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Abstract
Chronic traumatic encephalopathy (CTE) is a progressive neuro-

degenerative disorder linked to repetitive head impacts and has been

associated with amyotrophic lateral sclerosis (ALS), a fatal, degen-

erative neuromuscular disorder. The Department of Veterans Affairs

Biorepository Brain Bank (VABBB) is a tissue repository that col-

lects antemortem disease progression data and postmortem central

nervous system tissue from veterans with ALS. We set out to deter-

mine the frequency of co-morbid ALS and CTE in the VABBB co-

hort and to characterize the clinical, genetic, and pathological

distinctions between participants with ALS only and those with both

ALS and CTE (ALSþCTE). Of 155 participants, 9 (5.8%) had

neuropathologically confirmed ALSþCTE. Participants with

ALSþCTE were more likely to have a history of traumatic brain in-

jury (p < 0.001), served during the first Persian Gulf War (p <
0.05), and to have more severe tau pathology within the frontal cor-

tex and spinal cord (p < 0.05). The most common exposures to head

impacts included contact sports (n ¼ 5) and military service (n ¼ 2).

Clinically, participants with ALSþCTE were more likely to have

bulbar onset ALS (p ¼ 0.006), behavioral changes (p ¼ 0.002), and/

or mood changes (p < 0.001). Overall, compared with ALS in isola-

tion, comorbid ALSþCTE is associated with a history of TBI and

has a distinct clinical and pathological presentation.

Key Words: Amyotrophic lateral sclerosis, Chronic traumatic en-

cephalopathy, Military veterans, Motor neuron degeneration, Motor

neuron disease, Traumatic brain injury.

INTRODUCTION
Chronic traumatic encephalopathy (CTE) is a progres-

sive neurodegenerative disease associated with repetitive head
impacts (RHI) and exposure to blast injury. Repetitive head
impacts, including concussion and subconcussion, may result
from a number of sources including participation in contact
sports, military-related activities, and motor vehicle accidents
(1–4). The clinical presentation of CTE is typically insidious
and often occurs years after the traumatic exposure (1, 2, 4–6).
The clinical syndrome of CTE continues to be refined but
includes behavioral, mood, and cognitive dysfunction as well
as occasional motor symptoms that are typically extrapyrami-
dal (1, 2). Symptoms may include headache, depression, and
difficulty with concentration, attention, and memory.

Pathologically, CTE is characterized by accumulation of
hyperphosphorylated tau (ptau) that is aggregated in neurons,
astrocytes, and cell processes around small vessels and in the
depths of the cerebral sulci (7). The stage of CTE (I to IV) is
based on the extent and severity of ptau pathology (8). Briefly,
stage I CTE is characterized by isolated perivascular foci of
ptau present at the sulcal depths. In stage II, multiple perivascu-
lar lesions are present, the ptau pathology extends to involve the
superficial cortical layers of the gyral crest. In stage III, there is
increased cortical ptau pathology as well as medial temporal
lobe ptau pathology, e.g. hippocampus, amygdala, entorhinal
cortex. By stage IV, there is widespread cortical involvement as
well as abnormal ptau accumulation within the diencephalon,
brainstem, and cerebellum. Transactive response DNA-binding
protein of 43 kDa (TDP-43) pathology is also frequent in CTE,
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including TDP-43-immunoreactive neuronal cytoplasmic inclu-
sions and dot-like structures (6, 7). Thus far, CTE can only be
definitely diagnosed postmortem, and the prevalence and inci-
dence of the disorder remain unknown (2, 5–9).

Amyotrophic lateral sclerosis (ALS) is a progressive, fa-
tal neurodegenerative disorder involving motor neuron dys-
function. Onset may include upper or lower motor neuron
symptoms, which are typically progressive with eventual in-
volvement of upper and lower motor neurons. Cognition is
also affected in a majority of cases at some point in the disease
course (10). Incidence estimates for ALS range from about 2
to 3 per 100 000 people per year; ALS is more common in
males and military veterans (11, 12). ALS onset is most often
sporadic, with approximately 10% of cases considered famil-
ial. There is a known genetic component for approximately
5%–10% of sporadic cases and 60% of familial cases (12, 13).
As a result, environmental factors are believed to play an im-
portant role in the development of ALS (12).

One such environmental risk factor may be traumatic
brain injury (TBI). Chen et al found that individuals were 11
times more likely to develop ALS if they reported multiple
head injuries within the last 10 years prior to diagnosis (14),
although other studies have not found a modifying effect of
head injury on ALS (15). US military veterans have an in-
creased frequency of ALS, and the veteran population has
higher head injury prevalence than the comparable civilian
population (16–18). Moreover, in a veteran cohort, those with
head injury, especially head injuries within 15 years prior to
diagnosis, were found to be significantly more likely to have
developed ALS (16).

We set out to determine the frequency of occurrence of
co-morbid CTE within an ALS brain bank and to examine the
demographic, functional, and pathological distinctions be-
tween participants with ALS only and those with ALSþCTE.
We hypothesized that veterans with both ALSþCTE would be
more likely to have had a TBI or to have served for longer
periods in the military than veterans with ALS only. We fur-
ther tested the hypotheses that participants with ALSþCTE
would be more likely to present with behavioral, mood, and
cognitive disorders and to have more ptau pathology in their
frontal cortex and spinal cord.

MATERIALS AND METHODS

Participants
The Department of Veterans Affairs Biorepository Brain

Bank (VABBB) is a longitudinal research project and tissue re-
pository that collects extensive functional, disease progression,
and neuropathological data from enrolled veterans across the
United States (18). The VABBB follows veterans with ALS or
related motor neuron disorders during life and then collects,
processes, and stores CNS tissue after death (19). Since its in-
ception in 2006, the VABBB has enrolled a total of 287 veter-
ans with ALS. Some veterans (16 with ALS and 1 with
ALSþCTE) were enrolled postmortem by family members.
Veterans who elect to enroll in the study consent to the collec-
tion of health and functional data as well as to the donation of
their whole brain, spinal cord, and cerebrospinal fluid at the

time of their death. Procedures were in accordance with ethical
standards required by the VA Boston Healthcare System Insti-
tutional Review Board and VA Office of Research and Devel-
opment. Of the 287 total participants enrolled, 156 were
deceased with a complete neuropathological evaluation with
cortical and spinal cord tau immunostaining for the current
analyses. One participant did not meet criteria for neuropatho-
logical diagnosis of ALS and was excluded, resulting in a total
of 155 deceased participants selected for the study.

Clinical Assessment
Longitudinal clinical data was collected via telephone

interview of the participant (or proxy in cases where the par-
ticipant was unable to speak), questionnaires completed via
the mail, and medical record review by study staff using the
VA’s Compensation and Pension Record Interchange medical
record system (18). Demographic information collected in-
cluded gender, race and ethnicity, occupation, and military
service information including branch, number of years served,
deployment history, and combat history. Information collected
that was relevant to ALS included the clinical diagnosis as de-
termined by a neurologist, site and age of onset, family history
of ALS, and other neurological diagnoses.

TBI was defined as any single event leading to neuro-
logical symptoms, ranging from mild to severe events, and in-
cluding situations that resulted in loss of consciousness or
hospitalization. RHI were defined as an extended period of en-
gagement in an activity associated with head impacts, includ-
ing contact sports play and bull riding. Cognitive impairment
was determined based on a clinical history of dementia, short-
or long-term memory dysfunction, and recurrent episodes of
confusion or a lack of situational awareness, as reported by
families or in the medical record. A behavioral disorder was
considered present when there was documented history of an-
ger, mania, irritability, aggression, violent actions, inappropri-
ate behavior, emotional lability, or decreased capacity for self-
direction that was noted by the family or the medical record to
be a departure from previous normal behavior. Mood disorders
were determined based on a documented clinical diagnosis of
depression or anxiety. Pseudobulbar affect was considered a
separate neurological diagnosis and was not included as a be-
havioral or mood disorder.

Motor Function Assessment
Motor function status was assessed throughout the time

of participation in the study. Beginning at enrollment, and
continuing semi-annually, veterans participated in a telephone
interview with a VABBB researcher during which they dis-
cussed changes in functionality, reviewed their medication
list, and completed the ALS Functional Rating Scale-revised
(ALSFRS-R). The ALSFRS-R is a widely used and validated
measure to evaluate functional status in ALS (20). The admin-
istration of the ALSFRS-R by trained non-clinicians has been
demonstrated to have exemplary inter-rater, intra-rater, and
telephone-administered reliability (21). This scale consists of
12 questions divided into 4 sub-categories, which consist of 3
questions each. These sub-scales evaluate gross motor func-
tion, fine motor function, respiratory function, and bulbar
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function. The maximum total score of the ALSFRS-R is a 48,
and the maximum score on each sub-scale is 12 (22, 23).

Longitudinal data from the ALSFRS-R were used to
evaluate functional status, both at individual points in time,
such as at enrollment or at death, as well as to evaluate pro-
gression of functional status over time. For this cohort,
ALSFRS-R scores at death data were available for participants
with ALS only (n ¼ 128), and those with ALSþCTE (n ¼ 8).
ALSFRS-R scores were not available for participants who
were enrolled postmortem. Thus, 18 participants with ALS
only and one participant with ALSþCTE did not have
ALSFRS-R data available. To determine ALSFRS-R change
scores (DFS) over time, a score of 48 (maximum score, indica-
tive of healthy functioning) was assigned at the time of symp-
tom onset, and a DFS score was calculated as follows: DFS ¼
(48 – ALSFRS-R at baseline)/(disease duration), with baseline
referring to the baseline assessment completed shortly after
enrollment (24, 25). This score, the DFS score, has been used
to indicate functional progression and disease duration in other
ALS cohorts (25).

Neuropathological Examination
Neuropathological processing followed previously

established procedures (18) and included a comprehensive
analysis designed to screen for all known neurodegenerative
pathologies. Neuropathologists were blinded to clinical fea-
tures of the participants. Neuropathological diagnoses were
based on well-defined criteria. Briefly, ALS was defined as
the degeneration of upper and lower motor neurons, degenera-
tion of lateral and ventral corticospinal tracts of the spinal
cord, and loss of anterior horn cells from cervical, thoracic and
lumbar spinal cord with gliosis (19, 26). For a subset of cases,
the TDP-43 stage was determined using the criteria of
Brettschneider et al (27). Tau pathology in the dorsolateral
frontal cortex and spinal cord was scored on a semiquantita-
tive scale from 0 to 3. CTE was diagnosed using the recent
consensus criteria that include ptau accumulation within neu-
rons, astrocytes, and cell processes in an irregular and patchy
distribution that is perivascular and concentrated within the
depths of sulci (7). The criteria for Alzheimer disease were
based on the presence of amyloid-ß neuritic plaques and ptau
neurofibrillary tangles according to the most recent NIA Alz-
heimer Association’s guidelines (28, 29), including Thal phase
for amyloid (30), Braak and Braak staging of neurofibrillary
tangles (31, 32), and the overall density of neuritic plaques
based on CERAD criteria (33). The diagnosis of Lewy body
disease was based on the presence and distribution of a-synu-
clein-positive Lewy bodies and was considered brainstem-
predominant, limbic or transitional Lewy body disease, and
neocortical or diffuse Lewy body disease as defined by
McKeith criteria (34) and Braak staging (35, 36). Neuropatho-
logical diagnosis of frontotemporal lobar degeneration
(FTLD) was based on predominant involvement of the frontal
and temporal lobes and characteristic immunohistochemistry
for ptau, TDP-43, and p-TDP-43 using established criteria
(37–39).

Genetic Analysis
Genotyping was done using an updated version of the

NeuroX Illumina genotyping array, NeuroChip. NeuroChip
tests for 179 467 genetic variants associated with various neu-
rological diseases, as well as testing a separate set of 306 670
variants (40). In addition, samples were also run using Illumi-
na’s OmniExpress chip, which conducts an assay on 730 525
single nucleotide polymorphisms. Analyses were performed at
the National Institute on Aging in Bethesda, Maryland.

Statistical Analysis
All statistical analyses were performed using IBM SPSS

Statistics for Windows, version 20 (IBM Corp., Armonk, NY).
Non-parametric independent samples Mann-Whitney U tests
were performed for all categorical data in which ranking dis-
tributions or means were compared between groups. Fisher ex-
act tests of variance were performed for group comparisons on
categorical data counts. Pearson chi-squared tests of variance
with Bonferroni corrections were conducted for multiple
group comparisons on categorical data counts. An alpha level
of 0.05 was used for all statistical tests.

RESULTS

Cohort Summary
One hundred fifty-five participants with a clinical diag-

nosis of motor neuron disease and a comprehensive neuro-
pathological workup were included in this cohort. The mean
age at death was 70.3 years, and the median was 71.8 years.
ALS disease duration ranged from 6 to 504 months with a
mean duration of 126 months and median of 96 months. The
cohort was predominantly male (99%). One hundred thirty-
eight participants were White (89%), 4 were Black or African
American (3%), 1 was Asian (<1%), and 10 did not provide
information (8%). With regards to ethnicity, 139 (89%) of par-
ticipants were not Hispanic or Latino, 2 (1%) were Hispanic or
Latino, and 14 (10%) did not provide information. Veterans
previously served in the following branches of the US Armed
Forces: Army 71 (46%), Navy 38 (24%), Air Force 31 (19%),
Marines 8 (6%), Coast Guard 2 (1%), Army and Air Force 1
(<1%), and information was unavailable for 4 (3%). Mean
time in active military service, based on available information
for 149 participants, was 6.1 years. Twenty-six (17%) had a
family history of neurological disease, and of this group 13
(8%) had a family history specific for ALS.

Of the 155 participants, 152 had available clinical medi-
cal records. All 3 of the cases missing clinical medical records
were participants with ALS only. Sixteen (11%) had a record
of at least 1 TBI, 12 (8%) had a record of exposure to a form of
RHI (e.g. participation in contact sports), and 7 (5%) had a his-
tory of both TBI and RHI. Overall, there were a total of 21 par-
ticipants with a history of either TBI or RHI: 9 (43%) had a
pathological diagnosis of CTE (CTE-1-9) and 12 (57%) did
not (ALS-1-12, Table 1). Of the 16 participants with a history
of TBI, 8 (50%) received a co-morbid CTE diagnosis at au-
topsy. For the 152 participants with clinical records, 40 (26%)
had noted mood changes or a mood disorder diagnosis, 12
(8%) had behavioral changes, and 12 (8%) had cognitive
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impairment. In the entire cohort, 153 (99%) had neuropatho-
logically confirmed ALS and 2 (1%) had motor neuron disease
with prominent lower motor degeneration consistent with pri-
mary muscular atrophy. Onset site of motor neuron dysfunc-
tion varied. Of the 153 participants with a neuropathologically
confirmed ALS diagnosis, 65 (42%) of participants had lower
extremity onset, 41 (27%) participants had upper extremity on-
set, 21 (14%) of participants had bulbar onset, and one (<1%)
participant had respiratory onset. Onset site was unknown for
the remaining 25 (16%) of participants. Age at onset of ALS
symptoms was known for 140 participants, and the mean age
at onset was 59.6 years.

Neuropathological Assessment of CTE
Of the 155 participants with pathologically confirmed

ALS or related MND, 9 participants (5.8%) were neuropatho-
logically diagnosed with CTE. The pathologic features of par-
ticipants with a history of TBI or repetitive head impacts with
co-morbid ALS and CTE or with ALS alone are summarized
in Table 1. The brains of all participants were examined mac-
roscopically for changes of CTE, including cerebral atrophy,
ventricular dilation, and atrophy of the thalamus, hypothala-
mus, and mammillary bodies. Septal abnormalities could not
be optimally assessed due to the midline cut necessary to pro-
cess half the cerebrum for freezing and half for fixation. In
one participant with CTE, CTE-1, there was a dusky discolor-
ation of the leptomeninges over the left dorsolateral frontal
cortex including the motor strip suggestive of a remote sub-
arachnoid hemorrhage. CTE-4 had a cavitary lesion (4 cm)
within the right gyrus rectus consistent with his history of se-
vere TBI. Five participants with CTE showed mild to moder-
ate atrophy of the frontal lobes (CTE-2, CTE-3, CTE-4, CTE-
5, and CTE-8). Temporal atrophy was found in 2 (CTE-5 and
CTE-8), mammillary body atrophy in one (CTE-3); thinning
of the posterior aspect of the corpus callosum in 5 (CTE-3,
CTE-4, CTE-5, CTE-6, CTE-8, and CTE-9), and mild hippo-
campal atrophy in 2 (CTE-5 and CTE-8).

The regions most frequently involved by CTE ptau pa-
thology were the middle frontal gyrus (8/9), superior temporal
gyrus (9/9), inferior parietal lobule (7/9), and hippocampus (7/
9). Each participant was assigned a stage corresponding to the
CTE stages proposed by McKee et al (8). One participant was
stage I, 4 participants were stage II, 3 participants were stage
III, and one participant was stage IV. Figure 1 shows the pa-
thology of participants CTE-5 and CTE-8. CTE-5 had both
TDP-43 and tau pathology within the spinal cord and middle
frontal cortex. Abundant neurofibrillary tangles and ptau-
positive processes were present around blood vessels and at
the sulcal depths most severely in the frontal cortex (Fig. 1F).
Additional examples of ptau pathology present within neurons
and processes in a CTE pattern at the sulcal depths and around
blood vessels are shown for participant CTE-8 (Fig. 1G–I).
All participants with ALSþCTE had tau-positive NFTs and
4/9 had tau-positive glial tangles. Beta-amyloid plaques were
present in 5 participants (CTE-4, CTE-5, CTE-6, CTE-7, and
CTE-8). TDP-43 inclusions were present in 7 participants and
involved the frontal cortex in 3 participants (CTE-1, CTE-7,
and CTE-5). CTE-5 had TDP-43 intra-neuronal cytoplasmic

inclusions within the dentate gyrus of the hippocampus as well
as the frontal and temporal cortex and met criteria for
FTLD-TDP.

History of Head Impacts
All 9 participants with ALSþCTE were male, and all

had a history of some form of head impact: 8 had a history of
at least 1 moderate to severe TBI, and 6 had confirmed history
of RHI from contact or alternative sports or military-related
activities. In 2 participants, head impact exposure was associ-
ated with military service. Eight donors were White, and one
was Asian. CTE-1 was an Army veteran of the Persian Gulf
War era who played football, basketball, and baseball for 4
years each, intermural sports during college, and who suffered
one TBI that resulted in a loss of consciousness; CTE-2 was
an Army veteran of the Vietnam era who participated in bull
riding and suffered 3 TBI’s as a result of falling out of a heli-
copter, a serious motor vehicle accident, and a grenade blast;
CTE-3 was a Navy veteran of the Persian Gulf War era that re-
portedly suffered mild head impacts due to repetitive landings
on air craft carriers, which he performed throughout his 25
years of service. CTE-4 was an Air Force veteran of the Ko-
rean era who denied history of repetitive head injury, but suf-
fered a TBI from a fall that resulted in a fractured skull; CTE-
5 was an Army veteran of the Korean era who played football,
basketball, participated in boxing, and suffered one TBI that
resulted in a loss of consciousness; CTE-6 was a Merchant
Marine veteran of World War II who played football for
8 years, and suffered 2 sports-related concussions; CTE-7 was
a Navy veteran of the post-Vietnam era for whom a history of
RHI was unknown, but who suffered a TBI due to a fall,
resulting in hospitalization and 8 stiches; CTE-8 was an Air
Force veteran of the post-Vietnam era who played football,
baseball, and basketball for 4 years, was a mountain biker, and
suffered a TBI due to a motorcycle accident that led to subse-
quent behavioral changes; finally, CTE-9 was a Marine vet-
eran of the Persian Gulf War era for whom a history of contact
sports play was unknown, but who had a history of falls sec-
ondary to his ALS, one of which resulted in hospitalization for
a concussion.

Demographic, Clinical, and Genetic
Characteristics

Demographic, clinical, and genetic data are compared
for participants with ALSþCTE and ALS participants without
CTE in Table 2. Participants with ALSþCTE had a slightly
younger, but non-significant, age at death (63.3 years) than
ALS alone (70.7 years; p ¼ 0.128). As expected, a history of
TBI was significantly more prevalent among participants with
ALSþCTE than among those with ALS alone (8/9 ALSþCTE
[89%] vs 8/146 ALS [5%], p < 0.001). Clinically, participants
with ALSþCTE were more likely to present with bulbar-onset
ALS symptoms compared to ALS alone (56% vs 14% p ¼
0.006). In addition, participants with ALSþCTE were signifi-
cantly more likely to have mood disorders (78% vs 23%, p ¼
0.001) as well as behavioral disorders (44% vs 5%, p¼ 0.002).
There was no significant difference between the frequencies
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of cognitive impairment. Mean age at onset was younger in
participants with co-morbid CTE by about 7 years, although
this did not reach significance (52.9 years vs 59.9 years, p ¼
0.096). Mean disease duration was not significantly different
between groups. There were also no apparent differences be-
tween groups in the progression of ALS symptoms: the
ALSFRS-R score at death (12.9 vs 12.8, p ¼ 0.989) and the
DFS (�0.5 vs �0.6, p ¼ 0.689) were not significantly differ-
ent between the groups.

There were no significant differences between groups in
the presence of a family history of ALS. One of the 9 partici-
pants with ALSþCTE (CTE-4) had a family history of ALS,
but genetic testing on this subject did not reveal any known
ALS mutations. Ninety-eight participants were tested post-
mortem for genetic mutations known to be associated with
neurological disease. No mutations were found in any of the 5
tested participants with ALSþCTE. Nine participants in the
ALS only group tested positive for a known genetic mutation,
and 3 of these participants had a C9orf72 mutation. Between

the 2 groups, differences in the number of mutations were not
significant for C9orf72 mutations (0% vs 3%, p ¼ 0.36), or for
all tested mutations (0% vs 10%, p¼ 1.00), although this com-
parison is likely underpowered.

Military history was different between groups. There
were no significant differences in total number of years of ser-
vice or in military branch between participants with ALS and
ALSþCTE. However, the service era distribution was signifi-
cantly different between groups (v2 ¼ 17.7, p ¼ 0.013) such
that participants with ALSþCTE were less likely to serve in
Vietnam (p < 0.05) and more likely to have served in the first
Persian Gulf War (p< 0.05, Table 3).

Pathological Findings in Participants With CTE
Pathological findings were compared for participants

with ALSþCTE and participants with ALS without CTE in
Table 4. There were no significant differences in brain weight
or severity of upper motor neuron or lower motor neuron

FIGURE 1. Neuropathological features of ALS with chronic traumatic encephalopathy in CTE-5 (A–F) and CTE-8 (G–I). (A–C)
There is marked degeneration of the spinal cord. (A) Luxol H&E shows degeneration of the lateral corticospinal tracts (*, �20
magnification) and loss of anterior horn cells (box and inset, �200 magnification). (B) An immunostain for phosphorylated TDP-
43 (pTDP-43) shows rare cytoplasmic inclusions within the remaining anterior horn cells (�200 and inset, �400 magnification).
(C) Immunostaining (AT8) shows scattered ptau-positive neurofibrillary tangles and threads within the anterior horn (�400
magnification). (D–F) The cortex shows the changes of chronic traumatic encephalopathy. (E) There are pTDP-43-positive
neurites and cytoplasmic inclusions that are predominant within the sulcal depths (�200 magnification) and occasional skein-like
inclusions within neurons (inset, �400 magnification). (F, G) Ptau pathology is present focally at the sulcal depths of the frontal
cortex with perivascular neurofibrillary tangles and threads in CTE-5 (F) and CTE-8 (G) ([S], sulcus; arrows highlight the foci of
ptau pathology; �40 magnification). (H, I) Perivascular ptau neurofibrillary tangles and processes in CTE-8 ([V], blood vessel;
arrowheads highlight neurofibrillary tangles; �200 magnification).
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degeneration. Both the frequency of tau pathology and its se-
verity were increased within the middle frontal cortex (p ¼
0.002 and p < 0.001 respectively) in participants with
ALSþCTE compared to participants with ALS alone. Further-
more, within ALSþCTE participants there was a trend toward
increased frequency of tau pathology at all levels of the spinal
cord, and the severity of tau pathology was significantly in-
creased with higher median semiquantitative tau pathology
scores within cervical (p ¼ 0.024), thoracic (p ¼ 0.014), and
lumbar (p ¼ 0.007) regions. There was no significant differ-
ence in the frequency of TDP-43 inclusions between groups
(78% vs 71%, p ¼ 1.000). However, there was a significantly
increased TDP-43 stage using the criteria of Brettschneider et
al in participants with ALSþCTE (27). There was a non-
significant increased frequency of co-morbid frontotemporal
lobar degeneration in participants with ALSþCTE vs partici-
pants with only ALS (11% vs 3%, p ¼ 0.306). There were no
significant differences between groups in the frequency of co-
morbid Lewy body disease, median Braak NFT stage, median
CERAD score, or median Thal phase.

DISCUSSION
In this cohort of 155 veterans with pathologically con-

firmed ALS or related MND, 9 participants (5.8%) had a co-
morbid diagnosis of CTE. Participants co-morbid for CTE
were significantly more likely to have a history of TBI, to
have bulbar onset ALS, and to have had behavioral and mood
changes, including depression and anxiety disorders. Partici-
pants with ALSþCTE also had significantly more ptau pathol-
ogy in the frontal cortex and at all levels of the spinal cord.

TBI from a variety of sources were associated with the
development of CTE in this cohort. Of participants with a pos-
itive history of TBI, 50% were found to have co-morbid CTE.
A history of head impact was present in all participants with
ALSþCTE and consisted of a single or multiple mild to severe
TBI, RHI, or both. The frequency of TBI was significantly
higher among participants with ALSþCTE than among partic-
ipants with ALS only. Within participants with ALSþCTE,
RHI exposure was due to contact sports exposure (e.g. tackle
football) in 4 (44%), military service (frequent aircraft carrier
landings) in one (11%), and both (bull riding and grenade blast
exposure) in one (11%). Most of these exposures have been
previously related to the development of CTE, including bull
riding, which was recently reported in association with CTE
(41). In addition, individuals with ALS are at higher risks for
falls compared to the general population and therefore may
have an increased risk for developing CTE (42).

A total of 98 participants were assessed for major ge-
netic variations associated with ALS, such as SOD1, FUS, and
C9orf72. Of the 9 participants who tested positive for an ALS-
linked mutation, none were co-morbid for CTE, and only
CTE-4 had a family history of ALS. Although the sample size
is limited, the lack of known ALS-associated genetic variation

TABLE 2. Demographic, Clinical, and Genetic Findings

ALS (n ¼ 146) ALS þ CTE

(n ¼ 9)

p Value

Demographics

Age at death (yrs) 70.7 6 9.9 63.3 6 15.5 0.128‡

Gender, n male (%) 143 (98%) 9 (100%) 0.835§

History of TBI, n (%) 8 (5%) 8 (89%) <0.001§

RHI Exposure, n (%)* – 6 (67%) –

Family history of

ALS, þ/� (%)

12/133 (8.3%) 1/9 (11%) 0.558§

Clinical characteristics

Age at onset, years 59.9 6 12.1 52.9 6 15.0 0.096‡

Disease duration, months 126.9 6 99.2 119.2 6 83.7 0.912‡

Bulbar onset, þ/� (%) 17/108 (14%) 5/4 (56%) 0.006§

ALSFRS-R at death 12.8 6 7.8 12.9 6 12 0.989‡

Progression rate (DFS)† �0.6 6 0.8 �0.5 6 0.5 0.689‡

Cognitive impairment,

þ/� (%)

11/135 (8%) 1/8 (11%) 0.525§

Behavioral disorder,

þ/� (%)

8/138 (5%) 4/5 (44%) 0.002§

Mood disorder, þ/� (%) 33/113 (23%) 7/2 (78%) 0.001§

Genetic mutations

Number tested 93 (63%) 5 (56%)

Known mutations** 9 (10%) 0 (0%) 1.00§

C9orf72 3 (3%) 0 (0%) 0.306§

Data are displayed as mean 6 SD, percentage of cohort (%), or median (25th, 75th
range) as appropriate.

ALS, amyotrophic lateral sclerosis; CTE, chronic traumatic encephalopathy; TBI,
traumatic brain injury; RHI, repetitive head impacts; ALSFRS-R, ALS Functional Rat-
ing Scale-revised; C9orf72, chromosome 9 open reading frame 72; age at onset and dis-
ease duration available in 131 ALS participants; bulbar onset information available in
125 ALS participants.

*RHI data was not available for the majority of ALS-only cases.
†

Progression rate (DFS) calculated as DFS ¼ (ALSFRS at baseline – 48)/(disease
duration).

‡

Mann-Whitney U test.
§Fisher exact test.
**Known mutations included C9orF, FUS, NEK1, SOD1, TARDPB, PFN1, SETX,

DCTN1, and OPTN.

TABLE 3. Military Service History

(n ¼ 141) ALS þ CTE

(n ¼ 9)

p Value

Service duration, years 6 SD 6.15 6 6.84 7.28 6 8.86 0.639*

Branch, n (%) 0.732†

Army 28 (20%) 3 (33%)

Air Force 68 (48%) 3 (33%)

Navy 35 (25%) 3 (33%)

Marines 8 (6%) 0 (0%)

Coast Guard 2 (1%) 0 (0%)

Service era, n (%) 0.013†

WWII 10 (7%) 0 (0%)

Post-WWII 2 (1%) 0 (0%)

Korean 18 (13%) 2 (22%)

Post-Korean 17 (13%) 0 (0%)

Vietnam 63 (46%) 1 (11%) <0.05‡

Post-Vietnam 11 (8%) 2 (22%)

Persian Gulf War 1 11 (8%) 4 (44%) <0.05‡

Multiple eras 4 (3%) 0 (0%)

WWII, World War II.
*Mann-Whitney U test.
†

v2 test for proportions.
‡

Post-hoc z-test with Bonferroni correction for multiple comparisons; service era
data available for 136 participants with ALS.
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in ALSþCTE supports the idea that RHI may be an environ-
mental cause of ALS as well as CTE. The study of additional
ALS subjects with CTE or a history of exposure to RHI will
help determine whether there is an interaction between trauma
and known ALS genetic risk factors.

Participants with co-morbid ALSþCTE were signifi-
cantly more likely to have bulbar onset ALS. Age of onset was
lower in participants with CTE, though this difference did not
reach statistical significance. This is similar to a previous re-
port of increased frequency of bulbar onset ALS and a younger
age of onset in a group of soccer players (43). Although bulbar
onset ALS has been associated with faster disease progression
(44), DFS rates were not significantly different between partic-
ipants with ALSþCTE and ALS only although this analysis is
likely underpowered due to the small number of participants
with CTE.

CTE is often associated with mood and behavioral dys-
function (6). In this study, participants with ALSþCTE had
significantly more reported behavioral changes and mood dis-
orders compared to participants with ALS alone. Participants
with ALS have been shown to have an elevated frequency of
minor to major depressive symptoms of approximately 27%

(42), which is similar to the frequency of mood disorders
amongst the VABBB ALS participants (26%). In contrast, in
participants with ALSþCTE, the frequency of mood disorders
was much higher (78%). There were no significant differences
in the frequency of cognitive impairment between groups.
However, the prevalence of cognitive impairment, as well as
mood and behavioral dysfunction, may be underreported as
detection of these changes can be masked by communication
difficulties caused by progressive ALS symptomology.

Pathologically, there was significantly increased ptau
pathology in the frontal cortex and all levels of the spinal cord
in participants within ALSþCTE compared to ALS alone.
The frontal cortex ptau pathology of CTE may underlie the in-
creased frequency of behavioral and mood disorders in partici-
pants with ALSþCTE. A recent study demonstrated
phosphorylation of tau at Thr175 and Thr231 in individuals with
CTE and ALSþCTE, but not in participants with sporadic
ALS without CTE (45). It remains to be determined whether
the increased ptau pathology in the spinal cord reflects trau-
matic injury primarily to the brain or spinal region, or both.
Although there were no significant differences between the
degree of degeneration in the upper or lower motor neuron

TABLE 4. Neuropathological Findings

ALS (n ¼ 146) ALS þ CTE (n ¼ 9) p Value

Brain weight (g), n tested 1307 6 135, 141 1355 6 198, 9 0.386*

Corticospinal tract degeneration, median (25th, 75th range) 2, (1, 3) 3 (1, 3) 0.362*

LMN degeneration, median (25th, 75th range)

Cervical 3 (2, 3) 3 (2, 4) 0.419*

Thoracic 3 (2, 3) 3 (2, 3) 0.745*

Lumbar 3 (2, 3) 3 (3, 3) 0.276*

TDP-43 inclusions, þ/� (%) 101/42 (71%) 7/2 (78%) 1.000*

TDP-43 stage, median (25th, 75th range) 0 (0, 1) 1 (0, 3) 0.006*

Lewy body disease, þ/� (%) 21/125 (14%) 1/8 (11%) 1.000*

Frontotemporal lobar degeneration, þ/� (%) 5/141 (3%) 1/8 (11%) 0.306*

Braak NFT stage, median (25th, 75th range) 2 (1, 3) 2.5 (2, 3) 0.171*

CERAD score, median (25th, 75th range) 0.5 (0, 1) 0.5 (0, 1) 0.788*

Thal phase, median (25th, 75th range) 2 (1, 2) 1 (1, 1) 0.310*

Tau pathology

Middle frontal

Frequency, þ/� (%) 12/113 (10%) 8/1 (89%) <0.001†

Severity, median (25th, 75th range) 0 (0, 0) 1 (0, 2) <0.001*

Cervical

Frequency, þ/� (%) 51/49 (51%) 6/1 (86%) 0.080†

Severity, median (25th, 75th range) 0 (0, 1) 1 (1, 2) 0.024*

Thoracic

Frequency, þ/� (%) 34/56 (38%) 5/2 (71%) 0.090†

Severity, median (25th, 75th range) 0 (0, 1) 1 (0, 2) 0.014*

Lumbar

Frequency, þ/� (%) 25/69 (27%) 4/3 (57%) 0.102†

Severity, median (25th, 75th range) 0 (0, 0) 1 (0, 2) 0.007*

Data are displayed as mean 6 SD, percentage of cohort tested, or median (25th, 75th range) as appropriate. Corticospinal tract degeneration, LMN degeneration, and tau pathol-
ogy severity are based on semiquantitative scores that range from 0 to 3.

ALS, amyotrophic lateral sclerosis; CTE, chronic traumatic encephalopathy; TDP-43, transactive response DNA binding protein 43; LMN, lower motor neuron; NFT, neurofi-
brillary tangle; CERAD, Consortium to Establish a Registry for Alzheimer’s Disease.

*Mann-Whitney U test.
†

Fisher exact test.

Walt et al J Neuropathol Exp Neurol • Volume 77, Number 12, December 2018

1098



pathways in ALSþCTE compared to ALS alone, assessment
at death when the disease is advanced may preclude detection
of changes earlier in the disease course. There were also no
significant differences in the frequencies of comorbid neuro-
degenerations, including FTLD, LBD, and AD pathological
changes.

The presence of comorbid ALSþCTE in an ALS cohort
parallel similar findings of CTE in neurodegenerative cohorts,
e.g. 6% in an multiple system atrophy (MSA) cohort as
reported by Koga et al (46), 6% in an American football CTE
group (47) and 11.9%–32% in a group of various diseases
reported by Ling et al (48). The prevalence of CTE found in
an MSA cohort is similar to the prevalence found in this study
(5.8%), and both populations are at a high risk of falls after the
onset of neurological disease. In addition, veterans are at risk
for CTE from exposure to multiple sources of trauma, includ-
ing combat-related activities, blast exposures, training exer-
cises, recreational activities, as well as motor vehicle
accidents, falls, and contact sports participation. Moreover,
individuals with a history of repetitive head impacts and CTE
may be at risk for multiple neurodegenerations including b-
amyloid deposition (49) and Lewy body disease (50).

LIMITATIONS
There are several limitations inherent to our study popu-

lation and methodology. Veterans were initially enrolled via
outreach to the Durham VA ALS Registry and subsequently
through passive methods such as online articles, use of a web-
site, and unsolicited referrals from clinics aware of the project,
all of which may introduce bias. Methods for determination of
TBI and RHI exposure were based on retrospective review,
which may also introduce bias. Future studies utilizing pro-
spective, longitudinal clinical data are necessary to confirm
and expand associations among RHI, CTE, and ALS. Veterans
are at increased risk for ALS development (51) and their expo-
sure to combat, combat training, and contact sports may pre-
dispose them to head injuries to a greater degree than the
general population, limiting the generalizability of the study.
Although this is the largest screen of participants with ALS for
CTE to date, the relatively small number of participants with
ALSþCTE limits the power of many of the analyses.

CONCLUSIONS
We examined a cohort of 155 veteran ALS brain donors

for co-morbid CTE and found it in 5.8% of participants. There
were also distinct clinical and pathological differences be-
tween participants with ALSþCTE and ALS alone. Veterans
with ALSþCTE had significantly higher frequencies of TBI
exposure, bulbar onset ALS, mood and behavioral disorders,
and increased ptau pathology in the frontal cortex and spinal
cord. Future studies of non-veterans will help resolve whether
these differences in clinical presentation and pathology are
also found in contact sports participants with CTEþALS.
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