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Abstract.
Background: Within older Veterans, multiple factors may contribute to cognitive difficulties. Beyond Alzheimer’s disease
(AD), psychiatric (e.g., PTSD) and health comorbidities (e.g., TBI) may also impact cognition.
Objective: This study aimed to derive subgroups based on objective cognition, subjective cognitive decline (SCD), and
amyloid burden, and then compare subgroups on clinical characteristics, biomarkers, and longitudinal change in functioning
and global cognition.
Methods: Cluster analysis of neuropsychological measures, SCD, and amyloid PET was conducted on 228 predominately
male Vietnam-Era Veterans from the Department of Defense-Alzheimer’s Disease Neuroimaging Initiative. Cluster-derived
subgroups were compared on baseline characteristics as well as 1-year changes in everyday functioning and global cognition.
Results: The cluster analysis identified 3 groups. Group 1 (n = 128) had average-to-above average cognition with low amyloid
burden. Group 2 (n = 72) had the lowest memory and language, highest SCD, and average amyloid burden; they also had the
most severe PTSD, pain, and worst sleep quality. Group 3 (n = 28) had the lowest attention/executive functioning, slightly
low memory and language, elevated amyloid and the worst AD biomarkers, and the fastest rate of everyday functioning and
cognitive decline.
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Conclusions: Psychiatric and health factors likely contributed to Group 2’s low memory and language performance. Group
3 was most consistent with biological AD, yet attention/executive function was the lowest score. The complexity of older
Veterans’ co-morbid conditions may interact with AD pathology to show attention/executive dysfunction (rather than memory)
as a prominent early symptom. These results could have important implications for the implementation of AD-modifying
drugs in older Veterans.
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INTRODUCTION

In 2020, the Veterans Health Administration
(VHA) provided medical care for more than 9 mil-
lion enrolled Veterans, of whom over 50% were age
65 years or older [1, 2]. Within older Veterans, it is
estimated that approximately 10% have dementia [3],
and this number is forecasted to increase more than
29% by 2033 [4]. Military-related experiences that
lead to toxic exposures and combat-related trauma
can put one at greater risk for dementia. More specif-
ically, elevated vascular burden (i.e., a greater number
of and/or more severe cardio- and cerebrovascular
risk factors and diseases), post-traumatic stress dis-
order (PTSD), depression, and traumatic brain injury
(TBI) have all been linked to military exposures, and
are associated with increased risk of Alzheimer’s dis-
ease and related dementias (ADRD) [5–9]. Given the
unique experiences and potentially elevated risk of
dementia in older Veterans, it is critical to study early
profiles of cognition and biomarkers to better under-
stand the many factors that may be associated with
unique presenting phenotypes as well as to better
understand prognosis of these presentations.

Data-driven approaches have been used to better
characterize subgroups and understand heterogene-
ity of both cognitive presentations [10–14] as well
as biomarker patterns in ADRD [15–18]. Specifi-
cally, studies that have used data-driven clustering
approaches to understand neuropsychological sub-
types have yielded significant heterogeneity both
in breadth and severity of cognitive difficulties,
including within cognitively unimpaired (CU) par-
ticipants [13, 14], as well as unique patterns of
relative strengths and weaknesses in different cog-
nitive domains. These unique cognitive phenotypes
tend to show differences in variables such as sociode-
mographic, subjective cognitive decline, Alzheimer’s
disease (AD) biomarkers, vascular health factors, as
well as longitudinal rates of functional decline and
progression to dementia [10, 13, 14, 19–21]. Few
studies, however, have combined both objective and

subjective cognition as well as biomarkers as part of
the clustering analysis.

Considering multiple sources of information in
the form of neuropsychological testing, subjective
cognitive decline (SCD), and amyloid biomarkers
is becoming a more common practice in research
and even in some clinical settings. While we have
significant research on individuals from academic
memory clinic settings, within older Veterans, there
may be multiple co-occurring factors such as PTSD,
that are likely to contribute to particularly complex
presentations. More work is needed to understand
the cognitive and pathological presentations in older
Veterans, particularly given the need for accurate
detection of AD- versus non-AD pathologic presen-
tations now that an anti-amyloid therapy has been
approved for use at the VHA. Therefore, the aim of
our study was to identify cluster-derived subgroups
of Vietnam-Era Veterans without dementia based
on neuropsychological test data, SCD, and amyloid
positron emission tomography (PET) and to com-
pare their baseline characteristics and rates of 1-year
change in everyday functioning and global cognition.

MATERIALS AND METHODS

Data used in the preparation of this article were
obtained from the Brain Aging in Vietnam War
Veterans/Department of Defense Alzheimer’s Dis-
ease Neuroimaging Initiative (DoD-ADNI) database
(http://adni.loni.usc.edu). DoD-ADNI is directed by
principal investigator Dr. Michael Weiner of the San
Francisco VA Medical Center and University of Cal-
ifornia, San Francisco. The overarching goals of
DoD-ADNI are to characterize the long-term neural
and behavioral consequences of TBI and/or PTSD.
The main aims and methods are described in detail
elsewhere [22], and up-to-date information can be
found at http://www.adni-info.org. This research was
approved by the institutional review boards of all par-
ticipating sites within ADNI and written informed
consent was obtained for all study participants.

http://adni.loni.usc.edu
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Participants

Enrollment criteria for DoD-ADNI have been
described elsewhere [22]. Briefly, DoD-ADNI
excluded participants with a diagnosis of dementia
and Clinical Dementia Rating (CDR) score of >0.5.
The current study included 228 Vietnam-Era Veter-
ans without dementia from DoD-ADNI. Participants
were included if they had neuropsychological, SCD,
and amyloid PET data at the first study visit. While
participants have varying durations of follow up (up
to ∼5 years) [23], we used the 1-year follow-up visit
to reduce the risk of selective attrition since there were
still 183 participants (80.3% of baseline sample) with
everyday functioning data at year 1.

Measures included in cluster analysis

Neuropsychological measures. The cluster analysis
included the following neuropsychological cogni-
tive domains: Immediate Memory, Delayed Memory,
Language, and Attention/Executive Functioning.
Domain scores were calculated by taking the mean
of the unadjusted z-scores of the tests in that domain.
The Immediate Recall score included the immediate
recall scores from the Rey Auditory Verbal Learning
Test and Logical Memory; Delayed Recall included
the delayed recall scores from the Rey Auditory Ver-
bal Learning Test and Logical Memory; Language
included the 30-item Boston Naming Test and Animal
Fluency; Attention/Executive Functioning included
Trail Making Test Parts A and B. Trail Making Test
scores were log-transformed (due to skewness) and
multiplied by –1 prior to being averaged so that higher
scores represented better performance across all tests.

Once the unadjusted domains scores were cre-
ated, each domain score was converted to an age-,
education-, race-, and ethnicity-adjusted z-score [24].
Sex/gender was not adjusted for given the very
small number of women in the sample (n = 2).
Adjusted z-scores were determined based on the dif-
ference between the observed score and expected
score divided by the standard error of measurement.
Regression coefficients to determine the expected
score were derived from a subset of the larger DoD-
ADNI sample who had a CDR = 0 (i.e., cognitively
unimpaired) at baseline (N = 230).

Subjective cognitive decline. The Everyday Cogni-
tion (ECog) measure was used to measure subjective
cognitive decline. The ECog measure is a 39-item
measure in which the participants rate their abil-

ity to perform everyday tasks relative to 10 years
ago on a scale of 1 (“better or no change”) through
4 (“consistently much worse”) in the domains of
memory, language, visuospatial, planning, organi-
zation, and divided attention [25]. A score of 9
(“don’t know”) was coded as missing. The ECog
score is based on the mean of all non-missing items.
Higher scores represent more subjective everyday
cognitive and functional difficulties. The ECog was
log-transformed and z-scored prior to being entered
into the cluster analysis.

Amyloid PET. Florbetapir (AV45) PET was used to
measure amyloid burden. Specific details of data
acquisition and processing of florbetapir PET data
are available at adni.loni.usc.edu. A summary stan-
dardized uptake value ratio (SUVR) was calculated
by dividing the mean uptake across 4 AD-vulnerable
cortical regions (frontal, anterior/posterior cingu-
late, lateral parietal, and lateral temporal cortices)
by whole cerebellar (white and gray matter) uptake
[26]. Greater binding of florbetapir is consistent
with greater cortical A� burden. A� PET was log-
transformed and z-scored prior to inclusion in the
cluster analysis.

Additional measures for phenotype characterization

Demographic and sociocultural variables. Age,
years of education, sex/gender, race, ethnicity, and
preferred language were all used to characterize the
cluster-derived subgroups.

Biomarkers. In addition to amyloid PET that was
used in the cluster analyses, additional biomarkers
were used to characterize the cluster groups. These
included Apolipoprotein E (APOE) �4 carrier sta-
tus, cerebrospinal fluid (CSF) p-tau181, hippocampal
volume, and white matter hyperintensity (WMH) vol-
ume (residualized for total brain volume). Further,
flortaucipir PET imaging was available on a subset
of participants (n = 84) and a metatemporal region of
interest that was partial volume corrected and nor-
malized to the inferior cerebellar gray was compared
across cluster groups [27].

Vascular and health measures. Proportion of Vet-
erans with self-reported diabetes and hypertension
were examined. Additionally, pulse pressure was
examined as a proxy for arterial stiffening and was
calculated by subtracting diastolic blood pressure
from systolic blood pressure [28]. TBI history was
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based on participant report and severity was based
on Veteran Affairs (VA)/DoD criteria 2021 Clinical
Practice Guidelines [29]. TBI severity was based on
the most severe TBI sustained in their lifetime. A
TBI was classified as mild if the participant reported
a loss of consciousness (LOC) of less than 30 min, or
alteration of consciousness (AOC) or post-traumatic
amnesia (PTA) up to 24 h. The moderate and severe
TBI criteria were combined since the information for
PTA of more than 1 day was not available. A TBI was
classified as moderate-to-severe if the participants
had a LOC greater than 30 min, AOC greater than
24 h, or PTA greater than 1 day. Other health mea-
sures included sleep quality based on the Pittsburgh
Sleep Quality Index, and pain frequency as measured
on the Short Form-12 (SF-12) health survey.

Psychiatric measures. Current and lifetime PTSD
symptom severity was measured using the Clinician-
Administered PTSD Scale (CAPS-IV). A participant
was classified as having PTSD if Criteria A though
F were met based on the DSM-IV algorithm [30].
Depressive symptoms were measured using the 15-
item Geriatric Depression Scale. History of alcohol
or opioid abuse or dependence based on the Struc-
tured Clinical Interview for DSM Disorders (SCID)
was also examined.

Longitudinal outcome measures

Clinical Dementia Rating – Sum of Boxes (CDR-
SB). The CDR is a semi-structured interview that
assesses cognitive and functional abilities. Relative
to the CDR global score, the CDR-SB provides a
greater range of scores (i.e., 0–18), with higher scores
indicating more functional difficulty [31].

Global cognition. The Global Cognition composite
was derived from the mean of the Immediate Recall,
Delayed Recall, Language, and Attention/Executive
Functioning scores described above under Neuropsy-
chological measures.

Statistical analyses

A hierarchical cluster analysis that included the
neuropsychological domain scores, SCD, and amy-
loid PET z-scores at baseline was conducted to
derive the cluster groups. Next, a discriminant func-
tion analysis was conducted to test the extent to
which the individual neuropsychological, SCD, and
amyloid PET measures could predict cluster-group

membership. Analysis of variance, Kruskal-Wallis,
and χ2 tests examined demographic, clinical, and
biomarker characteristics by group. Linear mixed
effects models were used to determine the 1-year
change in everyday functioning and global cogni-
tion by group membership. Random intercept was
included, but random slope did not improve model
fit (likely due to the 2 timepoints), so was not
included. Fully-adjusted models that included age,
education, PTSD symptom severity, APOE �4 car-
rier status (carrier versus noncarrier), and TBI history
(none, mild, moderate-to-severe) as covariates are
reported. Unadjusted models are also reported. All
variables were z-scored prior to being included
in the models.

RESULTS

Cluster analysis

Across the sample, participants had a mean age
of 69.73 years (SD = 4.78), mean education of 15.17
years (SD = 2.44), were 99.1% male, 85.5% white
and 7.0% Black/African American, and 7.9% His-
panic/Latino. The cluster analysis identified 3 cluster
groups that were derived using neuropsychological
domain scores, SCD, and amyloid PET: Group 1 had
average-to-above average cognition, below average
SCD, and the lowest amyloid (n = 128); Group 2 had
low memory and language, the highest level of SCD,
and average amyloid (n = 72); Group 3 had the lowest
attention/executive functioning, slightly low mem-
ory and language, average SCD, and high amyloid
(n = 28; see Fig. 1). Means and SDs of the neuropsy-
chological, SCD, and amyloid variables are shown
in Table 1. A discriminant function analysis using
the neuropsychological, SCD, and amyloid measures
to predict group membership into these 3 clusters
correctly classified 92.0% of the participants. A 4-
cluster solution from the cluster analysis was also
considered in which Group 1 was split into an average
cognition group (n = 89) and a high cognition group
(n = 39), both with below average SCD and average
amyloid. Groups 2 and 3 remained consistent in both
the 3- and 4-cluster solution. A discriminant func-
tion analysis predicting group membership into the
4 clusters correctly classified 90.8% of the partici-
pants. For parsimony and to maintain a larger sample
size of participants who are generally performing
within the average range and above on neuropsy-
chological measures, have average to low-average
levels of SCD, and have average to low amy-
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Fig. 1. Cognitive performance, subjective cognitive decline,
and amyloid PET across the cluster-derived groups. Higher
Immediate Memory, Delayed Memory, Language, and Atten-
tion/Executive Functioning = better performance; higher subjec-
tive cognitive decline scores (ECog)=more difficulties; higher
amyloid PET = more cortical amyloid deposition.

loid burden, the 3-cluster solution was selected for
further analyses.

Phenotype characterization

Table 1 shows the demographic, clinical character-
istics, and specific raw neuropsychological test scores
by cluster-derived group. Briefly, Group 3 was older
and had higher years of education than Groups 1 and
2. There were no differences by race, ethnicity, or pre-
ferred language, though there was a general pattern
in which there was a greater proportion of white and
non-Hispanic participants in Group 3 than in Groups
1 and 2. In general, participants in Group 2 had the
most cognitive and functional difficulty and the most
SCD, while participants in Group 1 had the best cog-
nition and everyday functioning. Group 3 had mean
cognitive scores that were mostly in between Groups
1 and 2, but had the worst scores on Trails A and B
(attention/executive functioning). In addition to ele-
vated amyloid PET levels compared to Groups 1 and
2, Group 3 had other markers that are most consis-
tent with AD including the highest rate of APOE
�4 carriers (50%), lowest hippocampal volume, and
the highest levels of CSF p-tau and temporal tau on
PET. Group 2 had the highest rates of current PTSD
diagnosis and current and lifetime PTSD symptom
severity as well as worst sleep quality and greatest
pain frequency. There were no differences by group in
vascular diseases (diabetes, hypertension) or vascular

markers (pulse pressure, WMH volume), depressive
symptoms, or history of alcohol or opioid abuse/
dependence. TBI history did not statistically differ by
group, but Group 3 had a pattern for greater propor-
tion of participants with a history of TBI, particularly
a moderate-to-severe TBI.

Longitudinal analyses

One-year change in everyday functioning and
global cognition by cluster group are shown in Fig. 2,
and both unadjusted and adjusted model estimates
are shown in Table 2. After adjusting for age, edu-
cation, PTSD symptoms, TBI history, and APOE
�4 carrier status, there was a main effect of group
such that relative to Group 1, Group 2 had signif-
icantly greater everyday functioning difficulties on
average (p = 0.004). While the pattern was similar for
Group 3, it did not statistically differ from Group 1
(p = 0.066). Groups 2 and 3’s mean level of functional
difficulties did not differ across time (p = 0.857). Lon-
gitudinally, when the group × time interaction was
added to the model, results showed that relative to
Group 1, Group 2 showed a faster, but non-significant,
increase in functional difficulties (� = 0.212, 95%
CI: –0.051 to 0.475, p = 0.114) and Group 3 showed
a significantly faster increase in functional difficul-
ties over 1 year (� = 0.552, 95% CI: 0.171 to 0.933,
p = 0.005). Group 3 also had a faster increase in func-
tional difficulties relative to Group 2, but this effect
did not reach statistical significance (� = 0.340, 95%
CI: –0.071 to 0.751, p = 0.104). The pattern of results
was the same in the unadjusted model.

For global cognition, after adjusting for age, edu-
cation, PTSD symptoms, TBI history, and APOE �4
carrier status, there was a main effect of group such
that Group 1 had significantly better global cogni-
tion than Groups 2 and 3 across visits, and Group 3
had better global cognition than Group 2 (ps < 0.010).
Longitudinally, when the group × time interaction
was added to the model, results showed that rel-
ative to Group 1, Group 2 showed a significantly
faster improvement in global cognition over 1 year
(� = 0.393, 95% CI: 0.136 to 0.649, p = 0.003) while
Group 3 showed a pattern of greater decline in global
cognition over 1 year (� = –0.368, 95% CI: –0.741 to
0.004, p = 0.053). Group 3 had significantly greater
rate of decline in global cognition relative to Group 2
(� = –0.761, 95% CI: –1.161 to –0.361, p < 0.001), as
Group 2 seemed to regress toward the mean by visit 2.
The pattern of results was the same in the unadjusted
model.
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Table 1
Baseline demographic, clinical, and biomarker characteristics of the cluster-derived groups

Group 1 Group 2 Group 3 F, H, or χ2 p
(n = 128) (n = 72) (n = 28)

Demographic and sociocultural information
Age 69.64 (4.46)a 69.10 (4.79)a 71.77 (5.72)b,c F = 3.26 p = 0.040
Education 15.16 (2.47)a 14.69 (2.22)a 16.39 (2.50) b,c F = 5.07 p = 0.007
Female, % 1.6% 0.0% 0.0% χ2 = 1.58 p = 0.455
Race χ2 = 12.23 p = 0.270

American Indian/Alaska Native, % 2.3% 0.0% 0.0%
Asian, % 0.0% 2.8% 3.6%
Black/African American, % 6.3% 11.1% 0.0%
White, % 85.9% 80.6% 96.4%
More than one race, % 3.9% 4.2% 0.0%
Unknown, % 1.6% 1.4% 0.0%

Hispanic/Latino, % 8.6% 9.7% 0.0% χ2 = 2.82 p = 0.245
Preferred Language χ2 = 8.11 p = 0.088

English, % 99.2% 93.1% 100.0%
Spanish, % 0.8% 4.2% 0.0%
Other, % 0.0% 2.8% 0.0%

Cognitive and everyday functioning measures
MMSE 28.67ab 27.86c 27.68c F = 8.72 p<0.001
CDR Global of 0.5, % 19.8%b 42.9%c 33.3% χ2 = 11.73 p = 0.003
CDR – Sum of Boxes 0.27 (0.53)b 0.61 (0.82)c 0.50 (0.87)b H = 13.60 p = 0.001
AVLT Immediate, total correct 43.98 (8.22)a,b 34.80 (6.01)a,c 38.21 (8.14)b,c F = 34.76 p<0.001
AVLT Delay, total correct 7.73 (3.45) a,b 4.32 (2.96)c 4.82 (3.92)c F = 26.66 p<0.001
Logical Memory Immediate, total correct 13.18 (3.16)a,b 9.68 (3.18)a,c 11.32 (3.73)b,c F = 27.26 p<0.001
Logical Memory Delay, total correct 12.05 (3.45)a,b 7.72 (2.78)a,c 10.21 (3.95)b,c F = 39.08 p<0.001
BNT 30-item, total correct 28.55 (1.42)b 26.75 (2.24)a,c 28.39 (1.55)b F = 25.85 p<0.001
Animal Fluency, total correct 21.95 (4.25)a,b 16.49 (3.74)a,c 18.89 (4.46)b,c F = 41.22 p<0.001
Trails A, total seconds 33.48 (10.75)a,b 37.83 (10.08)a,c 45.93 (25.80)b,c F = 10.68 p<0.001
Trails B, total seconds 82.77 (33.07)a,b 110.81 (40.35)a,c 132.50 (82.97)b,c F = 18.93 p<0.001
ECog 1.52 (0.49)b 1.85 (0.58)ac 1.61 (0.54)b F = 9.08 p<0.001
Biomarker measures
APOE �4 carrier, % 25.6%a 25.7%a 50.0%b,c χ2 = 7.06 p = 0.029
Amyloid PET SUVR 1.01 (0.07)a 1.03 (0.08)a 1.39 (0.16)b,c F = 192.35 p<0.001
Metatemporal tau PET (n = 84) 1.40 (0.10)a 1.40 (0.13)a 1.62 (0.36)b,c F = 8.93 p<0.001
CSF p-tau (n = 118) 17.19 (6.15)a,b 21.56 (14.58)a,c 32.43 (12.28)b,c F = 12.91 p<0.001
Hippocampal volume 0.52 (0.06) 0.53 (0.08)a 0.49 (0.05)b F = 3.08 p = 0.048
WMH volume (log-transformed) 0.95 (0.18) 0.93 (0.16) 1.01 (0.26) F = 1.74 p = 0.179
Physical and mental health measures
Diabetes, % 35.4% 37.1% 42.9% χ2 = 0.55 p = 0.761
Hypertension, % 64.8% 63.9% 67.9% χ2 = 0.14 p = 0.932
Pulse pressure 59.05 (13.51) 60.44 (16.36) 60.75 (15.73) F = 0.29 p = 0.750
History of any TBI, % 54.7% 64.7% 71.4% χ2 = 3.65 p = 0.161
TBI severity χ2 = 5.04 p = 0.283

None, % 45.3% 35.3% 28.6%
Mild, % 28.1% 35.3% 28.6%
Moderate-to-severe, % 26.6% 29.4% 42.9%

Current PTSD, % 36.7%b 54.2%c 25.0% χ2 = 9.10 p = 0.011
Current CAPS score 27.39 (27.29)b 38.30 (27.04)a,c 21.27 (21.95)b F = 5.32 p = 0.006
Lifetime CAPS score 39.81 (33.36)b 50.61 (33.75)a,c 33.92 (29.75)b F = 3.34 p = 0.037
GDS score 2.43 (2.77) 3.06 (3.00) 2.54 (2.95) H = 3.18 p = 0.204
Sleep quality 2.82 (0.77)b 2.57 (0.64)a,c 2.92 (0.72)b F = 7.70 p = 0.021
Pain frequency 2.32 (1.10)b 2.70 (1.19)c 2.21 (0.98) H = 5.45 p = 0.066
History of alcohol abuse/dependence, % 46.8% 45.7% 39.3% χ2 = 0.52 p = 0.772
History of opioid abuse/dependence, % 1.6% 0.9% 3.7% χ2 = 0.60 p = 0.740

Data are summarized as mean (standard deviation) or %. aSignificantly different than Group 3 (i.e., p < 0.05); bSignificantly different than
Group 2; cSignificantly different than Group 1. MMSE, Mini-Mental State Exam; CDR, Clinical Dementia Rating; AVLT, Rey Auditory
Verbal Learning Test; BNT, Boston Naming Test; ECog, Everyday Cognition; APOE, apolipoprotein E; CSF, cerebrospinal fluid; WMH,
white matter hyperintensity volume (log-transformed after residualizing for total brain volume and z-scored); CAPS, Clinician-Administered
PTSD Scale; GDS, Geriatric Depression Scale; TBI, Traumatic brain injury.
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Table 2
Parameter estimates for 1-year change in CDR-SB and Global Cognition by cluster group

CDR-SB Global Cognition
Unadjusted Adjusted Unadjusted Adjusted

� S.E. p � S.E. p � S.E. p � S.E. p

Intercept –0.266 0.100 0.008 –0.238 0.147 0.107 0.523 0.081 <0.001 0.647 0.122 <0.001
Age – – – 0.127 0.064 0.047 – – – –0.148 0.054 0.006
Education – – – –0.074 0.061 0.228 – – – 0.242 0.053 <0.001
APOE �4 carrier – – – –0.051 0.057 0.371 – – – 0.054 0.049 0.275
CAPS score – – – 0.164 0.061 0.008 – – – –0.063 0.053 0.238
TBI history

No TBI – – – –0.053 0.144 0.716 – – – –0.066 0.123 0.591
Mild TBI – – – 0.007 0.154 0.966 – – – –0.241 0.133 0.072
Moderate-to-severe TBI (ref)

Visit 0.017 0.074 0.823 0.031 0.077 0.687 –0.120 0.071 0.091 –0.105 0.076 0.168
Cluster group
Group 1 (ref) – – – – – – – – – – – –
Group 2 0.608 0.171 <0.001 0.584 0.182 0.002 –0.974 0.139 <0.001 –0.903 0.144 <0.001
Group 3 0.826 0.253 0.001 0.879 0.263 <0.001 –0.577 0.209 0.006 –0.694 0.212 0.001
Cluster group × Visit

Group 1 × Visit (ref) – – – – – – – – – – – –
Group 2 × Visit 0.191 0.129 0.141 0.212 0.133 0.114 0.367 0.122 0.003 0.393 0.130 0.003
Group 3 × Visit 0.542 0.197 0.007 0.552 0.193 0.005 –0.343 0.187 0.067 –0.368 0.189 0.053

CDR-SB, Clinical Dementia Rating-Sum of Boxes; APOE, apolipoprotein E; CAPS, Clinician-Administered PTSD Scale; TBI, Traumatic
brain injury.

Fig. 2. 1-year change in everyday functioning and global cognition by cluster group. Panel A shows change in everyday functioning
(CDR-SB); Panel B shows change in Global Cognition. The y-axis shows the model predicted values of the adjusted models. Shaded region
represents 95% confidence interval. CDR-SB, Clinical Dementia Rating-Sum of Boxes.

DISCUSSION

The current study used a data-driven approach that
included not only neuropsychological measures, but
also a measure of SCD and amyloid PET to deter-
mine if there are meaningful phenotypes that emerge
in a sample of Vietnam-Era Veterans. Three clus-
ter groups were found. The largest group (Group
1) performed within the average range or above on
all cognitive measures, had low levels of SCD, and
the lowest levels of amyloid burden. The second
largest group (Group 2), however, had the worst
cognitive profile with the lowest scores on mem-

ory and language measures plus the highest rate of
SCD despite average amyloid levels. Group 2 also
had the highest rates of PTSD, pain, and poorest
sleep quality. Finally, the smallest group (Group 3)
had elevated amyloid and performed the lowest on
attention/executive functioning but had average SCD.
Group 3 was also slightly older, had more years of
education, had biomarkers that were most consistent
with biological AD, and had the largest proportion of
participants with a TBI history.

Longitudinally, Group 3, the group most con-
sistent with biological AD, had the fastest rate of
increase in functional difficulties over 1-year, fol-
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lowed by Group 2 and Group 1, despite Group 2
having the worst everyday functioning and mem-
ory and language performance at baseline. Given
the subjective measurement of the CDR and poten-
tial for psychiatric symptoms and physical health to
impact the scores, change in global cognition over
1 year was also examined. These results demon-
strated a slightly different pattern such that although
Group 3 again showed the fastest rate of decline,
Group 2 showed improvement in cognitive perfor-
mance between baseline and the 1-year follow-up
visit despite having the lowest cognitive performance
on average.

This pattern, consistent with regression to the mean
for Group 2, was somewhat unexpected given the
initial profile of the lowest memory and language per-
formances in addition to the highest report of SCD.
However, this group also had the highest PTSD symp-
tom severity, poorest sleep quality, and highest pain
frequency. There is consistent evidence that all of
these factors can impact cognition in older Veter-
ans [32–34]. However, while factors such as PTSD
may be associated with dementia risk [35], these are
also factors that may fluctuate up and down over time
depending on medications, therapy and other treat-
ment/activities, and ongoing life stressors. Therefore,
it is possible that the associated cognitive difficul-
ties could also fluctuate, and improve on sensitive
neuropsychological measures, over time even if the
participant is still reporting some everyday function-
ing difficulties in their everyday life. While Group 2’s
global cognition improved by the 1-year follow up,
they were still performing below the other groups on
the global cognition composite. These longitudinal
results emphasize the importance of contextualizing
cognitive difficulties, which is likely best done with
a multidisciplinary approach that includes a compre-
hensive neuropsychological evaluation comprising of
a thorough clinical interview and considers all psy-
chiatric, health, and other conditions before making
a diagnosis and treatment plan. This may be particu-
larly important in the context of the newly approved
anti-amyloid drug Leqembi. Notably, Group 2 had the
highest rate of CDR = 0.5, which would be consid-
ered mild cognitive impairment (MCI) and therefore
likely meet the cognitive criteria for Leqembi despite
their cognitive difficulties potentially not being due
to AD pathology. In fact, Veterans with this profile
may benefit from management of psychiatric, pain,
and sleep symptoms first, or in combination with
other approaches to improve cognition (e.g., learn-
ing compensatory cognitive skills, physical activity,

managing vascular risks, etc.) [36–38] and then be
re-assessed to determine if they still meet criteria for
MCI.

Group 3 had the highest rate of amyloid burden
and had other biomarkers that were most consis-
tent with biological AD [39], including elevated CSF
p-tau and tau PET levels, smallest hippocampal vol-
umes, and a high proportion of APOE �4 carriers.
Rather than showing prominent memory difficul-
ties [40], however, this group performed the lowest
on attention/executive functioning and did not show
the highest rates of MCI (measured as CDR = 0.5).
This cognitive profile provides important insights into
what may be a unique presentation of biological AD
among older Veterans who likely have higher rates
of co-occurring psychiatric symptoms, TBI histories,
and vascular risks. Specifically, the complexity of
older Veterans’ co-morbid conditions may interact
with AD pathology to show attention/executive dys-
function (rather than memory) as a prominent early
symptom for this group. This cognitive profile also
has implications for treatment since despite showing
very high levels of amyloid, many in this group would
not meet criteria for MCI based on the CDR, which
is weighted heavily for memory difficulties. Thus,
a more comprehensive neuropsychological assess-
ment would be required to diagnose MCI based on
impairments beyond memory.

Unlike previous studies that have largely focused
on profiles of either cognition or biomarkers, the cur-
rent study examined neuropsychological measures,
SCD, and amyloid PET together in the same cluster-
ing model. Important next steps with a larger sample
would be to consider additional biomarkers of AD,
including tau, as well as non-AD specific markers
such as vascular biomarkers (e.g., WMH volumes,
cerebral blood flow) or vascular metrics such as
blood pressure and hemoglobin a1c in the cluster-
ing model. A next step to making the implications
of the current results more accessible and applica-
ble in a clinical setting would be to examine the
associations and profiles of cognition and co-morbid
conditions with plasma biomarkers, rather that PET
imaging, the latter which is expensive and not avail-
able in many settings. Plasma biomarkers have not
been well-validated in older Veterans, so this work
would be a critical next step given the likelihood
of increased AD plasma biomarkers availability in
coming years.

In addition to the approach of combining cogni-
tion and amyloid in the cluster analysis, strengths of
this study include the use of the DoD-ADNI data
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given the multiple AD biomarkers that are avail-
able as well as measures of PTSD and depression,
multiple domains of cognition, SCD, and everyday
functioning as well as longitudinal data, which was
particularly critical in interpreting the prognosis for
Group 2. At the same time, the data are limited by
the lack of women Veterans who are enrolled as well
as limited race/ethnicity diversity. Given women and
Black/African American and Hispanic older adults
are at greatest risk for dementia, improved represen-
tation in future research is critical. Further, there was
intentional over-sampling of participants with a his-
tory of TBI and PTSD in DoD-ADNI and exclusion
of Veterans with high levels of vascular burden given
the initial goals of the larger study to understand the
associations of TBI and PTSD with AD biomarkers.
However, the high rate of TBI may make generaliza-
tion to the overall Vietnam-Era Veteran population
more difficult. Importantly, recent work in this cohort
has not found associations between TBI or PTSD
with AD biomarkers [23], so despite the pattern of
higher rates of TBI across the sample and especially
in Group 3, it is unlikely that TBI is the cause of the
elevated amyloid levels in this group.

These results add to a growing literature
demonstrating heterogeneity in early cognitive and
pathological presentations of ADRD [10, 14, 41, 42].
Within older Veterans, most participants were per-
forming in the average-to-above average range. The
other two cluster-derived groups showed unique cog-
nitive, SCD, and amyloid profiles and were associated
with different demographic, psychiatric, pain/sleep,
and AD biomarker correlates as well as unique pat-
terns of change in everyday functioning and global
cognition, even in the span of only 1 year. These
results have important implications for assessment
and precision treatment of older Veterans and high-
light the need for comprehensive clinical evaluations
that include a thorough neuropsychological assess-
ment with clinical interview and biomarker testing
when possible.
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