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Abstract

The neuropathology associated with cognitive decline in mili-
tary personnel exposed to traumatic brain injury (TBI) and chronic
stress is incompletely understood. Few studies have examined clin-
icopathologic correlations between phosphorylated-tau neurofi-
brillary tangles, f-amyloid neuritic plaques, neuroinflammation, or
white matter (WM) lesions, and neuropsychiatric disorders in vet-
erans. We describe clinicopathologic findings in 4 military veter-
ans with early-onset dementia (EOD) who had varying histories of
blunt- and blast-TBI, cognitive decline, behavioral abnormalities,
post-traumatic stress disorder, suicidal ideation, and suicide. We
found that pathologic lesions in these military-EOD cases could
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not be categorized as classic Alzheimer’s disease (AD), chronic
traumatic encephalopathy, traumatic axonal injury, or other well-
characterized clinicopathologic entities. Rather, we observed a
mixture of polypathology with unusual patterns compared with pa-
thologies found in AD or other dementias. Also, ultrahigh resolu-
tion ex vivo MRI in 2 of these 4 brains revealed unusual patterns of
periventricular WM injury. These findings suggest that military-
EOD cases are associated with atypical combinations of brain
lesions and distribution rarely seen in nonmilitary populations. Fu-
ture prospective studies that acquire neuropsychiatric data before
and after deployments, as well as genetic and environmental expo-
sure data, are needed to further elucidate clinicopathologic correla-
tions in military-EOD.
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INTRODUCTION

Military personnel who develop early-onset dementia
(EOD), or early cognitive decline associated with behavioral
changes, may present with atypical neurologic and psychiatric
phenotypes due to combat exposures to blunt- and blast-
traumatic brain injury (TBI) in the context of chronic psycho-
logic stress. Moreover, chronic physical and psychologic
stress during intensive military training might represent poten-
tial risk factors for early or accelerated cognitive decline or be-
havioral abnormalities. Civilian populations may similarly be
at a higher risk for EOD or accelerated cognitive/behavioral
decline if exposed to comparable levels of chronic psycho-
logic stress and TBI.

A key question in neuropathologic studies of EOD in war
veterans with a history of TBI and battlefield stress is whether
there are specific molecular changes and histopathologic pat-
terns that are distinct from those observed in other cognitive and
behavioral disorders such as Alzheimer’s disease (AD), fronto-
temporal dementia (FTD), dementia with Lewy bodies, and
chronic traumatic encephalopathy (CTE). Moreover, it remains
to be determined whether the pathophysiologic processes under-
lying EOD in military personnel exposed to combat-TBI and
chronic stress are implicated in the pathogenesis of psychiatric
manifestations such as post-traumatic stress disorder (PTSD),
personality changes, and suicidal ideation (1-3).

Here, we describe clinical, cognitive, behavioral, neuro-
imaging, genetic, and neuropathologic data in 4 military veter-
ans with EOD. The goal of this preliminary investigation was
to perform a cliniconeuropathologic characterization of the
distribution of brain pathologies across 15 regions of the cere-
bral hemispheres and brainstem in these military-EOD cases.
We used a comprehensive panel of antibodies to identify
different types of brain pathologies, including typical neurode-
generative lesions (e.g. hyperphosphorylated-tau tangles
[pTau], B-amyloid neuritic plaques [BA-NP], a-synuclein [o-
syn]-positive  Lewy bodies), astrogliosis, microglial
activation, white matter (WM) abnormalities, and vascular
lesions. We also performed ex vivo ultrahigh resolution MRI
for 2 of the cases to complement the histopathologic analysis.
We demonstrate that military-EOD cases can result in uncom-
mon combinations and distributions of brain lesions, which
are associated with unusual neuropsychiatric features com-
pared with nonmilitary age-matched subjects. These neuro-
psychiatric features include early-onset cognitive decline and
non-AD dementias that may be associated with combat-
PTSD, severe behavioral changes, suicidal ideation, and sui-
cide, as documented in the 4 military-EOD cases described
here.

Clinical History
We present the clinical histories of a series of 4 military-
EOD subjects whose brains were consecutively received as

donations for our military brain tissue repository (BTR)
(https://www.researchbraininjury.org).

Case 1

The main clinical, cognitive, and neuropathologic fea-
tures of this subject have been previously described (4). How-
ever, in the present study, we extend the neuropathologic
analyses of this brain by including new aspects not previously
described. Briefly, the patient was a retired military officer
with no family history of neuropsychiatric diseases. He had a
mild TBI with brief loss of consciousness (LOC) during com-
bat training in his second decade of life. At age 46, he experi-
enced a second TBI due to a motor vehicle accident with LOC
of unknown duration. A head computed tomography (CT)
scan was negative for intracranial abnormalities. He was hos-
pitalized for 12days and had post-traumatic amnesia for
18 days.

One month postinjury, he continued to experience cog-
nitive impairment and a brain MRI showed a focus of in-
creased signal intensity in the left periventricular WM. Over
the next 18 months, he made a near-complete cognitive recov-
ery except for persistent dysnomia, irritability, and diminished
short-term memory. Twenty-one months after injury, he per-
formed average on a comprehensive neuropsychologic exami-
nation, but mild deficits in graphomotor skills and working
memory persisted. At age 51, he retired from the military and
worked in the private sector until the age 59, when he began to
complain of fatigue and memory difficulties. He experienced
depression, irritability, agitation, fatigability, deficits of mem-
ory, visuospatial, calculations, executive functions, and had
recurrent episodes of hyperventilation with confusion not as-
sociated with epileptiform activity. At age 63, he recalled 0/3
items at 5 minutes and scored 20/30 on the Mini-Mental State
Examination (MMSE). At age 67, his MMSE decreased to 11/
30. A brain MRI at age 67 showed global volume loss and
multifocal hyperintense signals in the subcortical and periven-
tricular WM with no change from prior scans. His agitation in-
creased and included public outbursts of violence requiring
intervention. He was moved to a secure nursing facility for his
safety and care. He died at age 72 with a diagnosis of severe
dementia (not otherwise specified), 25 years after his last TBI,
and 12years after his cognitive decline was clinically
assessed. During his progressive neurocognitive decline, he
was variably diagnosed with “TBI-related FTD”, probable
AD, or “cortical dementia”.

Case 2

The subject joined the Marines Corps at age 17 and
deployed to Vietnam in 1968, where he reported a blunt-TBI
without LOC. This event was described by the family as a ma-
jor head trauma. His medical history was also notable for
chronic heavy smoking and alcohol abuse (40 years), pulmo-
nary emphysema, and hypertension. He had no family history
of major neurologic or psychiatric diseases.

At age 59, he suffered a fall causing right scapula and
rib fractures (TBI or LOC was not reported). At age 60, the
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subject carried a diagnosis of depression without psychosis by
Veterans Affairs (VA) psychiatrists. At age 65, he suffered
multiple episodes of “ministrokes” (neuroimaging not avail-
able) and stopped smoking. Family members reported that he
frequently had nightmares, especially during the last 2-3 years
of his life, as well as memory difficulties. When questioned by
family members about his nightmares, the patient preferred to
avoid talking about them. No sleep disorders (e.g. sleepwalk-
ing or REM sleep behavioral disorder) were reported in this
subject or in his family. Cognitive decline and behavioral dis-
orders were assessed multiple times at his local VA medical
center. The subject never received a diagnosis of possible or
probable AD (5) and he was diagnosed as having early cogni-
tive decline associated with possible PTSD, psychiatric abnor-
malities, and alcoholism.

A week before committing suicide (age 66), he awak-
ened his mother at 3 am to tell her that “he killed a kid in Viet-
nam but that he was ordered and he didn’t want to, and that he
could not sleep since this episode was bothering him”. The
day he committed suicide, he informed his family that “he was
told by the VA that he killed 22 people when he was in Viet-
nam but that they were wrong and he did not do it and that for
that reason he was going to kill himself”. After this call, he
attempted suicide by hanging himself and, when found, he
was transported to the local emergency department for resusci-
tation. A CT scan of the head was performed and was notable
for the absence of acute lesions or edema and preservation of
grey-WM differentiation. Mild generalized volume loss was
observed along with chronic lacunar infarcts and subcortical
hypodensities consistent with chronic microangiopathic
changes. After a series of resuscitation procedures for more
than 30 minutes, the patient continued to decline and he was
declared dead 4hours after his arrival at the emergency
department.

Case 3

The subject joined the British Army at age 18 and
deployed in Northern Ireland (1980), Sierra Leone (1991), and
Bosnia (1993). He experienced at least 3 life-threatening
attacks with explosives. In 1980, he reported having been ex-
posed to blasts with resulting shrapnel wounds to his legs. Ad-
ditional TBIs occurred during the Balkans conflict in 1993
when his armored vehicle was damaged by a roadside bomb.
No LOC or post-traumatic amnesia were reported. During
conflicts he was exposed to the corpses of murdered women
and children, witnessed the death of his interpreter killed next
to him, civilian rape in orphanages, and tortures. No family
history of major neurologic or psychiatric diseases were
reported.

At age 52, his wife reported that he was having signifi-
cant memory difficulties. At age 57, he experienced further
cognitive decline with “patchy” memory and problems with
time orientation, speech, reading, writing, attention, spatial
awareness, and anger outbursts. At age 59, he experienced dis-
sociative episodes “acting as if he was in another environment
and situation, and states of high emotional arousal, agitation,
aggression and distress”. The same year, he was diagnosed
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with PTSD by a psychiatrist. He was then referred to the local
mental health services where he was diagnosed with probable
mixed Alzheimer/vascular dementia. Neuropsychologic test-
ing confirmed severe impairment of memory, word finding,
frontal lobe functioning, visuospatial, and object perception.

At age 60, a military psychiatrist reported: “The subject
was able to describe incidents in Bosnia and Sierra Leone. He
struggles with the incident of the rape of children in Bosnia
which caused him much guilt and shame. He tends to ruminate
over these experiences and was distressed talking about them.
The ruminations that he re-experiences seem to have been re-
leased by his cognitive decline. Problems with his memory—
for example he couldn’t remember his service number—or
much of his military career. It is unclear whether he had true
intrusive thoughts or how the traumatic memories were mani-
fest in his current cognitive situation”. A brain MRI showed
WM changes, enlarged lateral ventricles, reduced hippocam-
pal volumes, and marked bilateral cortical atrophy with loss of
volume in the parietal and occipital lobes.

At age 61, he was admitted to a psychiatric hospital
(UK), with a diagnosis of “anxiety and depressive disorder,
cognitive impairment, possible diagnosis of postconcussional
syndrome and atypical PTSD”. After discharge from the hos-
pital he became very irritable, going to a neighbor’s house and
saying that his wife was drug-dealing in the house. He used to
grab and push his wife down into a chair, have his hands
around her throat, then stop and run away. He often went to a
neighbor’s house who brought him back, but upon returning
home, he would again attack his wife and try to strangle and
hit her. During another of these episodes, he suddenly ripped
the computer from the cables and stamped on it saying “I
know what I'm doing”. After these episodes, he received a di-
agnosis of “pseudodementia”, as referred by a dementia spe-
cialist who concluded that he most likely had AD with PTSD.

At age 62, he and his wife went to Greece where the sub-
ject disappeared for 24 hours. He was found by the Greek mili-
tary many miles from where he was last seen, having traveled
on foot overnight through very rough terrain and when found,
he was confused. After 2 months, he went missing again from
home and was found 8 hours later, wet and confused, saying
that he was expecting to be put in a truck to go back to camp.
At age 64, he was admitted under a medical hold following an-
other attempt to strangle his wife, and there were a number of
incidents reported in which he pushed care workers trying to
help him. After a few months, the subject was admitted to a
general hospital with a high temperature and stomach cramps
where he was diagnosed with a perforated bowel. Reparative
surgery was performed but the subject died postoperatively.

Case 4

The subject, a Vietnam War veteran, died at age 63 with
a diagnosis of probable FTD (6), which had been diagnosed at
age 50. The diagnosis of probable FTD was based on episodes
of spatial disorientation and socially inappropriate behaviors.
After returning from the war, family members reported that he
acted “weird” and he was not “like before”. His medical
history was characterized by a motor vehicle accident at age
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37 for which he was hospitalized for 1 week and discharged
with a diagnosis of moderate TBI with LOC (during the post-
mortem interview with his family members, his son, and
daughter suspected that this motor vehicle accident could have
been his first episode of attempted suicide). At age 38, the sub-
ject retired from active duty service and ran a private business
until age 51. At age 38, there was a suicide attempt, which was
witnessed by his daughter. After this last suicide attempt, the
family recognized that the subject abused alcohol on a daily
basis. Around age 40, the patient started to suffer episodes of
memory loss. The cognitive impairment was progressive and
he was moved to an assisted living center at age 55. From age
58 until his death he became progressively aphasic but still ca-
pable of self-feeding until the age of 61.

No family history of dementia or other major neurologic
or psychiatric conditions, blast exposure, single or repetitive
TBI episodes, or contact sports practices were reported in his
medical records. An interview with his daughter and son con-
firmed that the subject was experiencing spatial disorientation
for at least 16 years before death. Both daughter and son con-
firmed the absence of other family members affected by any
genetic, neurologic, or psychiatric disorders.

MATERIALS AND METHODS

Whole formalin-fixed brains from these 4 male military
veterans who had sustained nonblast or blast-TBI in early-mid
adulthood were consecutively received as part of our brain do-
nation program and stored in our brain bank (http://www.
researchbraininjury.org) for neuropathologic assessment and
research studies. All 4 veterans were clinically diagnosed with
early cognitive decline and psychiatric disorders between their
fifth and sixth decade of life. All subjects had a history of mili-
tary life plus at least 2 of the following: Impact-TBI or blast-
TBI, life-threatening war experiences, exposure to highly
stressful military settings including training and deployments
in war zones. Subjects occupied different levels of the military
hierarchy. Table 1 summarizes the relevant demographic, neu-
rologic, psychiatric, APOE genotype, and TBI history for each
case.

For each brain, the decedents’ next-of-kin or legal repre-
sentative provided an institutional IRB-approved written con-
sent to donate the specimen for diagnostic and research
purposes. Three brains (Cases 1-3) are part of the BTR and
Neuropathology Core, CNRM (https://www.usuhs.edu/cnrm),
Uniformed Services University (USU), Bethesda, Maryland.
Case 4 is part of the Chronic Effects of Neurotrauma Consor-
tium (CENC) (https://www.cencstudy.org) brain collection
stored at BTR on behalf of the Department of Pathology, F.
Edward Hébert School of Medicine, Bethesda, Maryland. The
external macroscopic appearances and a limited set of clinical
data of these 4 military-EOD brains are shown in Figure 1.

Ex Vivo MRI Acquisition and Processing

For 2 of 4 cases studied (Cases 1 and 3), we performed
ex vivo ultrahigh resolution MRI on the formalin-fixed brains.
The ex vivo MRI image acquisitions were performed at the
Athinoula A. Martinos Center for Biomedical Imaging, Bos-

ton, Massachusetts (https://www.nmr.mgh.harvard.edu). The
ex vivo MRI protocol included a 7-Tesla scan (~18.5 hours)
that utilized a multiecho FLASH (MEF) sequence acquired
with different flip angles at 200 um spatial resolution. Acquisi-
tion parameters and data processing procedures for the 7-Tesla
ex vivo MEF sequence have been previously described (7).
Upon completion of data processing, parameter maps (T1,
T2*, and proton density) computed from the MEF dataset
were analyzed for pathoanatomic lesions, which were then
correlated with histopathologic data. No in vivo MRI images
were available for 3 of the 4 cases described.

Neuropathology Assessment and Procedures

Brains were immersed in 10% buffered formalin for tis-
sue fixation for 3—5 weeks. At gross examination, each brain
was assessed to identify externally visible macroscopic lesions
or abnormalities. A symmetric brain cutting procedure was ap-
plied to all 4 specimens (8). To keep consistency across all
brain cuttings, a human-adapted 3D printed brain mold cutter
was employed (9). For each brain, 15 regions from the left and
right cerebral hemisphere and brainstem were sampled, result-
ing in a total of 30 regions/tissue blocks for each brain.

The sampled regions from each hemisphere were olfac-
tory bulb (OB), middle frontal gyrus (MFG), orbito-frontal gy-
rus/gyrus rectus (OFG), middle temporal cortex (MTC),
anterior cingulate cortex (ACC), posterior cingulate cortex
(PCC), anterior insular cortex (AlnsC), occipital cortex (BA17
and 18) (OC), amygdala (AMY), basal ganglia (BGMY),
mammillary bodies + hypothalamus (MAM+HYPO), poste-
rior hippocampus (at CGL) including entorhinal cortex and
inf. temp cortex (PH4+EC+ITC), mesencephalon (including
substantia nigra) (MESSN), pons (including locus coeruleus)
(PONS), medulla oblongata (including dorsal motor of Vagus)
(MOBbl).

Histology and Immunohistochemistry
Procedures

All 30 tissue blocks from each brain were uniformly
processed using an automated tissue processor (ASP 6025,
Leica Biosystems, Nussloch, Germany). After tissue process-
ing, each tissue block was embedded in paraffin and cut in a
series of 20 5-pm-thick consecutive sections. The first 3 sec-
tions were selected for hematoxylin and eosin (H&E), Luxol
fast blue (LFB), and cresyl violet stains, while the remaining
sections were available for immunohistochemistry procedures.
Immunohistochemistry procedures for each antibody on all
dissected brain regions were performed using a Leica Bond III
automated immunostainer with a diaminobenzidine chromo-
gen detection system (DS9800, Leica Biosystems, Buffalo
Grove, IL). The following antibodies were used: antiphos-
phorylated tau (pTau) (AT8, mouse antihuman monoclonal
antibody, dilution 1:2000 epitope retrieval time 10 minutes,
MN1020; ThermoScientific, Waltham, MA); antiphosphory-
lated tau (CP13, mouse antihuman monoclonal antibody, dilu-
tion 1: 2000, epitope retrieval time 10 minutes; this antibody
was kindly donated by Dr Peter Davies, Albert
Einstein College of Medicine, New York, NY); all-forms tau

147


http://www.researchbraininjury.org
http://www.researchbraininjury.org
https://www.usuhs.edu/cnrm
https://www.cencstudy.org
https://www.nmr.mgh.harvard.edu

J Neuropathol Exp Neurol ® Volume 79, Number 2, February 2020

lacono et al

YOV VA (€A0dV ‘€ UM ‘A OBl ‘JA ‘eNULWP [eI0dWA)0JUOIJ-JURLIEA [RIOTARYD] ‘([1J-Aq 9SLASIP S, JOWIAYZ[Y ‘(V ‘IOPIOSIp ssoxs dnewnen-1sod ‘qSLd UPIOSE S[OIYA JOJOW ‘Y AJA SSQUSNOIISUOD JO SSO[ ‘DOT
‘SUBIQJOA Jem pue AIejjiu Suowe sased (qOF) eIUaWap 1asuo-£[1ed  Jo eyep [edtul]d pue ‘od£1ousd gOdVy ‘oryderSowap urew ay) sozLewwns [qe) Ay L,

SEF099  TSFSTS
(av reod4re

:[oseastp YoId]
1so1re (99 o3e) drd Aqe1q (s¢
K1ojendsor-orpre)  poyodorjoN  jdwope opromg  -1ssod) enuowe €9 0S ON (Wweujarp ) sk ON TBVAIN)SOA €d/sH M W  b#
(€661 (sporrad
‘stsdos (enyuowdp sueyeqd ‘0661 JLET
‘aI[rey ued IB[NOSEA QUOQT BIID (payiodar -Kordap ¢
-lo-p[ny ‘uon /av o1qeqoxd -IS ‘0861 Pu®| Sopos o Jo yoes
-e10j10d Jomog  pomoder JoN ASLd PoXIW) enuawo $9 S ON -9I] UIOU}ION) SO X -idog)sox  Suump)sox ¢d/sH M 0N c#
(6S
soposido Je ewinern
Jeruew I[q Jrqrssod Jofew ‘rem
opromg  payodarjoN -1ssod ‘uorssardoqg wSI[OYod[y 99 09~ ON (WeWAIA ) SO Jumouyun) WeuAIA)SOX YA/ M N b
(syoryop (Awopeoe
[enmur) gy [eABN o} Je (Or 12 VAN
JsoLIe (Qv reord£ie) (s1sou3erp Surxoq ‘reuors Jiqissod  ‘Jururen Sur
K1oreqdsar-oipie)  pauodar joN pajodar JoN eHUIWR 7L [ewao)) 6 -sojoid jou) 9L SOX Jumouun) -INpDOT SOA €/ M N 1#
suonipuoy)
dLeIYIASJ Surured,
10 13001 Ay /ssun
-na\ Joj £10) sasousgel(q sasousel(q Pedq  (98y) 1esuo eI -13S 1BqUIO)/SID ar
ea( Jo asne)  -SIH Ajiueq dLeIYIASq J130[0anaN je gy BOUIWIR( 110dg joRIU0D) ~WALIRAXY Jepp 14.L 3se1g 191 0edwy JOJV 98y X3S 3se)

saseD AOI-AeN|IN 1 Jo AI03SIH gL pue ‘adAiousn 3OV “dHIelydAsd dibojoinaN diydesbowsq uteiy *L 319VL

148



J Neuropathol Exp Neurol ® Volume 79, Number 2, February 2020

Clinicopathologic Correlations in Military-EOD

Macroscopic Appearance of Four Brains of Military Subjects diagnosed with Early-Onset Dementia (EOD)

Clinical diagnosis: Atypical Dementia

Dementia onset: 48

Tau: Yes (severe; neuronal)

Amyloid: Yes (mainly diffuse plagues)

Other brain pathologies (Lewy bodies, TPD43): No
War Experience: Yes

Behavioral Disorders: Yes

Clinical diagnoses: Atypical Dementia

Dementia onset: ~60

Tau: Yes (severe; neuronal+glial)

Amyloid: Yes (frequent diffuse and cored-plagues)
Other brain pathologies (Lewy bodies, TPD43): No
War Experience: Yes

Behavioral Disorders: Yes

Clinical diagnosis: Atypical Dementia

Dementia onset: 52

Tau: Yes (severe; neuronal)

Amyloid: Yes (frequent diffuse and cored-plagues)
Other brain pathologies (Lewy bodies, TPD43): No
War Experience: Yes

Behavioral Disorders: Yes

Clinical diagnosis: possible FTD

Dementia onset: 50

Tau: Yes (severe; neuronal)

Amyloid: No

Other brain pathologies [Lewy bodies, TPDA3): No
War Experience: Yes

Behavioral Disorders: Yes

FIGURE 1. Macroscopic appearance of 4 brains of military subjects diagnosed with early onset dementia. All brains looked
relatively normal except for Case 4 (see right cerebral hemisphere at level of the frontal pole) and Case 1 in which a moderate
level of diffuse cortical atrophy is evident (see intersulcal enlargements).

(HT7, mouse antihuman monoclonal antibody, dilution 1:
150, epitope retrieval time 10minutes, MN1000; Thermo-
Scientific); anti-1-42 B-amyloid (1-42 BA) (4G8; mouse anti-
human monoclonal antibody, dilution 1: 500, epitope retrieval
time 10 minutes, SIG-39220; Covance/BiolLegend, San Di-
ego, CA); antiamyloid precursor protein ([APP]; mouse anti-
human monoclonal antibody clone 22cll1, dilution 1: 10,
epitope retrieval time 10 minutes, MAB348; EMD Millipore,
Burlington); antiphosphorylated o-syn (po-syn; rabbit mono-
clonal antiphosphor S129, dilution 1:100, epitope retrieval
time 10minutes, Abcam 51253; Abcam, Cambridge, UK);
antiglial fibrillary acidic protein ([(GFAP]; mouse antihuman
monoclonal antibody GAS, with bond heat-induced epitope
retrieval, epitope retrieval time 10minutes, PA0026; Leica
Biosystems, Wetzlar, Germany); anti-ionized calcium-binding
adapter molecule 1 ([Iba-1]; rabbit polyclonal, dilution 1: 100,
epitope retrieval time 10 minutes, Wako 016-20001; FUJI-
FILM Wako Pure Chemical Corporation, Osaka, Japan); anti-
transactive response DNA binding protein 43 kDa ([TDP43];
rabbit monoclonal anti-TDP43, dilution 1: 100, epitope re-
trieval time 10 minutes; Abcam 109535; Abcam); antiubiqui-
tin ([anti-Ubiq]; mouse monoclonal, dilution 1: 100, epitope
retrieval time 10 minutes, Abcam 7254; Abcam); antinucleo-
porin p62 ([p62]; mouse monoclonal, dilution 1: 100, epitope
retrieval time 10 minutes; #610833; BD Biosciences, San
Jose, CA); anti-CD68 (CD68, mouse antihuman monoclonal
antibody clone 514H12, epitope retrieval time 20 minutes,
PA0273; Leica Biosystems).

All stained sections were scanned by Aperio scanner
system (Aperio AT2 - High Volume, Digital whole slide scan-
ning scanner, Leica Biosystems, Inc., Richmond, IL) and
stored in Biolucida, a hub for 2D and 3D image data (version
2017, MBF Bioscience, Williston, VT), for further assessment
and analyses. A preliminary neuropathologic assessment for

each section was performed using Aperio ImageScope (Aperio
ImageScope, version 2016, Leica Biosystems, Inc.) to verify
the positive immunoreactivity for each antibody as well as lo-
calization and pathologic severity, to identify possible differ-
ences between left and right hemispheres in each brain, and
across all 4 brains. After a preliminary ImageScope inspection
(max 20x), a Zeiss Imager A2 (ImagerA2 microscope, Zeiss,
Munich, Germany) bright-field microscope with higher mag-
nification lenses (x40, x63 oil-immersion) was used to iden-
tify and photograph histologic and pathologic details as
needed.

RESULTS

Gross and main neuropathologic diagnoses are summa-
rized in Table 2. Detailed neuropathologic findings are sepa-
rately described for each case as follows and summarized in
Tables 3—5 and Supplementary Data Tables S1-S3.

Neuropathology Assessment

Vascular pathology for all cases is summarized in
Table 3.

Case 1

pTau lesions (pTau-NFTs, pTau neurites) and 1-42 -
amyloid plaques (neuritic B-amyloid plaques [1-42 BA-NP])
were frequently observed across all examined regions of the
brain (see Tables 4 and 35, respectively). Additionally, both
pTau and B-amyloid lesions showed a bihemispheric symmet-
rical distribution across the examined regions. A more detailed
assessment for pTau immunoreactivity using ATS, CP13, and
HT?7 antibodies showed that pTau levels of severity and distri-
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TABLE 2. Main Brain Autopsy and Neuropathologic Data of 4 Military-EOD Cases

Myelin Astrogliosis Microgliosis

Lewy  Pigmented Vascular
Body
Pathology

ARTAG CTE

PART

AD Pathology

Cortical
(hours) Atrophy

PMI

BW ()

CaselD

(Iba-1)

Loss (GFAP)

(LFB)

Pathology
(Ischemia/

Loss
SNc¢/LC

Hypoxia/
Hemorrhage)

Level of AD

CERAD Braak ABC

neuropathologic

changes

A3B3C3 High

Yes

Yes Yes Yes

No/No
No/No
No/No
No/No

No Yes No

Yes

No

VI

N/A Yes

920.0
1242.18

#1

Yes

No Yes

No

No

Yes

VI  A2B3C3 Intermediate No

No

N/A
N/A

#2

Yes

No Yes

No

No No No
Yes

No
Yes

A2B3C3 Intermediate

AOB3CO Low

Yes VI

1182.59
827.0
1042.9£200.7

#3

Yes

No Yes

No

No

No

VI

Yes

N/A

#4

The table summarizes the main neuropathologic data of each EOD case analyzed in this study.

BW, brain weight (in grams); PMI, postmortem interval (in hours); AD-pathology, Alzheimer’s disease pathology; PART, primary aging-related tauopathy; ARTAG, aging-related tau astrogliopathy; CTE, chronic traumatic en-

cephalopathy; LFB, Luxol fast blue stain; GFAP, antiglial fibrillary acidic protein antibody; Iba-1, anti-ionized calcium binding adaptor molecule 1 antibody; SNc, substantia nigra pars compacta; LC, locus coeruleus.

bution could vary across the same anatomical region. In fact,
while both AT8 and CP13 showed comparable levels of im-
munoreactivity in the right parietal cortex (Fig. 2, upper row)
with pTau lesions localized in either deeper (AD pathology-
like) and more superficial (CTE-like) cortical layers (10), im-
munoreactivity to HT7 was positive mainly where pTau CTE-
like lesions were found (Fig. 2, upper row, ATS, CP13, HT7).
Additionally, anti-Ubiq stain evidenced different levels of im-
munoreactivity between AD-like versus CTE-like pTau pa-
thology with much more Ubig-positive lesions (e.g. neurites)
associated with AD-like pTau lesions (Fig. 2, middle row,
Ubiq). Moreover, GFAP stain showed a much more intense re-
activity when colocalized with CTE-like pTau than AD-like
lesions (Fig. 2, middle row, GFAP). The LFB stain showed
areas of myelin loss across multiple regions such as middle
and inferior temporal cortex and hippocampal area with
marked perivascular space enlargements (Fig. 2, lower row,
LFB). CD68, APP, a-syn, and TDP43 immunoreactivity did
not show any evidence of traumatic axonal injury (TAI) or in-
tracellular pathology (e.g. Lewy bodies, TDP43 intraneuronal
inclusions), or recent ischemic damage. Based on the NIA-AA
neuropathologic guidelines for the assessment of AD (11), the
level of AD neuropathologic changes was high with an ABC
score equal to A3B3C3. However, the distribution and amount
of Tau-pathology was not typical for “classic” definite AD
(e.g. pTau-NFT mainly distributed in the deeper layers of the
cortex versus the most superficial layers usually observed in
AD, even advanced AD cases). In summary, this subject was
diagnosed with dementia with atypical pTau and B-amyloid
pathology distribution mixed with isolated CTE lesions and
focal WM loss (10).

Case 2

The brain was positive for diffuse and cored 1-42 BA-
plaques and pTau lesions across all different examined cere-
bral regions. Levels of severity and frequencies are described
in Tables 4 and 5. In particular, isolated CTE lesions were
found in the left and right OFG, left MTC, and left ACC (Ta-
ble 4). Apart from the CTE lesions, the comparison between
pTau lesions detected using AT8 versus CP13 did not distin-
guish any consistent differences either in terms of severity
across all examined regions in each hemisphere or between
the 2 hemispheres (Table 4; Fig. 3). In contrast, HT7 immuno-
reactivity was positive in the deeper cortical layers. In addi-
tion, frequent pTau-glia cells of fuzzy type in the WM and
gray matter (GM) as per aging-related tau astrogliopathy
(ARTAG) were observed (12). An ARTAG pathology did not
show any specific predilection for a specific cortical layer in
the GM of any examined region. Intriguingly, while HT7-
stained cells were positive in both GM and WM (although
with lower immunoreactivity in comparison to AT8 and
CP13) across multiple regions, they were positive in the
deeper cortical layers. Isolated CTE lesions were present in
the OFG of both hemispheres and ACC in the left hemisphere
only (Fig. 3). Moreover, anti-Ubiq immunoreactivity showed
severe immunoreactivity in the WM versus GM. No Ubiq
intraneuronal inclusions were found in the areas with CTE. No
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Military Case#1: pTau and Other Pathologies Assessed across Different Brain Regions
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FIGURE 2. Military Case 1: pTau and other pathologies assessed across different brain regions. The figure shows images of AT8
and CP13 (pTau), HT7 (all Tau), GFAP, Ubiq, LFB staining of the right parietal cortex (2 upper rows of images), and LFB, H&E and
ATS8 staining of the right inferior temporal cortex of Case 1. Each image contains a larger image at lower magnification and an
inset (upper right corner of each image) of the same cortical area at higher magnification.

LB pathology, TDP43, or p62 intraneuronal inclusions were
detected. The GFAP and Iba-1 immunoreactivity showed vari-
able levels of astrocytic reactivity and microglial response
(based on astrocytic and microglia cells nuclear changes rather
than an increased cell number). Both GFAP and Iba-1 immu-
noreactivity were overlapping with pTau and B-amyloid pa-
thology. An APP stain did not show TAI in any examined
region of both hemispheres. For details on APP findings, see
Supplementary Data Table S3. Based on the NIA-AA neuro-
pathologic guidelines for the assessment of AD (11), the level
of AD neuropathologic changes was intermediate with an
ABC score equal to A2B3C3.

Case 3

The brain of this subject was positive for 1-42 BA-pla-
ques, which were mainly diffuse and, more rarely, cored pla-
ques (Fig. 4), as well as pTau lesions across almost all
examined brain regions (Tables 4 and 5). The comparison be-
tween pTau lesions detected using ATS8 versus CP13 did not
distinguish consistent differences in terms of pTau pathology
severity, histologic distribution, or type of lesion in any of the
examined regions of each hemisphere, or between the 2 hemi-
spheres (Table 4). No ARTAG or other co-occurring patholo-
gies such as o-syn-positive lesions or TDP43 intraneuronal
inclusions (as for behavioral variant of FTD [bvFTD]) were
detected (12). The GFAP and Iba-1 immunoreactivity showed
variable levels of astrocytic and microglial reactivity mainly
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overlapping with B-amyloid and pTau lesions distribution. An
APP stain did not show any TAI as per recent acute TBI event
(for details, see Tables 3—5; Supplementary Data Tables S1—
S3).

Based on the NIA-AA neuropathologic guidelines for
the assessment of AD (11), the level of AD neuropathologic
changes was high with an ABC score equal to A3B3C3. Of
note, the subject was evaluated by multiple neurologists and
psychiatrists and he never received a firm diagnosis of possi-
ble or probable AD (5), mainly due to the atypical aspects of
cognitive manifestations and psychiatric symptomatology,
which included a diagnosis of PTSD, multiple episodes of vio-
lence and social disinhibition that might have masked or con-
founded the subjacent AD pathology and its cognitive
outcomes. It is striking to observe such a severe level of B-am-
yloid and pTau pathology across so many cerebral regions in a
relatively young subject in the absence of a known genetic
mutation or family risk factor such as APOE4 allele, for
example.

Case 4

The brain of this subject was negative for 1-42 BA-pla-
ques (Table 5). In contrast, this brain showed severe levels of
pTau lesions across nearly all examined regions (Table 4;
Fig. 5). The comparison between pTau pathology detected
using AT8 versus CP13 did not distinguish consistent differen-
ces in terms of pTau lesion severity, histologic distribution, or
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Military Case#2: Symmetric Bi-Hemispheric Brain Pathology Evidenced by anti-pTau, -GFAP,- iba-1, and -Ubiq Antibodies

Left Orbito-Frontal Cortex

ATS8 - .

5004m

]
cp13
ak

500um

[S—
HT7

500um 500 um

—t —

Right Orbito-Frontal Cortex
R A GFRP ]

&y
S004m g,
e 5
cP13 Ubig
500 um S00um
Iba-1

500 pm 500 pm
= —

FIGURE 3. Military Case 2: Symmetric bihemispheric brain pathology evidenced by anti-pTau, -GFAP, -Iba-1, and -Ubiq
antibodies. The figure shows left and right orbito-frontal cortical areas of Case 2 brain stained for pTau (AT8, CP13), all Tau
(HT7), astroglial cells (GFAP), ubiquitin (Ubiq), and microglia (Iba-1). Each image contains a larger image at lower magnification
and an inset (upper right corner of each image) of the same cortical area at higher magnification.

type of lesion in any of the examined regions of each hemi-
sphere, or between the 2 cerebral hemispheres. pTau lesions in
the hippocampus were characteristic for Pick bodies (Fig. 6).
In addition, pTau lesions were present in the glial cells of the
WM in almost all regions except in the occipital cortex, which
is now classified as diffuse ARTAG pathology (12). No other
co-occurring pathologies such as o-syn lesions or TDP43
intraneuronal inclusions were detected. GFAP and Iba-1 im-
munoreactivity showed variable levels of astrocytic and
microglial reactivity mainly overlapping with B-amyloid and
pTau lesions. An APP stain did not show any TAI as per recent
TBI event (for details, see Tables 3—5; Supplementary Data
Tables S1-S3).

Based on the NIA-AA neuropathologic guidelines for
the assessment of AD (11), the level of AD neuropathologic
changes was low with an ABC score equal to AOB3CO. We
also hypothesized that the chronic abuse of alcohol for
~40 years could have severely contributed to the neuropathol-
ogy (pTau pathology) of this subject, as previously hypothe-
sized (13).

Ex Vivo MRI

Analysis of the ex vivo 7-Tesla MEF data revealed
structural abnormalities shared by Cases 1 and 3: Thinning of
the corpus callosum, rarefaction of the parietal WM, and hip-
pocampal atrophy (Figs. 7 and 8, Case 1; Fig. 9, Case 3). All
of these findings were more prominent in Case 1. These large
periventricular WM lesions are challenging to visualize in to-

tality using histologic methods unless specifically investi-
gated. Although it is not possible to make generalizations
about WM lesions in military-EOD from these 2 cases, the ex
vivo MRI data are hypothesis-generating for future studies of
periventricular WM injury as a potential feature of military-
EOD. These WM lesions may be more conspicuous using ul-
trahigh resolution ex vivo MRI scans, which can be performed
over much longer periods of time than in vivo MRI scans. Un-
fortunately, in vivo MRI data from these 2 subjects were not
available for ante and postmortem comparative analyses.

DISCUSSION

We report on 4 rare cases of EOD in military veterans
who experienced TBI, combat stress, and life-threatening sit-
uations during different periods of their life. Neuropathologic
lesions observed in these military-EOD cases were atypical,
particularly with respect to their variable combinations. None
of the examined cases could be clinically categorized as
typical AD, bvFTD, dementia with Lewy bodies or other well-
defined neuro-psychiatric illnesses. Rather, all shared a com-
mon neuropathologic feature, the abundant accumulation of
pTau across different brain regions representing the prevalent
brain pathology when compared, for example, to the extracel-
lular accumulation of B-amyloid. Moreover, no Lewy bodies
or TPD43-positive lesions were observed. In addition, except
for Case 2, a possible contribution of vascular pathology was
excluded.
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Military Case#3: Severe AD-Pathology in Middle Frontal Cortex of a Subject with a History of Multiple blast-TBI, PTSD, and EOD
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FIGURE 4. Military Case 3: Severe AD pathology in middle frontal cortex of a subject with a history of multiple blast-TBI, PTSD,
and EOD. The figure shows positivity for pTau (AT8, CP13), all tau (HT7), B-amyloid lesions, and immunoreactivity for GFAP

(astroglial cells) and Iba-1 (microglial cells) in Case 3.

Military Case#4: pTau in the Gray and White Matter of the Middle Frontal Cortex and Brainstem in a Subject with EOD and Suicide

Left Orbito-Frontal Cortex

Pons
(at level of the Locus Coeruleus)

&)

FIGURE 5. pTau in the gray and white matter of the middle frontal cortex and brainstem in a subject with EOD and suicide. The
figure shows left orbito-frontal cortex and pons area of the Case 4 brain stained for pTau (AT8). Photographs were taken at lower
(left) and higher (right) magnification. The red rectangle and circle on the lower magnification photographs correspond to the
area on the right photographed at higher magnification.
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Military Case#4: pTau pathology (Pick bodies) in the Posterior Hippocampus of a Subject with History of EOD and Suicide
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FIGURE 6. Military Case 4: pTau pathology (Pick bodies) in the posterior hippocampus of a subject with EOD and suicide. (A)
The frequency and distribution of rounded pTau lesions (Pick bodies) across the entire posterior hippocampus region (CA
subregions and dentate gyrus; left hemisphere) as observed at a lower magnification (x2; scale bar in lower left corner equal to
2mm distance); (B) Rounded intracytoplasmic pTau-positive lesions (Pick bodies; red arrows) as observed at a higher
magpnification (x20; scale bar in lower left corner equal to 200 um distance) localized in the CA1 region of the posterior

hippocampus of Case 4 (red square in A).

The distribution and burden of pTau pathology in these
veterans with EOD, together with variable levels of astroglial
activation and microglial response, as well as WM lesions (in
2 of 4 cases), suggest that atypical histopathologic patterns, or
combination of them, may be associated with neuropsychiatric
disorders in military subjects exposed to combat-TBI. Specifi-
cally, the pTau lesions were localized in the frontal cortex
(Case 3) and hippocampus (Case 4), which could be associated
with behavioral abnormalities and memory deficits manifested
in 2 those subjects, respectively. In Case 2, the pTau lesions
and neuroinflammatory response in the raphe nuclei and locus
coeruleus (pons) (14) could explain the major mood and de-
pressive disorders reported in that subject.

It is also notable that the mean age of onset for cognitive
and behavioral decline was 52.5 = 5.2 years. The burden of his-
topathologic lesions (especially pTau pathology) found in these
brains appears to be even greater than those found in genetically
determined EOD cases (15—17). This observation suggests that
other factors such as genetic predisposition or unrecognized en-
vironmental factors could be involved in the pathogenesis of
the neuropathologic lesions found in these military-EOD cases.
The possibility of a genetic contribution to EOD pathogenesis
cannot be ruled out based on the absence of clinical and family
history of genetic disorders in this cohort of 4 subjects.

The main limitation of this study is the small number of
cases analyzed. Nevertheless, we provide evidence that the
neuropathology of EOD in veterans with a history of TBI and

chronic stress differs from that of dementias following non-
military TBI or contact sports TBI (i.e. CTE) cases. It is also
important to consider that despite recent concerns about brain
health in military personnel with combat-TBI, systematic clin-
icopathologic studies of military-EOD cases are rare. Impor-
tantly, while the histopathologic and ex vivo MRI findings
reported here may be particularly relevant to cognitive deficits
and neuropsychiatric syndromes observed in veterans of Oper-
ation Enduring Freedom (OEF), Operation Iraqi Freedom
(OIF), and Operation New Dawn (OND) (18-20), these find-
ings may also be relevant to civilian populations exposed to
TBI and chronic stress in war zones.

One of the possible pathophysiologic explanations for
the unusual cognitive, behavioral, and neuropathologic find-
ings observed in veterans of recent Middle East conflicts could
be the use of more effective body protection systems. On the
one hand, they reduce combat mortality rates (21, 22), but, on
the other hand, may have led to longer-term effects on differ-
ent organ systems, including the brain. As a result, an in-
creased number of “rarely observed” neurologic and
psychiatric sequelae among war veterans has now been de-
scribed (23-25). Among the “newer” neuropsychiatric phe-
nomena observed in OEF/OIF/OND veterans, there is a higher
incidence of suicidal ideation and completed suicide, as well
as persistent combat-PTSD, and pervasive changes in person-
ality that profoundly affect the lives of veterans and their fami-
lies (26, 27).
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Military Case#1: 7-Tesla MRI Images across Different Projections and Related Brain Pathologies Found in the Hippocampus
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FIGURE 7. A 7-Tesla MRI data detect hippocampal and white matter pathologies. The figure shows immunohistochemistry
images of the hippocampal area (right hemisphere) of Case 1 stained for amyloid (4G8), pTau (AT8), astrocytes (GFAP),
microglia (Iba-1), intraneuronal inclsuions (Ubiq), and possible vascular lesions (H&E). Right panel shows coronal, axial, and
sagittal images from the ex vivo 7-Tesla MRI dataset at the level of the hippocampal area analyzed in the neuropathologic

analyses. The ex vivo MRI data reveal hippocampal atrophy (red arrows), as well as thinning of the corpus callosum (purple arrow
head) and rarefaction of the parietal periventricular white matter (blue arrow).

Military Case#1: Ex-vivo 7-Tesla MRI Images across Different Projections and Brain Pathologies Found in the Right Anterior Cingulate Cortex
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Sagittal

FIGURE 8. A 7-Tesla MRI investigation of pathology in the right anterior cingulate cortex. Immunohistochemistry images of the anterior
cingulate cortex (right hemisphere) of Case 1 stained with H&E, AT8 and CP13 (pTau), HT7 (all Tau), LFB (myelin), Iba-1 (microglia),
astrocytes (GFAP), and possible intracytoplasmic inclusions (Ubiq). Right panel shows ex vivo MRI results from the 7 Tesla scan in coronal,
axial, and sagittal projections of the right anterior cingulate cortex (red arrows) that included the anterior cingulate cortical area used for
the neuropathologic analyses. In this region, ex vivo MRI does not reveal the burden of pathology seen with immunohistochemistry.
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Military Case#3: Ex-vivo 7-Tesla MRI Images across Different Projections of the Cerebral Right Hemisphere and Brain Pathologies in the Anterior Cingulate Cortex
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FIGURE 9. A 7-Tesla MRl investigation of pathology in the right cerebral hemisphere and the anterior cingulate cortex. Left panel
shows immunohistochemistry images of the anterior cingulate cortex (right hemisphere) of Case 3 stained with 4G8 (B-amyloid),
AT8 (pTau), GFAP (astroglial cells), and Iba-1 (microglial cells). Right panel shows ex vivo MRI results obtained from the 7 Tesla
scan in coronal, axial, and sagittal projections of the right anterior cingulate cortex. The region of the anterior cingulate cortex
analyzed in the immunohistochemistry images is indicated by the purple arrow. The ex vivo MRI data demonstrate rarefaction of

the parietal periventricular white matter (blue arrow).

We could not directly relate any of these events (e.g. sui-
cide) to a specific brain region or brain pathology, but we
speculate that the variable combination and accumulation of
neuroinflammation, WM lesions, and cortical lesions could
contribute to the neuropsychiatric illnesses that ultimately led
to suicide (28, 29).

As a newer approach for analyzing these complex
military-EOD TBI brains, we combined ex vivo 7 Tesla MRI
analyses with postmortem histopathologic analyses when pos-
sible. We developed this approach to provide pathophysiologic
information that could guide and complement brain autopsy
procedures before brain dissections (30). In the current study,
ex vivo MRI data (available for Cases 1 and 3) provided a 3D
view of regional atrophy patterns. The ex vivo MRI data also
revealed an unusual pattern of parietal periventricular WM pa-
thology in the absence of obvious diffuse vascular lesions or
DALI lesions. Importantly, these imaging observations would
have not been appreciated using standard 2D histopathologic
analyses. Thus, ex vivo MRI may indeed play an important
role in identifying pathologic lesions before a brain dissection,
especially in unusual neurologic and psychiatric disorders.

An important limitation of this study is the retrospective
nature of its analyses. We cannot establish a mechanistic link be-
tween the combat exposures, neuropsychiatric symptoms, and

brain lesions observed in these 4 veterans. However, these data
are consistent with previous studies showing that chronic stress
is a risk factor for AD, and dementia more generally (31, 32).
We consider these new clinicopathologic findings in military-
EOD cases to be hypothesis-generating for future studies about
the relationships between brain polypathology and neuropsychi-
atric manifestations in military as well as civilian populations
exposed to combat-TBI. Our findings will need to be confirmed
by longitudinal studies of pathogenetic interactions among
chronic psychologic stress, combat-TBI (including blast-TBI),
and blunt-TBI (33, 34). While the described clinicopathologic
correlations may not be exclusive to war veterans, the neuropsy-
chiatric manifestations in these 4 veterans with EOD appear to
be associated with atypical neuropathologic lesions and ex vivo
MRI features that differ from those typically seen in populations
not exposed to military or battlefield TBI (35-37).
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