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Abstract

Introduction: An elevated concentration of amyloids in the cerebrum results in elevated risks for cerebral hemorrhage and early AD onset
following early depression/dementia onset. In this study, we compare patterns of amyloid depositions across eight regions of interest of the human
brain between U.S. Veterans and non-Veterans adults aged 62+.

Data: were taken from the ADNI and DoD-ADNI studies. The pool of participants included data about age, race, apolipoprotein €4 allele (APOE)
status, modified Hachinski Ischemic Score, education level, and the Geriatric Depression Score, which were used to build a propensity score.
Predictors and outcomes were AB concentrations, resulting from the PET image analysis taken in key brain regions of interest, and two categorical
variables describing the 0.79 and 1.11 cutoffs were used as outcomes, in addition, the Veteran and AD status were used as predictors.

Methods: To balance subsamples, we applied a pseudo-randomization algorithm, eliminating the observed sources of heterogeneity. We used a
generalized linear model for continuous variables and the logistic regression model for binary variables.

Results and Conclusion: illustrate that the pattern of the Af distribution in Veteran’s brains differs from the A distribution pattern in the
brain of those who live with AD. The amyloid depositions following Veteran status are concentrated in the cerebellum, particularly in cerebellar gray
matter. In contrast, the AD pattern shows more A depositions in the frontal lobe, cingulate cortex, parietal, and temporal lobes, along with higher
whole-cerebrum concentration of amyloids. Since Florbetapir PET cannot distinguish between senile plaques and depositions in blood vessels, the
elevated concentration of amyloids in a cerebellum for participants with the Veteran status may suppose elevated risks for cerebral hemorrhage and
early AD onset following early depression/dementia onset.

Keywords: Alzheimer’s disease neuroimaging initiative; traumatic brain injury; post-traumatic stress disorder

Introduction

The reduction of the social impact of Alzheimer’s disease (AD) [1- cure for AD, and a newly diagnosed individual age 65+ can expect
2] supposes substantial cost savings and improvement of the life  to live for as long as 10 years or more after diagnosis [3-5]. The
quality of the older segment of population. There is currently no additional burden associated with AD can start accumulating up to
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two years before clinical diagnosis [6]. The related socio-economic
load increases with severity of the disease, requiring use of high-
intensity nursing facilities and skilled care during the final two to
four years of life [7]. Excluding intrinsic genetic risks, age is the next
critical risk factor for AD, given the most of individuals diagnosed
with AD exceed the age of 65. In the U.S,, this population of older
adults is increasing in both size and life expectancy. At the same
time, mortality stemming from many age-related conditions (as
well as other prominent sources of mortality like cancer) has
been mitigated and/or delayed by improving methods of disease
management and treatment. This has led to an ascent in the
number of older adults with AD diagnostic, and the need to plan for
longer survivorship in such individuals, in the presence of multiple
potentially risk-dependent chronic conditions [8-12].

Veterans of the U.S. Armed Services represent an important
subgroup of the general population of older adults age 65+.
Approximately, 9 million strong in 2021, this population reflects
a unique demographic (96.37% Male; 3.63% Female) and health
characteristics [13] both positive (e.g. the healthy soldier effect) [14]
and negative (e.g. service-related injuries, exposure to chemicals,
trauma, etc.) [15-17] in nature. There is a scarcity of research
directly addressing differences in AD and/or dementia prevalence
between comparable groups of veterans and civilians. However,
a recent comparative study has shown that once differences in
health, demographics, and socioeconomic status between veterans
and non-veterans are accounted for, these subgroups demonstrate
comparable AD risk [18-22]. In this study, we compare patterns of
amyloid depositions in the human brain, across eight regions of
interest (ROI), between U.S. Veterans and non-veteran adults aged
62+ and discuss how the differences in the physiological changes
may be indicative of early AD onset or other issues related to the
deterioration of a human brain.

Methods
Data

This study was based on data from the Alzheimer’s
Disease Neuroimaging Initiative (ADNI) is a longitudinal study
aimed at creating biochemical, genetic, imaging, and clinical
biomarkers database for the investigation of the possibility of
early identification and monitoring the progression of AD. ADNI
data were collected in three stages (ADNI-1, ADNI-GO, ADNI-2).
Although, at the time of finalization this study, data from the fourth
stage (ADNI-3) were still not fully available. An ADNI extension
study sponsored by the Department of Defense (ADNI-DoD)
identifies the Veteran population and provides an extended range
of measures specific to this subgroup such as traumatic brain
injury (TBI), post-traumatic stress disorder (PTSD), and adverse
health-related factors derived from military service. The DoD-ADNI
contains medical and demographic data on Veterans of the Vietnam
War identified from the Veteran Affairs Compensation and Pension
records and have magnetic resonance imaging (MRI), amyloid PET
using Florbetapir-18 (F18), cognitive testing through a telephone
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interview, cerebral spinal fluid biomarkers of tau, phosphorylated-
tau, AB, and blood sampling for analysis of genetic factors.

The PET protocol for ADNI-DOD was the same as for all ADNI
stages, thus our analysis does not require harmonization. A cortical
summary region of interest (ROI) was composed of frontal, anterior
and posterior cingulate, lateral parietal, and lateral temporal ROIs.
The MRI scans for each ROl were processed using Free Surfer v7.1.1
[23]. The cerebellar grey matter, whole cerebellum, brainstem and
the pons, eroded subcortical white matter, a composite reference
region made up of whole cerebellum, brainstem and the pons,
and eroded subcortical white matter regions were defined as the
candidate references. Each Florbetaben scan was co-registered
with the corresponding MRI to estimate the mean amyloid
PET uptake within the cortical and reference regions [24]. For
participants with more than one PET, we selected the image taken
as close as possible to the date when all the analyses were finished.
This PET processing and analysis pipeline is consistent with the UC
Berkeley AV45 pipeline. The acquisition of neuropathology data
for the ADNI database was made according to the guidelines for
the neuropathologic assessment of Alzheimer’s disease coined by
National Institute on Aging and Alzheimer’s Association [25].

Pool and Subsamples

The initial database sizes were 4,207 individuals for ADNI-DOD
and 6,759 for ADNI. After restrictions (Figure 1), these numbers
werereduced to asample of 675 male adults aged 62+, including 137
Veterans, and 538 non-un veterans. The AD patient was considered
if the diagnostic was confirmed before the PET image was taken.
The poll covered a total of 123 AD cases, 24 of them correspond
to the U.S. Veterans and 99 to not veterans. Finally, the pool was
split into two subsamples: The subsample (S1) encompassed 538
individuals with and without AD. This sample was used to outline
the amyloid pattern in the brains of an average patient with AD. The
subsample (S2) contained 113 U.S. Veterans and 439 not veterans.
The subsample S2 was used to sketch the amyloid pattern in the
brains of an average U.S. Veteran in the absence of an AD diagnostic.

Outcomes

Outcomes included eight regions of interest (ROI) of the brain:
(X1) cerebellar gray matter; (X2) whole cerebellum; (X3) eroded
subcortical white matter; (X5) frontal lobe; (X6) cingulate cortex;
(X7) parietal lobe; (X8) temporal lobe; (X11) brainstem; and four
auxiliary summary measures: (X4) unweighted composite average
of the whole cerebellum, brainstem and the pons, and eroded
subcortical white matter regions, (X9) composite average of the
whole cerebellum, brainstem regions brainstem and the pons and
eroded subcortical white matter regions; (X10) summary over
whole cerebrum cortical composite region, normalized by the Free
Surfer-defined composite reference region, and (X12) composite
reference summary. We also considered two categorical variables
(X13 and X14) with a value of zero if the summary over the
whole cerebrum (X10) is below a cutoff threshold of 0.79 or 1.11,
respectively, and is one, otherwise [26,27].
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Figure 1: The pool of participants.
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Variables significantly by GDS, age at the time of PET scan, and APOE-g4

We used the following variables: age at the time of the PET scan,
race, sex, education level, the geriatric depression score (GDS),
APOE-£4 allele status, Veteran status, and the Modified Hachinski
Score which indicates the likelihood of dementia due to ischemic
causes.

Statistical Analyses

Before running a pattern detection, we reduced the effects
of observed confounding by applying a pseudo-randomization
algorithm [28-30] (see results in Table 1). The algorithm used
the AD-related variables: age at the time of the PET scan, race,
biological sex, education level, GDS, APOE-g4 allele status, the
U.S. Veteran status, and the Modified Hachinski Score which
indicates the likelihood of dementia due to ischemic causes. An
inverse probability of treatment weighting (IPTW) was calculated
for each observation as the reciprocal of the probability of the
event (e.g. AD diagnostic for S1 or Veteran status for S2). For
continuous variables (X1-X12), we used the generalized linear
regression model. Meanwhile, for categorical variables X13 and
X14, we applied the logistic regression model. Finally, the patterns
of amyloid distribution in the average U.S. Veteran brain and the
average brain affected by AD were established and compared. The
Duke University, Institutional Review Board, approved the protocol
used in this study. All analyses were conducted using R and SAS 9.4
software (SAS Institute Inc., Cary, NC).

Results

Table 1 illustrates the subsamples summary and the quality
of the pseudo-randomization. Before pseudo randomization, in
the subsample S1, the AD-affected and “healthy” groups differed

allele status. Similarly, in the S2, the Veteran and non-veteran
groups differed significantly by race, education levels, GDS, age, and
APOE status. After pseudo-randomization, all observed statistically
significant differences were mitigated. The amyloid patterns for
the fourteen ROI measures used in this study are shown in Table
2 (for S1) and Table 3 (for S2). In both tables, the column labeled
Cu shows betas for the unweighted univariate analysis (i.e. all
other possible predictors are at the population average), while the
column labeled with Cw illustrates the results of the IPW-adjusted
model. The pattern of the AP distribution in Veteran’s brains was
found to be different from the classic AD pattern.

Statistically significant positive differences in concentrations
of amyloid deposits between Veterans and not Veterans (Table 2)
were observed for cerebellar gray matter (X1), whole cerebellum
(X2), and eroded subcortical white matter (X3). Moreover, while the
amyloid depositions following Veteran status were concentrated
mostly in the cerebellum eroded subcortical gray matter and
brainstem, the density of depositions in the whole cerebrum (X10)
was less than for non-veterans. In contrast, the AD pattern (Table 3)
supposes that the most important amyloid depositions occur in the
frontal lobe (X5), cingulate cortex (X6), parietal lobe (X7), temporal
lobe (X8), also indicating a significant overall increase in brain
located amyloids (X13 and X14). The concentration of A in the
brainstem (X11) was significantly lower in AD patients than in their
healthy counterparts (Table 2). Similarly, for both patterns, race,
age, and APOE-¢4 allele status were found to exercise significant
influence over Af depositions. As expected, Black participants
have shown more deposits, which supposes faster deterioration of
normal functions.
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Table 1: The summary statistics and significance and pseudo-randomization quality testing for variables involved in subsamples S1 and S2.

S1 - ADNI participants, not Veterans
Total 538 participants (99 cases of AD)
Before pseudo-randomization After pseudo-randomization
Var No AD AD P-val. (Fischer)* No AD AD P-val. (Fischer)*
Black 0.02 (0.01) ** 0.03 (0.02) 0.6604 0.02 (0.01) 0.02 (0.01) 0.7692
Education 16.73 (0.13) 16.47 (0.26) 0.3883 16.68 (0.13) 16.63 (0.24) 0.8425
Depression 1.25 (0.06) 1.67 (0.14) 0.0048 1.33 (0.06) 1.42 (0.13) 0.4395
Age 75.84 (0.33) 77.70 (0.60) 0.0135 76.24 (0.33) 77.09 (0.58) 0.1232
APOE 0.47 (0.03) 0.82 (0.08) <.0001 0.54 (0.03) 0.54 (0.07) 0.9337
MHS 0.66 (0.03) 0.55 (0.07) 0.1554 0.64 (0.03) 0.70 (0.08) 0.3265
S2 - participants of ADNI and DoD-ADNI without AD
Total 552 participants
Not Veterans Veterans P-val. (Fischer) Not Veterans Veterans P-val. (Fischer)
Black 0.02 (0.01) 0.08 (0.02) 0.0071 0.05 (0.01) 0.03 (0.02) 0.43
Education 16.73 (0.13) 15.31 (0.21) <.0001 16.49 (0.13) 16.83 (0.19) 0.093
Depression 1.25 (0.06) 2.40 (0.24) <.0001 1.34 (0.06) 1.17 (0.16) 0.218
Age 75.84 (0.33) 68.26 (0.42) <.0001 74.47 (0.34) 75 (0.58) 0.35
APOE 0.47 (0.03) 0.33 (0.05) 0.018 0.44 (0.03) 0.47 (0.05) 0.611
MHS 0.66 (0.03) 0.75 (0.06) 0.18 0.69 (0.03) 0.63 (0.05) 0.32
*Tested hypothesis: Not Veterans group is not equal to Veterans one
**Between brackets are indicated a standard deviation
Table 2: The pattern of A deposits in the average brain of not Veteran with AD versus the brain without AD.
Education Depression
Var C, C, AD Black Age APOE MHS
level score
x1 -0.0078 -0.0084 -0.0104 -0.0112 -0.0014 -0.0019 0.0011** -0.002 -0.0029
X2 -0.0305** -0.0269*** -0.0290** 0.0033 -0.0015 -0.0031 0.0007 -0.0072 -0.0047
x3 -0.0454 -0.0736* -0.0672* -0.0602 -0.0031 0.0004 0.0038* 0.0400* -0.0049
x4 -0.0677** -0.0695%** -0.0711** -0.0153 -0.0016 -0.0038 0.0023* 0.0003 -0.003
x5 0.1402%** 0.0695* 0.0649* -0.1546* -0.0058 0.0046 0.0069** 0.1743%** -0.0033
X6 0.1194** 0.0594* 0.0503 -0.1457 -0.0058 0.003 0.0065** 0.1628*** 0.0059
x7 0.1583*** 0.0927** 0.0884* -0.1262 -0.0064 0.0096 0.0062** 0.1546*** -0.0047
x8 0.1323%** 0.0719** 0.0684* -0.1432* -0.0052 0.0019 0.0065%** 0.1460%** -0.0059
x9 0.1376*** 0.0734* 0.0680* -0.1424 -0.0058 0.0048 0.0065** 0.1594*** -0.002
x10 0.1528*** 0.0928%** 0.0911%*** -0.1253* -0.0034 0.0071 0.0047** 0.1456*** 0.0018
x11 -0.1271%** -0.1079*** -0.1171%* 0.011 -0.0002 -0.0085 0.0024 -0.0321* 0.0005
x12 0.1252%** 0.0845%** 0.0832%** -0.0744* -0.0029 0.0048 0.0027** 0.1004*** -0.0019
x13 1.4057*** 1.0930%** 1.0235%* -1.159 -0.0739 0.0824 0.0578** 1.7376%** 0.0363
x14 1.4694*** 1.0678%*** 1.0928** 0.3099 -0.0667 0.0557 0.0722%** 1.7819%** -0.1405
*0.0025 <p <0.05
**0.0001 < p <0.0025
*** p <0.0001
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Table 3: The pattern of A deposits in the average brain of a veteran versus not-veteran without AD.

Var C, C, AD Black Education level | Depression score Age APOE MHS

x1 0.0264*** 0.0360*** 0.0363*** 0.0366* 0 -0.0012 0.0014** 0.0052 -0.0052
X2 0.0308** 0.0415%** 0.0388*** 0.0717** 0.0007 -0.0029 0.001 -0.0002 -0.0077
x3 0.013 0.1067*** 0.0606 0.1043 0.0031 -0.0071 0.0049* 0.0475* -0.0094
x4 0.0251 0.0739*** 0.0525* 0.1147* 0.0027 -0.0066 0.0029* 0.0118 -0.0092
x5 -0.12713*** -0.0326 -0.0386 -0.0605 -0.0009 -0.0025 0.0081*** 0.17%** -0.0015
X6 -0.1080** 0.0093 -0.0258 -0.0296 -0.0007 -0.005 0.0081*** 0.1635%** 0.0058
X7 -0.1086** 0.0007 -0.0341 -0.0465 -0.0017 0.0002 0.008*** 0.1542%** 0.0011
x8 -0.0911** -0.0099 -0.0178 -0.0556 -0.0016 -0.0024 0.0075*** 0.1418%*** -0.0045
x9 -0.1072%** -0.0126 -0.0291 -0.0481 -0.0012 -0.0024 0.0079*** 0.1574%** -0.0002
x10 -0.1198*** -0.0459** -0.0619* -0.1051* -0.0019 0.001 0.0057*** 0.1350%** 0.0073
x11 0.0314 0.0734%** 0.0583* 0.1682** 0.0045 -0.0097 0.0028* -0.0118 -0.0107
x12 -0.0768*** -0.0202%** -0.0435** -0.0818* -0.0024 0.0021 0.0034*** 0.0913*** 0.0043
x13 -1.418%** -0.8250%** -0.9878** -1.655* -0.0399 0.016 0.0697*** 1.6259*** 0.1477
x14 -1.2971%** -0.1588 -0.7832* -0.3233 -0.0338 0.001 0.084 1% 1.6676%*** 0.0043

*0.0025 < p < 0.05
**0.0001 < p < 0.0025
=% p < 0,0001
Discussion tested positive for drug abuse and five percent tested positive

It is helpful to have a conceptual model of the long-term impact
of military service on aging to explore various outcomes and factors
that may come into play as Veterans grow older. Situating analysis
within this framework, we can gain a deeper understanding of the
unique challenges faced by Veterans and how we can best support
them to keep moving forward 13. Recent data from the U.S. Census
Bureau in November 2021 reveals that there are 8,915,189 Veterans
aged 65 and over in the United States, comprising 8,591,964 men
and 323,225 women. This vital population subgroup warrants
close analysis of their health and aging-related characteristics,
particularly since an additional 3,176,620 Veterans are expected to
join this cohort by 2029. Military service is a significant decision
with far-reaching career development and aging implications. It
is associated with various health-related factors, both positive
(such as discipline and the healthy soldier effect 14) and negative
(including service-related injuries 15, exposure to chemicals 16,
and diverse types of contusions 17), many of which are often not
measured in population studies.

Forty-one percent of U.S. Veterans may potentially require
mental health care, according to the Department of Veterans
Affairs. According to the survey, 28% of OEF/OIF/OND Veterans
admitted to receiving at least one mental health diagnosis within
the previous two years. Nearly seven out of ten people who had a
positive result on the mental health screeners reported that they
received a mental health diagnosis [31]. According to the results of
the individual mental health screeners, 23% of the U.S. OEF/OIF/
OND Veterans tested positive for PTSD, 16% for major depression,
and 13% tested positive on the Kessler six-item measure of general
psychological distress, in the committee’s survey. Three percent
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for alcohol dependence. Nonetheless, in the 2013 survey, 21% of
veterans tested positive for major depressive disorder (MD), 27%
for alcohol abuse, and 20% for PTSD. The differences in the cut-off
points that each study employed to score the Alcohol Use Disorder
Identification Test scale, which evaluates drinking problems, are
probably the cause of the disparity in the percentage of participants
who scored positively for problems with alcohol.

Recent studies draw attention to the role of alternative
neurodegenerative processes, not associated with AD specifically
[32-34], but sharing similar manifestations, and potentially
leading to similar levels of cognitive decline. Although the factors
controlling the onset and progression of extracellular amyloidosis
remain mainly unknown [35], specific risks associated with
military duty such as stress response [36], exposition to pollution
[37], and either constant micro traumatic brain injury (TBI) which
military personnel may have as a result of continuous exposition
to shock waves or TBI due to head wounds [38], as well as the
age-related neurodegeneration processes, are associated with
the deposition of amyloid-f plaques [39-42]. It is still unknown if
the amyloidosis pattern resulting from the cases associated with
harmful war environments is identical to those found in AD patients
[43]. After statistically supported investigation, we found that the
AB distribution in the average brain of the AD-free U.S. Veteran
differs from the pattern observed in a comparable population of
individuals who were not exposed to a war environment and were
diagnosed with AD.

This finding is consistent with the study that found no
statistically significant differences in incident TBI or incident
clinical AD between “Veteran” and “non-veteran” populations after
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proper accounting and statistical correction of the differences
in socioeconomic and health-related risk factors. Florbetapir is
a radiopharmaceutical tracer employed for PET scanning that
contains radionuclide fluorine-18 and is approved for use in the U.S.
It binds to AB and has a half-life of 109.75 minutes, which allows
the compound to accumulate in the brain of participants, mainly in
the regions associated with Af deposits. The 18F images consisted
of four frames with 5-minute exposition, taken 50-70 min post-
injection of the compound; the frames were realigned, averaged,
resliced to a voxel size of 1.5 mm3, and smoothed to resolution
of 8 mm3 in full width at half maximum. The dynamic 3D PET
scans were performed by injecting 370 MBq (10 mCi) of 18F. All
the variables of interest, except categorical ones, were normalized
as a standardized uptake value ratio (SUVR). SUVR quantifies the
amount of 18F uptake using an unspecific binding of each patient
as the reference.

As a reference region (RR) for ROI was taken a brain region
recognized by previous neuropathology studies as being mainly
pathology-free and having biological properties resembling the
ROI. To obtain an SUVR value the 18F uptake in each ROI was
divided by the uptake over the matching RR. The amyloid B-protein
is the principal constituent of vascular amyloid depositions and of
an amyloid core of senile plaques (SP) during AD. The pathological
changes with AD are typically associated with changes in the limbic
system, although existing studies show that the pathologic changes
can also implicate parts of the brain dedicated to the control of
movement, especially in patients with early-onset dementia 44.
The morphology of SPs depends on the presence of neurofibrillary
tangles (NFT) located in the same area of the brain [44]. NFTs are
insoluble twisted fibers, primarily of a protein called tau, found
inside the brain’s cells [45]. When both NFTs and SPs are present
in the same area of the brain, a high fraction of the SPs contains
degenerated neurites. Though, in the absence of NFTs, the most
common are diffuse plaques [46]. A neurotic SP is a complex
structure made of both neuronal and non-neuronal elements. The
neuronal part of the SP consists of dystrophic, deteriorating, and
regenerating neurites.

The other components of SPs are amyloid deposits, microglia,
macrophages, and reactive astrocytes. Although the SPs are
particularly numerous in AD, these lesions are also associated
with Creutzfeldt-Jacob disease, Gerstmann-Straussler-Scheinker
syndrome, and scrapie in sheep and goats which is caused by
infectious agents. The SPs were found in normal-aged human [47-
49] and animal [50] brains. However, the composition of the amyloid
fibers in SPs observed for aforementioned diseases is different from
the protein composition of SPs in AD and normal aging in humans
[51]. However, the concentration of amyloids differs insignificantly
in eroded subcortical white matter (compare variable X3 in Tables
2&3). The whole pattern of the A distribution across the Veteran’s
brain differs significantly from that found in individuals with
AD. The concentration of amyloid depositions following Veteran
status is lower in the frontal lobe; cingulate cortex; parietal lobe;
temporal lobe, a composite average of the whole cerebellum,
brainstem regions brainstem and the pons, eroded subcortical
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white matter regions, and summary over whole cerebrum cortical
composite ROI, and composite reference summary (compare X5-
X10, X12-X14) in Tables 2&3), which is typical for AD and with the
time leads to unevenness in the shapes of cortical and subcortical
structures which, in turn, correlate with severity of cognitive
disorder and may predict the onset of Alzheimer disease [52] and it
is significantly higher in the brainstem, cerebellar gray matter and
in the cerebellum in general (compare X11, X1, X2, and X4 in Tables
2&3).

Since Florbetapir PET cannot distinguish between senile
plaques and depositions in blood vessels, it is impossible to draw a
more precise picture of the underlying processes, although amyloid
deposition in this area and resulting deterioration may lead to a
decline in motion functions for instance slowness of movements,
rigidity, resting tremor, gait disturbance and postural instability
[53], sleep disorder, and depression [54], along with elevated
risk for cerebellar hemorrhage. In contrast, the patterns of AB
distribution associated with AD, suppose elevated concentration
of amyloid depositions in the cortex, parietal, and temporal lobes,
along with higher whole-cerebrum concentration of amyloids, leads
to memory loss and intrinsic dementia. Moreover, the deterioration
of the cingulate cortex due to amyloid deposits (variable X6, Table
2) explains assigning wrong emotions to certain stimuli or events,
connecting facial expressions to incorrect emotions, and connecting
to their vocalizations, which are typical AD symptoms. The analyses
show that the “AD” and “Veteran” patterns do not overlap. Although
the pathological changes due to AD are usually associated with
changes in the limbic system, existing studies show that the disease
can also implicate parts of the brain dedicated to the control of
movement, especially in patients with early-onset dementia. Also,
the early AD onset in the U.S. Veteran society the observed pattern
may be a part of a pathway following early depression derived from
irregular sleep and coordination troubles.
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