Il Navy veterans also demonstrated increased risk for AD in late life
with increasing TBI severity [61]. Veterans with severe TBI were 4 times more likely to
have AD, whereas veterans with moderate TBI were twice as likely to have AD in late life
compared with controls [61]. No increased risk was found for veterans who had a mild TBI.
Some studies have also suggested that TBI is associated with an earlier onset of AD [65]. An
analysis of 1283 TBI survivors found that the time to onset of AD was significantly reduced
in those who sustained a TBI compared to a control population [66]. Moreover, an autopsy
study of long-term survivors of single moderate-severe TBI found significantly increased p-
tau and neuritic AR plaque pathology compared to uninjured controls suggesting that a
single TBI may accelerate the development of AD-type neurodegeneration [67]. In addition
to AD, a link has been suggested between TBI and PD. In a case-control study, data from
the Rochester Epidemiology Project were used to identify 196 subjects who developed PD
and to compare to controls matched for age and gender. The frequency of head trauma was
significantly higher in PD cases compared with controls (odds ratio [OR] 4.3). The OR for
PD was also substantially increased (11.0) in subjects who experienced mTBI with LOC or
more severe TBI [62]. Because Parkinsonian symptoms may result from neuronal loss in the
substantia nigra associated with either accumulation of a-synuclein in Lewy bodies, as
occurs in PD, or p-tau inclusions in the form of NFTs, as occurs in CTE and AD, it is
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possible that multiple pathologies contribute to the increased frequency of Parkinsonism
after TBI. Trauma has been considered as a possible trigger of ALS neurodegeneration as
well [63,64,68]. Literature points toward a trend not only between CNS trauma and the
development of ALS, but also between a smaller number of years between the last injury
and ALS diagnosis and older age at the last injury and the development of ALS [64]. In a
case-control study of 109 cases of ALS and 255 controls, Chen and colleagues [63] found
that having experienced repeated head injuries or having been injured within the 10 years
before diagnosis was associated with a more than 3-fold higher risk of ALS (OR 3.1; 95%
confidence interval [CI], 1.2-8.1; and OR 3.2; 95% CI, 1.0-10.2, respectively), with a
slightly elevated risk for the interval 11-30 years. The authors further performed a meta-
analysis of eight previous ALS studies and estimated a pooled OR of 1.7 (95% Cl, 1.3-2.2)
for at least one previous head injury.

1.2.2. Chronic traumatic encephalopathy—Repetitive mTBI is associated with CTE
[8-20]. CTE is clinically characterized by mood and behavioral disturbances, progressive
decline of memory and executive functioning, and cognitive deficits that eventually progress
to dementia over the course of several decades [14,17,69,70]. Mood and behavioral
disturbances typically include depression, apathy, impulsivity, anger, aggression, irritability,
and suicidal behavior [14,17,69]. At the present time, there are no validated clinical criteria
to aid the clinician in differentiating CTE from AD or any other neurodegeneration
associated with aging; however, in CTE, mood and behavioral symptoms often appear in an
individual's 20s, 30s, and 40s, ages far younger than the typical age at onset of
neurodegenerations such as AD. Similar to many neurodegenerative diseases, CTE can only
be diagnosed definitively at postmortem neuropathological examination [14,17,69]. The
most commonly observed gross pathologic features of CTE are generalized cerebral atrophy
with a predilection for the frontal, temporal, and medial temporal lobes; thalamic and
hypothalamic atrophy; shrinkage of the mammillary bodies; enlargement of the lateral and
third ventricles; thinning of the corpus callosum; cavum septum pellucidum often with
fenestrations; and pallor of the substantia nigra and locus coeruleus [17].

CTE is a tauopathy, and microscopically there are widespread deposits of p-tau protein as
NFTs and disordered neurites throughout the brain [14,17]. Two hallmark microscopic
features of CTE, features not found in other tauopathies, are that the p-tau pathology in CTE
is (1) perivascular and (2) irregularly distributed in clusters at the depths of cortical sulci. P-
tau is also commonly found in the subpial astrocytes at the sulcal depths, as astrocytic
tangles, and as axonal varicosities and neuropil threads in the white matter.

Studies in athletes suggest that there is a stereotyped progressive increase in p-tau pathology
in CTE that increases with time [17]. P-tau pathology begins focally as perivascular clusters
of NFTs, usually at the sulcal depths of the frontal, septal, insular, temporal, or parietal
cortices (Stage ). As the disease progresses, multiple discrete clusters of perivascular p-tau
NFTs are found in the sulcal depths as well as NFTs in the superficial layers of adjacent
cortex (Stage Il). In Stage Il CTE, the nucleus basalis of Meynert and locus coeruleus
usually show neurofibrillary degeneration, but the medial temporal lobe structures
(entorhinal cortex, amygdala, hippocampus) are generally spared. In Stage 111 CTE, NFTs
are frequent in the medial temporal lobe, and there is spreading involvement of the frontal,
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temporal, parietal, insular, and septal cortices. NFTs are usually also found in olfactory
bulbs, hypothalamus, thalamus, mammillary bodies, substantia nigra, and raphe nuclei as
well as the nucleus basalis and locus coeruleus. In Stage IV CTE, NFTs are distributed
widely throughout the brain, with increasing myelinated fiber and axonal loss in the white
matter. Axonal loss and myelin pathology is present at all stages of CTE and progresses with
CTE severity. Most CTE cases also demonstrate TDP-43 immunoreactive intraneuronal and
intraglial inclusions and neurites. Neuroinflammation is another consistent feature of CTE,
and activated microglia are found throughout the subcortical white matter accompanied by a
robust astrocytosis. b-amyloid (Ab) deposits are only found in 40-50% of CTE cases, are
significantly associated with age at death, and are not a characteristic of early CTE. In CTE,
Ab is found predominantly as diffuse plaques in low densities. a-Synuclein-positive Lewy
bodies are found in approximately 20% of CTE cases and are significantly associated with
the age of the subject at death [17].

Of the 110 cases neuropathologically diagnosed with CTE at the Boston VA TBI Brain
Bank, CTE has been diagnosed in 23 veterans (Table 1, Fig. 2). Sixteen veterans with CTE
were accomplished athletes, including nine former NFL players, one former
semiprofessional football player, three former professional boxers, one former Army rugby
player, one former Army boxer, and an amateur hockey player. Of those, three were also
diagnosed with AD, three with PD, and one with motor neuron disease. Two nonathlete
veterans who experienced a moderate to severe TBI from an assault or motor-vehicle
accident while in service (one intraparenchymal TBI with persistent, poorly controlled post-
traumatic epilepsy, one spinal cord injury) were also diagnosed with CTE (Fig. 2).

1.3. Relationship between postconcussive syndrome, chronic traumatic encephalopathy,
and posttraumatic stress disorder

It has been increasingly recognized that there is a frequent association of mTBI and PTSD in
modern warfare [2]. Of 2525 U.S. Army infantry soldiers surveyed after deployment to Iraq
for 1 year, 44% of the soldiers with mTBI and subsequent LOC met criteria for PTSD [2].
However, it is often difficult to distinguish PTSD from PCS [72], and there is considerable
overlap between PTSD and CTE, especially in the early stages. Combining our experience at
VA Boston with that of Omalu [19], 80% (4 of 5) of OIF/OEF/OND veterans exposed to
blast injury with neuropathologically verified early CTE were also diagnosed with PTSD.
PCS, CTE, and PTSD are all characterized by neuropsychiatric symptoms indicative of
frontal lobe dysfunction, including alterations in working memory, planning, multitasking,
complex decision-making, judgment, empathy, executive function, impulsivity, emotional
lability, and disinhibition, as well as changes in personality, social behavior, and sleep
[72,73]. Recently, using a model of blast overpressure injury in rats, Elder and colleagues
demonstrated that blast injury induced under anesthesia produced PTSD-related behavioral
traits, suggesting that the biological aspects of blast injury could evoke PTSD behaviors in
the absence of psychological stressors [74].

The co-occurrence of symptoms of mTBI, PCS, PTSD, and CTE; the symptom overlap
among the disorders; and accumulating evidence that the neuropathological foundations of
each may be more convergent than previously recognized have fu eled controversies
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regarding how to best to provide care for veterans and military service members. Clearly,
understanding the importance of microstructural physical brain injury to persistent
symptoms after mTBI and the role of physical injury in producing or augmenting
psychological stress is a focus of investigation that will help guide proper diagnosis, therapy,
and management for veterans.

2. Conclusion

Understanding the effects of military-related mTBI presents numerous challenges. Military
mTBI is diverse and diffi-cult to assess, and no validated, objective biomarkers of the acute
injury exist. Acute mTBI, whether from concussion or blast, is characterized by physical
changes in the brain, including multifocal axonal injury, microvascular damage,
neuroinflammation, and elevations in p-tau. Although these changes are generally
considered to be reversible and to improve or resolve with time and rest, no well-established
methods to monitor status or judge prognosis have yet been identified. Understanding
rehabilitative strategies or treatments that will facilitate more rapid and complete recovery
from acute mTBI are obviously needed; these restorative practices might well focus on
mechanisms that promote innate neuroplasticity, such as graded exercise, restorative sleep,
and nutritional support. Repetitive mTBI can sometimes provoke the development of CTE,
as has been demonstrated in veterans of the Iraq and Afghanistan conflict exposed to
explosive blast and in other veterans who were exposed to repetitive concussive injury often
in conjunction with the play of sports. The contributionof genetic, environmental, and other
exposure factors to the risk of CTE after mTBI remains to be determined. In addition, some
individuals with CTE are also diagnosed with PTSD, illustrating the symptom
commonalities between the two disorders and possibly signifying shared pathogenetic
foundations. The development of a new national PTSD brain bank, under the auspices of the
National Center for PTSD, in conjunction with continued neuropathological analysis of
mTBI, will promote better understanding of the neuropatho-logical, biochemical, and
molecular underpinnings of PTSD, mTBI, and CTE and the interrelationship among the
disorders.

Acknowledgments

The authors gratefully acknowledge the use of resources and facilities at the Boston VA Healthcare System
(Boston, MA) and Edith Nourse Rogers Memorial Veterans Hospital (Bedford, MA), as well as all of the
individuals whose participation and contributions made this work possible. This work was supported by the
Department of Veterans Affairs; VVeterans Affairs Biorepository (CSP 501); the Translational Research Center for
Traumatic Brain Injury and Stress Disorders (TRACTS) Veterans Affairs Rehabilitation Research and
Development Traumatic Brain Injury Center of Excellence (B6796-C); the National Institute of Neurological
Disorders and Stroke, National Institute of Biomedical Imaging and Bioengineering UO1NS086659-01), National
Institute of Aging Boston University Alzheimer's Disease Center [P30AG13846; supplement 0572063345-5]; the
Sports Legacy Institute; and the National Operating Committee on Standards for Athletic Equipment. This work
was also supported by unrestricted gifts from the National Football League, the Andlinger Foundation, and the
WWE.

References

1. Wojcik BE, Stein CR, Bagg K, Humphrey RJ, Orosco J. Traumatic brain injury hospitalizations of
U.S. army soldiers deployed to Afghanistan and Irag. Am J Prev Med. 2010; 38(1 suppl):S108-16.
[PubMed: 20117583]

Alzheimers Dement. Author manuscript; available in PMC 2014 December 04.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

McKee and Robinson Page 13

2. Hoge CW, McGurk D, Thomas JL, Cox AL, Engel CC, Castro CA. Mild traumatic brain injury in
U.S. Soldiers returning from Irag. N Engl J Med. 2008; 358:453-63. [PubMed: 18234750]

3. Bell RS, Vo AH, Neal CJ, Tigno J, Roberts R, Mossop C, et al. Military traumatic brain and spinal
column injury: a 5-year study of the impact blast and other military grade weaponry on the central
nervous system. J Trauma. 2009; 66(4 suppl):S104-11. [PubMed: 19359953]

4. Terrio H, Brenner LA, lvins BJ, Cho JM, Helmick K, Schwab K, et al. Traumatic brain injury
screening: Preliminary findings in a US Army Brigade Combat Team. J Head Trauma Rehabil.
2009; 24:14-23. [PubMed: 19158592]

5. Mott FW. The effects of high explosives upon the central nervous system, lecture I. Lancet. 1916;
48:331-8.

6. Mott FW. The effects of high explosives upon the central nervous system, lecture Il. Lancet. 1916;
48:441-9.

7. Shively S, Scher Al, Perl DP, Diaz-Arrastia R. Dementia resulting from traumatic brain injury:
What is the pathology? Arch Neurol. 2012; 69:1245-51. [PubMed: 22776913]

8. Martland HS. Punch drunk. JAMA. 1928; 91:1103-7.

9. Winterstein CE. Head injuries attributable to boxing. Lancet. 1937; 230:719-22.

10. Johnson J. Organic psychosyndromes due to boxing. Br J Psychiatry. 1969; 115:45-53. [PubMed:

5305282]

11. Critchley, M. Punch-drunk syndromes: The chronic traumatic encephalopathy of boxers. Vincent,
HC., editor. Maloine; 1949.

12. Critchley M. Medical aspects of boxing, particularly from a neurological standpoint. Br Med J.
1957; 1:357-62. [PubMed: 13396257]

13. Corsellis JA, Bruton CJ, Freeman-Browne D. The aftermath of boxing. Psychol Med. 1973; 3:270-
303. [PubMed: 4729191]

14. McKee AC, Cantu RC, Nowinski CJ, Hedley-Whyte ET, Gavett BE, Budson AE, et al. Chronic
traumatic encephalopathy in athletes: progressive tauopathy after repetitive head injury. J
Neuropathol Exp Neurol. 2009; 68:709-35. [PubMed: 19535999]

15. Omalu BI, DeKosky ST, Minster RL, Kamboh MI, Hamilton RL, Wecht CH. Chronic traumatic
encephalopathy in a National Football League player. Neurosurgery. 2005; 57:128-34. [PubMed:
15987548]

16. Omalu BI, DeKosky ST, Hamilton RL, Minster RL, Kamboh MI, Shakir AM, et al. Chronic
traumatic encephalopathy in a National Football League player: Part 11. Neurosurgery. 2006;
59:1086-92. discussion 92-3. [PubMed: 17143242]

17. McKee AC, Stein TD, Nowinski CJ, Stern RA, Daneshvar DH, Alvarez VE, et al. The spectrum of
disease in chronic traumatic encephalopathy. Brain. 2013; 136:43-64. [PubMed: 23208308]

18. McKee AC, Daneshvar DH, Alvarez VE, Stein TD. The neuropathology of sport. Acta
Neuropathol. 2014; 127:29-51. [PubMed: 24366527]

19. Omalu B, Hammers JL, Bailes J, Hamilton RL, Kamboh MI, Webster G, et al. Chronic traumatic
encephalopathy in an Iragi war veteran with posttraumatic stress disorder who committed suicide.
Neurosurg Focus. 2011; 31:E3. [PubMed: 22044102]

20. Goldstein LE, Fisher AM, Tagge CA, Zhang XL, Velisek L, Sullivan JA, et al. Chronic traumatic
encephalopathy in blast-exposed military veterans and a blast neurotrauma mouse model. Sci
Transl Med. 2012; 4:134ra60.

21. Concussion (mild traumatic brain injury) and the team physician: A consensus statement. Med Sci
Sports Exerc. 2006; 38:395-9. [PubMed: 16531912]

22. McCrory P, Meeuwisse WH, Aubry M, Cantu B, Dvorak J, Echemendia RJ, et al. Consensus
statement on concussion in sport: The 4th International Conference on Concussion in Sport held in
Zurich, November 2012. Br J Sports Med. 2013; 47:250-8. [PubMed: 23479479]

23. Defense and Veterans Brain Injury Center. Sports concussion vs. military concussion. http://
dvbic.dcoe.mil/about-traumatic-brain-injury/article/sports-concussion-vs-military-concussion

24. Walker KR, Tesco G. Molecular mechanisms of cognitive dysfunction following traumatic brain
injury. Front Aging Neurosci. 2013; 5:29. [PubMed: 23847533]

Alzheimers Dement. Author manuscript; available in PMC 2014 December 04.


http://dvbic.dcoe.mil/about-traumatic-brain-injury/article/sports-concussion-vs-military-concussion
http://dvbic.dcoe.mil/about-traumatic-brain-injury/article/sports-concussion-vs-military-concussion

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

McKee and Robinson

25

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Page 14

. Gysland SM, Mihalik JP, Register-Mihalik JK, Trulock SC, Shields EW, Guskiewicz KM. The
relationship between subconcussive impacts and concussion history on clinical measures of
neurologic function in collegiate football players. Ann Biomed Eng. 2012; 40:14-22. [PubMed:
21994067]

Talavage TM, Nauman EA, Breedlove EL, Yoruk U, Dye AE, Morigaki KE, et al. Functionally-
detected cognitive impairment in high school football players without clinically-diagnosed
concussion. J Neurotrauma. 2014; 31:327-38. [PubMed: 20883154]

Meaney DF, Smith DH, Shreiber DI, Bain AC, Miller RT, Ross DT, et al. Biomechanical analysis
of experimental diffuse axonal injury. J Neurotrauma. 1995; 12:689-94. [PubMed: 8683620]
Korn A, Golan H, Melamed I, Pascual-Marqui R, Friedman A. Focal cortical dysfunction and
blood-brain barrier disruption in patients with postconcussion syndrome. J Clin Neurophysiol.
2005; 22:1-9. [PubMed: 15689708]

Ilwata A, Stys PK, Wolf JA, Chen XH, Taylor AG, Meaney DF, et al. Traumatic axonal injury
induces proteolytic cleavage of the voltage-gated sodium channels modulated by tetrodotoxin and
protease inhibitors. J Neurosci. 2004; 24:4605-13. [PubMed: 15140932]

Giza CC, Hovda DA. The neurometabolic cascade of concussion. J Athl Train. 2001; 36:228-35.
[PubMed: 12937489]

Oppenheimer DR. Microscopic lesions in the brain following head injury. J Neurol Neurosurg
Psychiatry. 1968; 31:299-306. [PubMed: 4176429]

Blumbergs PC, Scott G, Manavis J, Wainwright H, Simpson DA, McLean AJ. Staining of amyloid
precursor protein to study axonal damage in mild head injury. Lancet. 1994; 344:1055-6.
[PubMed: 7523810]

Povlishock JT, Katz DI. Update of neuropathology and neurological recovery after traumatic brain
injury. J Head Trauma Rehabil. 2005; 20:76-94. [PubMed: 15668572]

Povlishock JT, Erb DE, Astruc J. Axonal response to traumatic brain injury: Reactive axonal
change, deafferentation, and neuroplasticity. J Neurotrauma. 1992; 9(suppl 1):S189-200.
[PubMed: 1588608]

Erb DE, Povlishock JT. Neuroplasticity following traumatic brain injury: A study of GABAergic
terminal loss and recovery in the cat dorsal lateral vestibular nucleus. Exp Brain Res. 1991,
83:253-67. [PubMed: 2022238]

Breedlove EL, Robinson ME, Talavage TM, Morigaki KE, Yoruk U, O'Keefe K, et al.
Biomechanical correlates of symptomatic and asymptomatic neurophysiological impairment in
high school football. J Biomechanics. 2012; 45:1265-72.

Bazarian JJ, Zhu T, Blyth B, Borrino A, Zhong J. Subject-specific changes in brain white matter on
diffusion tensor imaging after sports-related concussion. Magn Reson Imaging. 2012; 30:171-80.
[PubMed: 22079073]

Lipton ML, Kim N, Zimmerman ME, Kim M, Stewart WF, Branch CA, et al. Soccer heading is
associated with white matter microstructural and cognitive abnormalities. Radiology. 2013;
268:850-7. [PubMed: 23757503]

Koerte 1K, Kaufmann D, Hartl E, Bouix S, Pasternak O, Kubicki M, et al. A prospective study of
physician-observed concussion during a varsity university hockey season: White matter integrity
in ice hockey players. Part 3 of 4. Neurosurg Focus. 2012; 33:1-7.

Koerte IK, Ertl-Wagner B, Reiser M, Zafonte R, Shenton ME. White matter integrity in the brains
of professional soccer players without a symptomatic concussion. JAMA. 2012; 308:1859-61.
[PubMed: 23150002]

Taber KH, Hurley RA, Haswell CC, Rowland JA, Hurt SD, Lamar CD, et al. White matter
compromise in veterans exposed to primary blast forces. J Head Trauma Rehabil. 2014 [e-pub
ahead of print].

Duckworth JL, Grimes J, Ling GS. Pathophysiology of battlefield associated traumatic brain
injury. Pathophysiology. 2013; 20:23-30. [PubMed: 22703708]

Kaur C, Singh J, Lim MK, Ng BL, Yap EP, Ling EA. The response of neurons and microglia to
blast injury in the rat brain. Neuropathol Appl Neurobiol. 1995; 21:369-77. [PubMed: 8632831]
Ahlers ST, Vasserman-Stokes E, Shaughness MC, Hall AA, Shear DA, Chavko M, et al.
Assessment of the effects of acute and repeated exposure to blast overpressure in rodents: Toward

Alzheimers Dement. Author manuscript; available in PMC 2014 December 04.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

McKee and Robinson

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Page 15

a greater understanding of blast and the potential ramifications for injury in humans exposed to
blast. Front Neurol. 2012; 3:32. [PubMed: 22403572]

Bauman RA, Ling G, Tong L, Januszkiewicz A, Agoston D, Delanerolle N, et al. An introductory
characterization of a combat-casualty-care relevant swine model of closed head injury resulting
from exposure to explosive blast. J Neurotrauma. 2009; 26:841-60. [PubMed: 19215189]

Knudsen SK, Oen EO. Blast-induced neurotrauma in whales. Neurosci Res. 2003; 46:377-86.
[PubMed: 12804799]

Kocsis JD, Tessler A. Pathology of blast-related brain injury. J Rehabil Res Dev. 2009; 46:667—72.
[PubMed: 20104396]

Saljo A, Arrhen F, Bolouri H, Mayorga M, Hamberger A. Neuropathology and pressure in the pig
brain resulting from low-impulse noise exposure. J Neurotrauma. 2008; 25:1397-406. [PubMed:
19146459]

Ling G, Bandak F, Armonda R, Grant G, Ecklund J. Explosive blast neurotrauma. J Neurotrauma.
2009; 26:815-25. [PubMed: 19397423]

Armonda RA, Bell RS, Vo AH, Ling G, DeGraba TJ, Crandall B, et al. Wartime traumatic cerebral
vasospasm: Recent review of combat casualties. Neurosurgery. 2006; 59:1215-25. [PubMed:
17277684]

Alford PW, Dabiri BE, Goss JA, Hemphill MA, Brigham MD, Parker KK. Blast-induced
phenotypic switching in cerebral vaso-spasm. Proc Natl Acad Sci U S A. 2011; 108:12705-10.
[PubMed: 21765001]

LuJ, Ng KC, Ling G, Wu J, Poon DJ, Kan EM, et al. Effect of blast exposure on the brain
structure and cognition in Macaca fascicularis. J Neurotrauma. 2012; 29:1434-54. [PubMed:
21639720]

Warden DL, French LM, Shupenko L, Fargus J, Riedy G, Erickson ME, et al. Case report of a
soldier with primary blast brain injury. Neuroimage. 2009; 47(suppl 2):T152-3. [PubMed:
19457364]

Mac Donald CL, Johnson AM, Cooper D, Nelson EC, Werner NJ, Shimony JS, et al. Detection of
blast-related traumatic brain injury in U.S. military personnel. N Engl J Med. 2011; 364:2091-100.
[PubMed: 21631321]

Peskind ER, Petrie EC, Cross DJ, Pagulayan K, McCraw K, Hoff D, et al. Cerebrocerebellar
hypometabolism associated with repetitive blast exposure mild traumatic brain injury in 12 Iraq
war Veterans with persistent post-concussive symptoms. Neuroimage. 2011; 54(suppl 1):S76-82.
[PubMed: 20385245]

Petrie EC, Cross DJ, Yarnykh VL, Richards T, Martin NM, Pagulayan K, et al. Neuroimaging,
behavioral, and psychological sequelae of repetitive combined blast/impact mild traumatic brain
injury in Irag and Afghanistan war veterans. J Neurotrauma. 2014; 31:425-36. [PubMed:
24102309]

Huber BR, Meabon JS, Martin TJ, Mourad PD, Bennett R, Kraemer BC, et al. Blast exposure
causes early and persistent aberrant phospho- and cleaved-tau expression in a murine model of
mild blast-induced traumatic brain injury. J Alzheimers Dis. 2013; 37:309-23. [PubMed:
23948882]

Farkas O, Povlishock JT. Cellular and subcellular change evoked by diffuse traumatic brain injury:
A complex web of change extending far beyond focal damage. Prog Brain Res. 2007; 161:43-59.
[PubMed: 17618969]

Bramlett HM, Dietrich WD. Progressive damage after brain and spinal cord injury:
Pathomechanisms and treatment strategies. Prog Brain Res. 2007; 161:125-41. [PubMed:
17618974]

Fleminger S, Oliver DL, Lovestone S, Rabe-Hesketh S, Giora A. Head injury as a risk factor for
Alzheimer's disease: The evidence 10 years on; a partial replication. J Neurol Neurosurg
Psychiatry. 2003; 74:857-62. [PubMed: 12810767]

Plassman BL, Havlik RJ, Steffens DC, Helms MJ, Newman TN, Drosdick D, et al. Documented
head injury in early adulthood and risk of Alzheimer's disease and other dementias. Neurology.
2000; 55:1158-66. [PubMed: 11071494]

Alzheimers Dement. Author manuscript; available in PMC 2014 December 04.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

McKee and Robinson

62

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Page 16

. Bower JH, Maraganore DM, Peterson BJ, McDonnell SK, Ahlskog JE, Rocca WA. Head trauma
preceding PD: A case-control study. Neurology. 2003; 60:1610-5. [PubMed: 12771250]

Chen H, Richard M, Sandler DP, Umbach DM, Kamel F. Head injury and amyotrophic lateral
sclerosis. Am J Epidemiol. 2007; 166:810-6. [PubMed: 17641152]

Schmidt S, Kwee LC, Allen KD, Oddone EZ. Association of ALS with head injury, cigarette
smoking and APOE genotypes. J Neurol Sci. 2010; 291:22-9. [PubMed: 20129626]

Schofield PW, Logroscino G, Andrews HF, Albert S, Stern Y. An association between head
circumference and Alzheimer's disease in a population-based study of aging and dementia.
Neurology. 1997; 49:30—7. [PubMed: 9222166]

Nemetz PN, Leibson C, Naessens, Beard M, Kokmen E, Annegens, Kurland LN. Traumatic brain
injury and time to onset of Alzheimer's disease: A population based study. Am J Epidemiol. 1999;
149:32-40. [PubMed: 9883791]

Johnson VE, Stewart W, Smith DH. Widespread tau and amyloid-beta pathology many years after
a single traumatic brain injury in humans. Brain Pathol. 2012; 22:142-9. [PubMed: 21714827]
Strickland D, Smith SA, Dolliff G, Goldman L, Roelofs RI. Physical activity, trauma, and ALS: A
case-control study. Acta Neurol Scand. 1996; 94:45-50. [PubMed: 8874593]

Stern RA, Daneshvar DH, Baugh CM, Seichepine DR, Montenigro PH, Riley DO, et al. Clinical
presentation of neuropathologically-confirmed chronic traumatic encephalopathy in athletes.
Neurology. 2013; 81:1122-9. [PubMed: 23966253]

Baugh CM, Stamm JM, Riley DO, Gavett BE, Shenton ME, Lin A, et al. Chronic traumatic
encephalopathy: Neurodegeneration following repetitive concussive and subconcussive brain
trauma. Brain Imaging Behav. 2012; 6:244-54. [PubMed: 22552850]

McKee AC, Gavett BE, Stern RA, Nowinski CJ, Cantu RC, Kowall NW, et al. TDP-43
proteinopathy and motor neuron disease in chronic traumatic encephalopathy. J Neuropathol Exp
Neurol. 2010; 69:918-29. [PubMed: 20720505]

Elder GA, Mitsis EM, Ahlers ST, Cristian A. Blast-induced mild traumatic brain injury. Psychiatr
Clin North Am. 2010; 33:757-81. [PubMed: 21093677]

Vasterling JJ, Verfaellie M, Sullivan KD. Mild traumatic brain injury and posttraumatic stress
disorder in returning veterans: perspectives from cognitive neuroscience. Clin Psychol Rev. 2009;
29:674-84. [PubMed: 19744760]

Elder GA, Dorr NP, De Gasperi R, Gama Sosa MA, Shaughness MC, Maudlin-Jeronimo E, et al.
Blast exposure induces post-traumatic stress disorder-related traits in a rat model of mild traumatic
brain injury. J Neurotrauma. 2012; 29:2564—75. [PubMed: 22780833]

Alzheimers Dement. Author manuscript; available in PMC 2014 December 04.



1duosnuey Joyiny vd-HIN 1duosnuen Joyiny Vd-HIN

1duosnue Joyiny vd-HIN

McKee and Robinson

Fig. 1.
Neuropathological changes associated with blast injury. (A-C). Subcortical frontal white

matter shows loss of myelinated fibers, abnormal myelin clumps (asterisks), and astrocytosis
(arrows), case 1, luxol fast blue-hematoxylin and eosin stain, original magnification (A)
%200, (B) x400, and (C) x600. (D) Axons in the frontal white matter are severely depleted
with many irregular axonal swellings, case 1, SMI-34 immunostaining, original
magnification x400. (E) APP immunostaining shows axon retraction bulbs and other axonal
irregularities (arrow), APP immunostaining, case 1, original magnification x400. (F) Axonal
swellings, case 1, SMI-34 immunostaining, original magnification x600. (G) A single focus
of perivascular NFTs and neurites at the depth of sulcus in inferior parietal cortex consistent
with Stage I/1V CTE, case 1, AT8 immunostaining for hyperphosphorylated tau (p-tau),
original magnification x100. (H) Perivascular NFTs at the sulcal depths of frontal cortex,
case 3, AT8 immunostaining, original magnification x200. (1) Multiple areas of perivascular
NFTSs, case 2, AT8 immunostaining, original magnification x100. (J) Small blood vessels in
the thalamus show prominent perivascular lymphocytic cuffing (asterisk) whereas a
neighboring medium-sized artery shows focal degenerative calcification of the blood vessel
wall (arrow), case 4, luxol fast blue-hematoxylin and eosin stain, original magnification
x200. (K) A medium-sized vessel in the thalamus shows lymphocytic infiltration of the
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vascular wall with hemosiderin-laden macrophages (asterisk), case 4, luxol fast blue-
hematoxylin and eosin stain, original magnification x200. (L) Focus of dystrophic
calcification in the white matter (open triangles), case 4, luxol fast blue-hematoxylin and
eosin stain, original magnification x400. APP, amyloid precursor protein; NFTSs,
neurofibrillary tangles; CTE, chronic traumatic encephalopathy.
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Fig. 2.
CTE in two nonathlete veterans. (A) A 77-year-old veteran experienced a severe TBI with

LOC during an assault while in service, resulting in intraparenchymal cystic cavities with
calcification in the left inferior frontal cortex, left hippocampus, and left calcarine cortex
(open triangles). Afterward, he developed poorly controlled posttraumatic grand mal
epilepsy that resulted in multiple visits to the emergency department for mTBI. At autopsy,
he was found to have a marked tauopathy, most severe in the areas surrounding the
traumatic lesions, which was strikingly perivascular, most severe at the depths of the sulci,
and affected the white matter and subpial regions. (A) Whole-mount, AT8-immunostained,
free-floating coronal sections, original magnifications (a) X100, (b) x200, (c) x 200, and (d)
x100. (B) An 82-year-old veteran suffered a TBI and cervical spinal injury in a motor-
vehicle accident while in service. Upon discharge, he was involved in multiple assaults as a
police officer that eventually resulted in permanent disability and quadriplegia. At autopsy,
his brain showed p-tau-immunoreactive NFTs and neurites in an irregular, multifocal
distribution in the frontal and temporal cortices, with a predilection for sulcal depths and
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perivascular, periventricular, and subpial regions diagnostic of Stage I11/IV CTE. The
posterior columns in the medulla showed intense p-tau immunoreactivity (asterisk). In
addition, his cervical spinal cord from C2 and below was replaced by loose neuroglial tissue
that showed intense immunoreactivity for p-tau. (B) Whole mount, AT8-immunostained,
free-floating coronal sections: (e) irregular clusters of p-tau NFTs at depths of sulcus,
original magnification !40; (f) p-tau NFTs in the superficial frontal cortex, original
magnification x100; (g) loose neuroglial tissue at C2 level of the spinal cord, luxol fast blue-
hematoxylin and eosin stain, original magnification x200; (h) neuroglial tissue at C2 level of
the spinal cord, AT8 immunostaining, original magnification x200. CTE, chronic traumatic
encephalopathy; TBI, traumatic brain injury; LOC, loss of consciousness; p-tau,
hyperphosphorylated tau.
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Table 1
Subject demographic information
Subject Age years Raceethnicity Sex Exposureto TBI CTE stage Other pathology Cause of death PTSD
1 60-69 C Male  NFL v AD FTT
2 70-79 C Male  NFL v AD FTT
3 80-89 C Male  Amateur hockey v AD, PD FTT
4 70-79 C Male  NFL v PD Cardiac
5 70-79 C Male  NFL v FTT
6 80-89 AA Male  NFL \Y FTT
7 80-89 AA Male  NFL v Respiratory failure
8 70-79 C Male NFL v Respiratory failure
9 80-89 C Male  NFL 1 Cardiac
10 90-99 C Male  NFL v FTT
11 80-89 C Male  Semiprofessional football v FTT
12 60-69 C Male  Army rugby v PD FTT
13 70-79 C Male  Professional boxing v FTT
14 70-79 AA Male  Professional boxing v Pneumonia
15 90-99 C Male  Professional boxing v FTT
16 40-49 C Male  Army boxing 11 MND Respiratory failure
17 80-89 C Male  Assault, posttraumatic epilepsy Il Pneumonia
18 70-79 C Male MVA, assaults 11 Pneumonia
19 20-29 C Male IED blast | GSW PTSD
20 20-29 H Male IED blast, HS football | Hemorrhage PTSD
21 40-49 C Male  IED blast 1 Aneurysm
22 30-39 C Male  IED blast, HS football 1 Overdose PTSD
23 20-29 C Male  Military concussion, HS | Suicide PTSD

football

Abbreviations: AA, African American; AD, Alzheimer's disease; C, Caucasian; CTE, chronic traumatic encephalopathy; FTT, failure to thrive;
GSW, gunshot wound; H, Hispanic; HS, high school; IED, improvised explosive device; NFL, National Football League professional football; PD,

Parkinson's disease; PTSD, posttraumatic stress disorder; MND, motor neuron disease.
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