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ABSTRACT

BACKGROUND

Persistent neuropsychiatric sequelae may develop in military personnel who are
exposed to combat; such sequelae have been attributed in some cases to chronic
traumatic encephalopathy (CTE). Only limited data regarding CTE in the brains of
military service members are available.

METHODS
We performed neuropathological examinations for the presence of CTE in 225
consecutive brains from a brain bank dedicated to the study of deceased service
members. In addition, we reviewed information obtained retrospectively regarding
the decedents’ histories of blast exposure, contact sports, other types of traumatic
brain injury (TBI), and neuropsychiatric disorders.

RESULTS
Neuropathological findings of CTE were present in 10 of the 225 brains (4.4%) we
examined; half the CTE cases had only a single pathognomonic lesion. Of the 45
brains from decedents who had a history of blast exposure, 3 had CTE, as com-
pared with 7 of 180 brains from those without a history of blast exposure (relative
risk, 1.71; 95% confidence interval [CI], 0.46 to 6.37); 3 of 21 brains from dece-
dents with TBI from an injury during military service caused by the head striking
a physical object without associated blast exposure (military impact TBI) had CTE,
as compared with 7 of 204 without this exposure (relative risk, 4.16; 95% CI, 1.16 to
14.91). All brains with CTE were from decedents who had participated in contact
sports; 10 of 60 contact-sports participants had CTE, as compared with 0 of 165
who had not participated in contact sports (point estimate of relative risk not
computable; 95% CI, 6.16 to infinity). CTE was present in 8 of 44 brains from
decedents with non—sports-related TBI in civilian life, as compared with 2 of 181
brains from those without such exposure in civilian life (relative risk, 16.45; 95%
CI, 3.62 to 74.79).

CONCLUSIONS
Evidence of CTE was infrequently found in a series of brains from military person-
nel and was usually reflected by minimal neuropathologic changes. Risk ratios for
CTE were numerically higher among decedents who had contact-sports exposure
and other exposures to TBI in civilian life than among those who had blast expo-
sure or other military TBI, but the small number of CTE cases and wide confidence
intervals preclude causal conclusions. (Funded by the Department of Defense—Uni-
formed Services University Brain Tissue Repository and Neuropathology Program
and the Henry M. Jackson Foundation for the Advancement of Military Medicine.)
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INCE 2001, MORE THAN 2.7 MILLION U.S.
military personnel have been deployed
overseas, often encountering attacks with
high explosives such as improvised explosive
devices and suicide bombs.? Owing to advances
in protective equipment and military medicine,
service members commonly survive these attacks,
often without apparent physical wounds. How-
ever, survivors frequently report neuropsychi-
atric symptoms, including chronic headaches,
nausea, sleep disorders, concentration and
memory problems, mood and behavioral distur-
bances, substance abuse, and suicidality, which
are often diagnosed as postconcussive syndrome
or post-traumatic stress disorder (PTSD).>”
Chronic traumatic encephalopathy (CTE) is a
disorder with specific neuropathological charac-
teristics that are seen in autopsied brains of
decedents with histories of repetitive traumatic
brain injury (TBI), particularly impact TBI (de-
fined as injury caused by the head striking a
physical object, often from blunt force). CTE has
most often been reported after longstanding
participation in contact sports, including Ameri-
can football, combat sports (e.g., boxing and
wrestling), rugby, hockey, soccer, and even base-
ball.#'! CTE has also been identified in other
circumstances of repetitive impact TBI, includ-
ing domestic abuse, epileptic seizures, and head-
banging behavior in persons with autism.'**
However, CTE-related lesions have also been re-
ported to be associated with single, moderate-to-
severe TBI events.!>¢
Much of the persistent symptomatology among
service members who have been exposed to
combat — and specifically those with blast ex-
posure — overlaps with clinical presentations
that are attributed to CTE, including cognitive
dysfunction, behavioral changes, mood disor-
ders and disturbances, substance abuse, and
suicidality.”” There have been anecdotal reports
of pathologic features of CTE in the brains of
military veterans, and these reports have led to
the suggestion that military service, and blast
exposure specifically, is associated with CTE,
and that pathological features of CTE may under-
lie neuropsychiatric outcomes that service mem-
bers have had after exposure to combat.!®2!
Military service, including that involving blast
exposure, has also been incorporated into the
National Institute of Neurological Disorders and
Stroke diagnostic criteria for traumatic encepha-
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lopathy syndrome, which is the proposed clini-
cal diagnosis that corresponds to CTE.*

We performed neuropathological examina-
tions of a consecutive series of brains from the
collection of the Department of Defense—Uni-
formed Services University Brain Tissue Reposi-
tory (www.researchbraininjury.org), a bank dedi-
cated to the study of donated brains from
deceased service members.”? We assessed the
incidence of TBI in civilian and military life (in-
cluding blast exposure), psychiatric disease,
alcohol and substance abuse, and suicidality in
service members with or without CTE.

MATERIAL AND METHODS

BRAIN DONATION AND DECEDENT HISTORY
The Department of Defense—Uniformed Services
University Brain Tissue Repository, located in
Bethesda, Maryland, receives offers of brain do-
nations for neuropathological examination and
research from the next of kin or legal represen-
tatives of deceased military personnel. The brain
bank is not allowed to solicit brain donations
from families of the deceased but instead uses
an outreach campaign that includes brochures,
media coverage, public service announcements,
social media, and word-of-mouth recommenda-
tions from other donor families. The current
study was conducted according to a protocol
approved by the Uniformed Services University
institutional review board.

Inclusion of a brain into the brain bank, with
a few exceptions, is based simply on the donor’s
service in the military, whether the person was
on active duty or retired from the military at the
time of death, and is irrespective of the person’s
TBI history, neuropsychiatric disease, or other
factors. Decedents’ histories are gathered retro-
spectively from semistructured interviews with
family or next of kin, from other medical or le-
gal representatives, and from available medical
records, including postdeployment question-
naires, clinical records, autopsy reports, and
death certificates.

NEUROPATHOLOGICAL AND
IMMUNOHISTOCHEMICAL EXAMINATIONS

Each brain in our study was fixed in 10% buft-
ered formalin for 2 to 5 weeks and, according to
our routine neuropathological diagnostic proce-
dures, was examined for gross pathological
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findings by one or more neuropathologists. Tis-
sue samples were obtained from regions of the
brain chosen at the discretion of the neuropa-
thologist at the time of the initial assessment.
An average of 13 (range, 5 to 23) tissue block
samples were obtained from different regions
containing cerebral cortex from one or both cere-
bral hemispheres of each brain, including from
some or all these locations: the frontal, tempo-
ral, parietal, and occipital neocortex; the ento-
rhinal and parahippocampal cortex; the cingu-
late cortex; and the insular cortex.

Immunohistochemical analysis for phosphory-
lated tau, which is the essential diagnostic test
for CTE, was performed as part of the assess-
ment of each case. Staining for beta-amyloid,
amyloid precursor protein, ionized calcium-
binding adapter molecule 1 (IBA-1, for microg-
lia), and glial fibrillary acidic protein was per-
formed in each case, and staining for other
proteins, such as a-synuclein, ubiquitin, and
TDP-43, was performed, as indicated, in some
cases; these stains were not considered to be
directly informative in the assessment for CTE
and thus were not examined systematically for
this study and are not reported here. Tissue pro-
cessing and sectioning, histologic preparation,
and immunohistochemical protocols were per-
formed on all samples by means of identical
procedures. Samples were prepared with the use
of an automated tissue processor (ASP6025,
Leica Biosystems). Each tissue block was par-
affin-embedded and cut into 5-um-thick sec-
tions for staining and evaluation according to
immunohistochemical protocols, including as-
sessment for phosphorylated tau with the use
of antibody AT8 (mouse antihuman monoclonal
antibody; dilution, 1:2000; epitope retrieval time,
10 minutes) (MN1020, Thermo Fisher Scientific),
with the Leica Bond III automated immunos-
tainer with a diaminobenzidine chromogen de-
tection system (DS9800, Leica Biosystems). All
slides were digitally scanned with the use of the
Aperio AT2 whole-slide scanner (Leica Biosys-
tems) and were stored on a Biolucida (MBF Bio-
science) Web-based server. Slides were reviewed
either digitally (with the use of Aperio Image-
Scope [Leica Biosystems]) or with the use of
bright-field microscopy (or both).

Assessment for CTE neuropathologic changes
was performed by the first and last authors, who
were unaware of decedent case histories and
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interpretations from previous neuropathological
assessments, which were made before the publi-
cation of the most recent diagnostic criteria for
CTE. We assessed brains for CTE by examina-
tion of immunohistochemical staining for phos-
phorylated tau according to published consensus
criteria, requiring phosphorylated tau aggregates
in neurons, with or without glial tau in thorn-
shaped astrocytes, at the depth of a cortical
sulcus around a small blood vessel, in deeper
cortical layers not restricted to subpial and super-
ficial regions of the sulcus.** For the purpose of
this study, the presence of a single pathogno-
monic lesion was sufficient for a diagnosis of CTE.

ASSESSMENT OF TBI EXPOSURES AND CLINICAL
CHARACTERISTICS OF THE DECEDENTS

A history of TBI was classified as TBI that had
occurred during the decedent’s military or civil-
ian life. A military TBI was defined as a TBI that
had occurred during activity related to military
service and was further classified as either im-
pact TBI or blast exposure. A military impact TBI
was defined as a reported TBI from impact head
trauma during military service without associ-
ated blast exposure. The history was considered
positive for blast exposure if it included at least
one specific report of blast exposure or if blast
exposure was inferred by the nature of the per-
son’s military career, such as service in the Spe-
cial Forces or in explosive ordnance disposal.
Civilian TBI was classified either as related to
contact-sports participation or as non—sports-
related (e.g., motor vehicle accidents or assaults).
A contact-sports history was defined as partici-
pation in recognized or organized athletic ac-
tivities that have the potential for TBI resulting
from repeated impact with other participants,
playing equipment or surfaces, or both.”

STATISTICAL ANALYSIS

This study had no prespecified statistical analy-
sis plan. Demographic characteristics, psychiat-
ric diagnoses, alcohol or substance abuse (ex-
cluding tobacco), and manner of death are
presented descriptively. Relative risks were cal-
culated as the ratio of the percentage of dece-
dents with CTE who had a given type of TBI
exposure to the percentage of those with CTE
who did not have the exposure. We calculated
confidence intervals for relative risks using the
Taylor series estimate of the variance, except for
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one ratio with a denominator of zero (contact-
sports exposure), for which we calculated an ex-
act confidence interval using the IRI command
in Stata software, version 15.0 (StataCorp). The
widths of the confidence intervals have not been
adjusted for multiplicity and cannot be used to
infer causal effects.

RESULTS

CHARACTERISTICS OF DECEDENTS AND BRAIN
SAMPLES
The brains were obtained from 2013 through
2021 and were consecutive except for brains that
were excluded owing to incomplete sampling or
staining at the time of review (9 brains), non-
military status (5 brains), absence of decedent
information (1 brain), or poor specimen condi-
tion (1 brain). The neuropathological study in-
cluded brains from 217 men and 8 women, with
an average age of 48.2 years (median, 49; range,
18 to 87) for men and 47.8 years (median, 52.5;
range, 20 to 63) for women. The decedents com-
prised both retired and active-duty members of
all military branches; 20 served in the Special
Forces, most commonly as Navy SEALs (13 dece-
dents). Race or ethnic group was reported in 199
of the 225 cases; 171 decedents were White, 15
were Black, 8 were Hispanic or Latino, 3 were
Asian or Pacific Islander, 1 was Native Ameri-
can, and 1 was biracial (not otherwise specified).
Lesions diagnostic of CTE were found in 10 of
225 cases (4.4%); half the CTE cases had only
one pathognomonic lesion, 2 had four lesions,
and 1 had five lesions. Two of the brains with
CTE (from decedents who were 72 and 87 years
of age) had severe neuropathologic changes
characteristic of Alzheimer’s disease, including
widespread neurofibrillary tangles and senile
plaques throughout the cerebral cortex, that pre-
cluded accurate assessment of the number of
CTE-related lesions. The degree of neuropatho-
logic changes characteristic of Alzheimer’s dis-
ease in these two cases suggested a high likeli-
hood of cognitive impairment or dementia.**?*
Demographic and clinical characteristics of
the 10 cases of CTE are shown in Table 1. The
psychiatric diagnoses in the CTE and non-CTE
groups are shown in Table 2. The distribution
of CTE cases according to age and photomicro-
graphs of selected CTE cases are shown in Fig-
ures S1 and S2 in the Supplementary Appendix,
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available with the full text of this article at
NEJM.org.

MILITARY AND CIVILIAN TBI

A total of 60 decedents (26.7%) had a history of
participation in one or more contact sports,
most commonly American football (in 27) and
combat sports (in 15). Other sports included
rugby, hockey, soccer, lacrosse, baseball or soft-
ball, basketball, and flag football. One person
each was a skateboarder, a competitive skier, a
mountain biker, and a bull rider; all of them had
associated head injuries.

A total of 44 decedents (19.6%) had one or
more civilian non-sports-related impact TBIs
from motor vehicle accidents, falls, assaults, and
other causes. As a result of civilian non—sports-
related impact TBI, 29 decedents (including 7 of
the 10 with CTE) had had one or more episodes
of loss of consciousness or coma (in 14 dece-
dents), skull injury (in 8), concussion (in 5),
post-traumatic mental or cognitive changes or
deficits (in 4), post-traumatic seizure disorder
(in 3), or intracranial bleeding (in 1) in associa-
tion with the TBI. One decedent in the CTE
group had hereditary hemorrhagic telangiectasia
(the Osler-Weber—-Rendu syndrome); in the brain
of that decedent, the only pathognomonic CTE
lesion that was identified was adjacent to the
site of a previous resection of a vascular mal-
formation.

Of the 45 decedents with a history of blast
exposure, 3 had CTE, as compared with 7 of the
180 decedents without blast exposure (relative
risk, 1.71; 95% confidence interval [CI], 0.46 to
6.37) (Table 3). Of the 21 decedents who had a
history of military impact TBI, 3 had CTE, as
compared with 7 of the 204 decedents without
military impact TBI (relative risk, 4.16; 95% CI,
1.16 to 14.91). Among the 44 brains from dece-
dents who had a history of civilian non—sports-
related TBI, 8 had CTE, as compared with 2 of
181 brains from decedents without a history of
civilian non-sports-related TBI (relative risk,
16.45; 95% CI, 3.62 to 74.79). In all 10 cases of
CTE, the decedents had a history of playing con-
tact sports. Of the 60 decedents who had a his-
tory that included contact sports, 10 had CTE, as
compared with none of the 165 decedents who
did not have a history of playing contact sports
(point estimate of relative risk not computable;
95% CI, 6.16 to infinity). In the CTE group, the

NEJM.ORG JUNE 9, 2022

The New England Journal of Medicine is produced by NEJM Group, a division of the Massachusetts Medical Society.
Downloaded from nejm.org on August 6, 2026.



"9SBISIP S JWIBYZ|Y JO di3suaideIRyd 93ueypd d130joyredoinau punoidydeq 319A9s 03 3uimo payisuenb aq 10U pINOd SUOISI| PalE|3J-I 1D "BlUSWSP papnpul Aiolsiy 3yl |
"9sB3SIP S JaWIaYZ|y Jo dnsuadeIeyd a3ueyd di18ojoyredoinau punoidyoeq a1anas
01 3uimo paiynuenb aqg jou pinNod suolsa| paje|a.-3 1D "aulPap aAINUZ0d aAlssaiZoad yum (yreap a10jaq sieak ¢1 pasoudelp) eluaWap papn|oul osfe A1o1siy ay| juawwtedwi aaiudod
p|iW puE JSPIOSIP 24NZI3S dljewWNe.}-3sod Jo uawdojansp ayy pue ‘skep QT 404 paise| 1y} eisauwie apesSosajue Aresodway ‘sinoy g1 104 PaISe| 1B} BLUOD U}IM PJEIDOSSE SEM YAIN dYL b
'saun(ul peay ajdinjnw yim pareidosse sem 3uiys *(3uipas|q |eiueideiiul pue Ainful peay paso|d) Ainful uieiq d11eWNEI] 919A3S YIIM PaleIDOSSE SEM YAIN 3yl §
‘sadueyd |ejuaw Jnesse-1sod dIU0IYD YIIM PaleIDOSSe Sem Jnesse ay I
"UOIIBLLIOJ[BLU JB|NDSEA SNOIASId B JO 31IS UOIID3SaJ Yy} 0] Juadelpe Ajuo pajou
SEM UOIS3| Pa1e|a-] 1D Y "UOI1D3sal SNoIAaId puB UOITBLUIOJ B JB|NDSEA UlRIG YIM ‘(SLUOIPUAS Npuay—Iaqap—I3|SO auy1) eiseldal3ue|al dideyrioway Aejipaiay papnppul K1oisiy ay] 1
"JOpIOSIp SSaUS
ljewnel}-3sod gS1d pue ‘papodal 10U YN ‘PasSISSE 10U YN JUIPIOE JJDIYIA J0JOW YAIA ‘SSIUSNOIISUOD JO SSO| SAI0USP DO *SISGLUSLU IDIAISS S[BLU JO SUIBIG PIAJOAUI SISED ||V

2173

CTE IN THE BRAINS OF MILITARY PERSONNEL

(an3es)| Aseyjiw
y3nouyy jooyds y3iy

(11 wN [einieN Joiunl) ||eqio04 UBdLBWY AN AN AN AN AN (4N) AneN Krg ot
NodPOU|
(1) ¥N [eaneN Jo Kioisiy yum Buixog VAN AN AN AN AN (IN) AneN 2Kz e
Japiosip [e
(81) 1 apping Buipsaum ‘Buinys aaRadwWoD VAN SOA SOA asnqe |oyodly -uoIsnap ‘aSid  (MN) @04y uK6S f8
||egaseq
o1 [eaneN ‘||eqIseq ‘||Bqi00) UBdLIDWY 4N AN 4N asnqe [oyod|y asld (¥N) saunep YA L
Ainfur peay paje asnqe
D1 [einieN -120SSE Y)M ‘Bulpieogaieys DO oYM YAN IN AN adueisqnsA|jod AN (4N) AneN hyg 9
uois
(6) § apnIng ||eq100} uBd LAY D01 Yum jnessy UN 4N asnge joyodly  -saidap ‘gsSlid (¥N) Awy K 45
SME [BIMEW
‘(euaue ‘983)j0d ‘|ooyds juapIode 3ulAIpAys
(€D s appIng y31y) |[eqiooy uedLBWY VAN DOT YIM Jjnessy SIA SIA asnqe |oyod|y 4N (1v3s) AreN Koy 4
f1a1xue ‘uols
(s1) ¥ apiIng Buixoq ‘Buipsaim DO Y¥M U0 ‘SYAIN OM| SOA SOA 4N -saidap ‘asid  (1v3s) AaeN WKy 3
(61) 1 [eanieN 192205 DOT Yim YA 4N N AN AN (4N) AreN Ky Lz
SHe [elew ‘(suols
-snouod a|dijnw ‘jooyds
(2081 [eanieN y31y) ||eqi00y UEdLBWY DO YHM VAN 4N AN asnqe [oyodly  uoissaudaQ (4N) sauuepy HK1e 1
(sapiis
0211402 Jo
‘ou) ‘ou
pedw| parejoy pedw)|
-spods—uop UeljIAlD
Elle) Yieag suods Aanlu] ureag snewne ) asnqy Japiosiq (se2104 |e1D2dS) 28y ‘oN
01 pajejay Jo Jsuuepy e adueisqns suje1ydAsd youeig Krenpiy ase)
suoisa 10 |joyod|y

" (3.1D) Ayredojeydadugz oirewnes) suoayd yum syusapadaqg A1ey|iy ui saansodx3 pue sonsiiaieleyd [ediul]d T 3|qeL

NEJM.ORG JUNE 9, 2022

N ENGL J MED 386;23

The New England Journal of Medicine is produced by NEJM Group, a division of the Massachusetts Medical Society.

Downloaded from nejm.org on August 6, 2026.



The NEW ENGLAND JOURNAL of MEDICINE

Table 2. Clinical Features in CTE and Non-CTE Groups.*
CTE Non-CTE Total

Variable (N=10) (N=215) (N=225)
Age at death —yr 54.8+16.0 47.9+13.9
Psychiatric disorder — no. (%) 6 (60) 82 (38) 88 (39)

PTSD — no. (%) 5 (50) 47 (22) 52 (23)
Alcohol or substance abuse 6 (60) 91 (42) 97 (43)

— no. (%)

Suicide — no. /total no. (%) 4/10 (40)  45/206 (22) 49/216 (23)

* Plus—minus values are means +SD. CTE was identified in 10 of 225 brains
that underwent autopsy (4.4%; 95% confidence interval, 2.2 to 8.0).
7 Data on cause and manner of death were available in 206 of 215 non-CTE cases.

2174

most common contact sports were American
football (in 5 cases, including 3 in combination
with other contact sports) and combat sports (in
5 cases, including 3 in combination with other
contact sports).

PSYCHIATRIC DISORDERS, ALCOHOL

AND SUBSTANCE ABUSE, AND SUICIDALITY

A total of 88 decedents (39.1%) had a reported
history of at least one psychiatric disorder, most
commonly PTSD (in 52 decedents), depression
(in 44), or anxiety (in 25) (Table 2). Of the dece-
dents with CTE, 6 (60%) had received at least
one diagnosis of a psychiatric disorder, as com-
pared with 82 (38%) of the decedents without
CTE; PTSD was the most common diagnosis in
both groups. A total of 6 decedents with CTE
(60%) had a reported history of alcohol or sub-
stance abuse (or both), as compared with 91 of
those without CTE (42%).

Data regarding a definitive cause and manner
of death were available in 216 cases. Most deaths
(124) were from natural causes. There were 49
suicides (22.7%), and 40 deaths (18.5%) were
categorized as accidental (including 12 deaths
due to drug overdose). The average age at death
was 55.4 years in cases of death from natural
causes, 37.8 years in the cases of suicide, and
38.5 years in the cases of accidental death. The
remaining deaths were by homicide (1 death) or
occurred in manners that remained undeter-
mined (2 deaths) after investigation by medical
examiners. Suicide was the manner of death in
4 of the CTE cases (40%) and in 45 of the 206
non-CTE cases (22%) in which there was a con-
firmed cause and manner of death.

N ENGL ) MED 386;23

DISCUSSION

In our assessment for the presence of CTE in the
brains of 225 deceased active-duty and retired
military personnel, there was a broad age range
among the decedents and various exposures to
head injuries sustained in military and civilian
settings. We found CTE in 4.4% of the brains,
half of which had only one CTE-related lesion,
and it is unclear whether those minimal histo-
pathological findings were of clinical signifi-
cance. Two CTE cases involved the brains of
elderly decedents that also had severe neuro-
pathologic changes consistent with Alzheimer’s
disease, which made interpretation of the extent
of CTE pathologic changes and clinical features
difficult.

The small number of CTE cases makes the
study underpowered to conclude that blast expo-
sure was or was not associated with CTE. How-
ever, all decedents who had military-related blast
or impact exposures and had CTE also had par-
ticipated in contact sports that had the potential
for head injuries, and in addition often had a
history of non-sports-related civilian TBI. The
estimates of the relative risk of these two types
of civilian exposures with respect to CTE have
wide confidence intervals and are unadjusted for
multiple comparisons, so no causal conclusions
can be drawn; however, the relative risks were
numerically higher with civilian exposures than
with military exposures.

Few community-based studies have been per-
formed to assess CTE, and most have used
brains from banks that focus on aging or neuro-
degenerative disease, with average ages at death
of over 70 years.”*% In those studies in which
a history of contact-sports participation was
available, findings of CTE were uncommon in
decedents with no history of contact-sports par-
ticipation. One study reported CTE in 21 of 66
(31.8%) deceased elderly former contact-sports
athletes and in none of 198 age-matched con-
trols without contact-sports history.” In that
study, 35 of the 66 former athletes had served in
the military, and there was no significant differ-
ence in CTE frequency in the brains of military
athletes as compared with nonmilitary athletes.
In a convenience sample of 202 brains of former
American football players from a brain bank
focused on contact sports, CTE was found in
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Table 3. CTE and Exposure to Traumatic Brain Injury (TBI) among the 225 Military Decedents.*

%

Total Decedents
with Exposure

Exposure Variable (N=225)
no. (%)
Military blast 45 (20.0)
Military impact TBI 21 (9.3)
History of contact sports 60 (26.7)
Civilian non—sports-related 44 (19.6)

impact TBI

Relative Risk
Cases of CTE (95% ClI)
With TBI Without TBI
Exposure Exposure

no. /total no. (%)
3/45 (6.7) 7/180 (3.9)
321 (14.3) 7/204 (3.4)
10/60 (16.7)  0/165

1.71 (0.46 t0 6.37)
4.16 (1.16 to 14.91)

Not computable
(6.16 to infinity)

8/44 (18.2) 2/181 (1.1) 16.45 (3.62 to 74.79)

* Confidence intervals for risk ratios were calculated with the use of the Taylor series estimate of the variance, except for
one ratio (history of contact sports) with a numerator of zero, for which a confidence interval was calculated using the
IRl command in STATA statistical software, version 15.0 (StataCorp). The widths of the confidence intervals have not
been adjusted for multiplicity and cannot be used to infer effects.

87% of the brains.*® This included 21% of brains
from decedents who only played high school
football, 91% from those who played football
through college, and 99% of those who played
in the National Football League. Although there
may be unique circumstances in the military that
confer a predisposition to repetitive or severe
impact TBI that could lead to CTE, we found
only 10 cases of CTE lesions in 225 brains of
military personnel. The difference in CTE fre-
quency among football players as compared with
the military series reported here may provide
information regarding the extent of the problem
that CTE represents in the two populations. We
did not have data to explore the duration or
number of trauma exposures, which makes a
comparison of our results with other series of
CTE difficult.

High rates of psychiatric disorders, alcohol
and substance abuse, and suicide have been
found among active-duty and retired military
personnel, and these complex problems were
represented in our series in proportions that are
similar to those in the general military popula-
tion.’® Because of the small number of cases of
CTE in our series, our study was underpowered
to explore relationships between CTE and these
factors. Moreover, we also could not establish
the temporal relationship between these factors
and CTE. For example, we cannot confirm or
refute whether psychiatric disease developed
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before or after CTE. Nevertheless, pathologic
features of CTE were not found in most of the
cases of suicide, alcohol or substance abuse, or
psychiatric disease in our series.

This study has limitations. First, gathering ac-
curate TBI history represents a challenge. Some
aspects of TBI history in our study, including
blast exposure, other military TBI, and both
sports and non-sports-related civilian TBI, were
obtained retrospectively from next of kin as a
primary means of information in many cases
and were dependent on the knowledge and recall
of those sources. Obtaining accurate military
TBI history is also limited by the fact that blast
exposure and impact TBI often occur simultane-
ously from blast winds propelling objects and
debris or from the person being thrown by a
blast onto a stationary object.>® Furthermore,
certain training exercises are associated with
repeated, subconcussive blast exposures (e.g.,
firing shoulder-mounted rocket ordnances and
participating in breaching exercises).?* We at-
tempted to identify blast exposure in our series
by using a combination of brains from decedents
with positive reported history along with those
who we inferred had had blast exposure from
the nature of the their military activity (e.g.,
Special Forces operators and explosive ordnance
disposal personnel, who have a high incidence
of these exposures). These limitations are poten-
tial sources of measurement error.
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Our series represents a convenience sample of
brains donated by families. There may be acqui-
sition bias that favors TBI history and decedents
with psychiatric or behavioral symptoms that
may not be representative of the general military
community. The brains in this study were also
not sampled in a completely uniform way; how-
ever, they were sampled extensively, with an aver-
age of 13 cortical samples per case, a process
consistent with the protocols in other similar
CTE studies.>?? Consensus guidance for CTE
diagnosis recommends sampling five sites con-
taining — or often containing — cerebral cor-
tex,?* which we exceeded. Several donated brains
were not analyzed owing to poor preservation or
other impediments.

Among 225 brains of deceased military per-
sonnel donated to a military brain bank, we
found 10 cases of CTE, half of which were char-
acterized by minimal neuropathologic changes.
All the decedents with CTE had a history of
participation in contact sports, with or without

additional civilian impact TBI unrelated to
sports. The small number of CTE cases and the
wide confidence intervals for relative risk pre-
vent definitive conclusions with regard to asso-
ciations or causality of blast exposure and CTE.
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