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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.
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Methods: Cluster analysis of neuropsychological measures, SCD, and amyloid PET was 

conducted on 228 predominately male Vietnam-Era Veterans in 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.

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.

Keywords
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Introduction

In 2020, the Veterans Health Administration (VHA) provided medical care for more than 

9 million 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 

specifically, elevated vascular burden (i.e., a greater number of and/or more severe cardio- 

and cerebrovascular risk factors and diseases), post-traumatic stress disorder (PTSD), 

depression, and traumatic brain injury (TBI) have all been linked to military exposures, and 

are associated with increased risk of Alzheimer’s disease 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 understand 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 

heterogeneity of both cognitive presentations [10–14] as well as biomarker patterns in 

ADRD [15–18]. Specifically, studies that have used data-driven clustering approaches to 

understand neuropsychological subtypes have yielded significant heterogeneity both in 

range and severity of cognitive difficulties, including within cognitively unimpaired (CU) 

participants [13,14], as well as unique patterns of relative strengths and weaknesses in 

different cognitive domains. These unique cognitive phenotypes tend to show differences 

in variables such as sociodemographic, subjective cognitive decline, Alzheimer’s disease 
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(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 during 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- vs. 

non-AD pathologic presentations 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 compare 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 Disease Neuroimaging Initiative (DoD-

ADNI) database (adni.loni.usc.edu). DoD-ADNI is directed by principal investigator Dr. 

Michael Weiner of the San Francisco VA Medical Center and University of California, 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 www.adni-info.org. This 

research was approved by the institutional review boards of all participating sites within 

ADNI and written informed consent was obtained for all study participants.

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 Veterans 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 cognitive 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 Hopkins Verbal Learning Test and Logical Memory; 
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Delayed Recall included the delayed recall scores from the Hopkins Verbal 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 created, 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 difference 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 Cognition (ECog) measure was used to 

measure subjective cognitive decline. The ECog measure is a 39-item measure in which 

the participants rate their ability 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, organization, 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 standardized uptake value ratio (SUVR) was calculated by 

dividing the mean uptake across 4 AD-vulnerable cortical regions (frontal, anterior/posterior 

cingulate, lateral parietal, and lateral temporal cortices) by whole cerebellar (white and gray 

matter) uptake [26]. Greater binding of florbetapir is consistent with greater cortical Aβ 
burden. Aβ PET was log-transformed 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) ε4 carrier status, cerebrospinal fluid (CSF) p-tau181, hippocampal volume, 

and white matter hyperintensity (WMH) volume (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 normalized to the 

inferior cerebellar gray was compared across cluster groups [27].
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Vascular and health measures.—Proportion of Veterans 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 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 minutes, or alteration 

of consciousness (AOC) or post-traumatic amnesia (PTA) up to 24 hours. 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 minutes, AOC greater than 24 hours, or PTA greater than 1 day. Other 

health measures 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 Structured 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 Neuropsychological measures.

Statistical Analyses

A hierarchical cluster analysis that included the neuropsychological domain scores, SCD, 

and amyloid PET z-scores at baseline was conducted to derive the cluster groups. 

Next, a discriminant function 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 cognition 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 ε4 carrier 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.
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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% Hispanic/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 memory and 

language, average SCD, and high amyloid (n=28; see Figure 1). Means and SDs of the 

neuropsychological, 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 function analysis predicting group membership into the 

4 clusters correctly classified 90.8% of the participants. For parsimony and to maintain a 

larger sample size of participants who are generally performing within the average range 

and above on neuropsychological measures, have average to low-average levels of SCD, and 

have average-to low amyloid burden, the 3-cluster solution was selected for further analyses.

Phenotype characterization

Table 1 shows the demographic, clinical characteristics, 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 preferred 

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 cognition 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 elevated amyloid 

PET levels compared to Groups 1 and 2, Group 3 had other markers that are most consistent 

with AD including the highest rate of APOE ε4 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 symptoms 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 proportion 

of participants with a history of TBI, particularly a moderate-to-severe TBI.
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Longitudinal Analyses

One-year change in everyday functioning and global cognition by cluster group are shown 

in Figure 2, and both unadjusted and adjusted model estimates are shown in Table 2. After 

adjusting for age, education, PTSD symptoms, TBI history, and APOE ε4 carrier status, 

there was a main effect of group such that relative to Group 1, Group 2 had significantly 

greater everyday functioning difficulties on average (p=.004). While the pattern was similar 

for Group 3, it did not statistically differ from Group 1 (p=.066). Groups 2 and 3’s mean 

level of functional difficulties did not differ across time (p=.857). Longitudinally, when the 

group x 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 (β=0.212, 

95% CI: −0.051 to 0.475, p=.114) and Group 3 showed a significantly faster increase in 

functional difficulties over 1 year (β=0.552, 95% CI: 0.171 to 0.933, p=.005). Group 3 also 

had a faster increase in functional difficulties relative to Group 2, but this effect did not 

reach statistical significance (β=0.340, 95% CI: −0.071 to 0.751, p=.104). The pattern of 

results was the same in the unadjusted model.

After adjusting for age, education, PTSD symptoms, TBI history, and APOE ε4 carrier 

status, there was a main effect of group such that Group 1 had significantly better global 

cognition than Groups 2 and 3 across visits, and Group 3 had better global cognition 

than Group 2 (ps<.010). Longitudinally, when the group x time interaction was added 

to the model, results showed that relative to Group 1, Group 2 showed a significantly 

faster improvement in global cognition over 1 year (β=0.393, 95% CI: 0.136 to 0.649, 

p=.003) while Group 3 showed a pattern of greater decline in global cognition over 1 year 

(β=−0.368, 95% CI: −0.741 to 0.004, p=.053). Group 3 had significantly greater rate of 

decline in global cognition relative to Group 2 (β=−0.761, 95% CI: −1.161 to −0.361, 

p<.001), as Group 2 seemed to regress toward the mean by visit 2. The pattern of results was 

the same in the unadjusted model.

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 determine if there are meaningful 

phenotypes that emerge in a sample of Vietnam-Era Veterans. Three cluster groups were 

found. The largest group (Group 1) performed within 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 memory 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 consistent with biological AD, had the fastest rate 

of increase in functional difficulties over 1-year, followed by Group 2 and Group 1, despite 

Group 2 having the worst everyday functioning and memory and language performance 
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at baseline. Given the subjective measurement of the CDR and potential for psychiatric 

symptoms and physical health to impact the scores, change in global cognition over 1 year 

was also examined. These results demonstrated a slightly different pattern such that although 

Group 3 again showed the fastest rate of decline, Group 2 showed improvement in cognitive 

performance between baseline and the 1-year follow-up visit despite having the lowest 

cognitive performance at baseline.

This pattern, consistent with regression to the mean for Group 2, was somewhat unexpected 

given the initial profile of the lowest memory and language performances in addition to 

the highest report of SCD. However, this group also had the highest PTSD symptom 

severity, poorest sleep quality, and highest pain frequency. There is consistent evidence 

that all of these factors can impact cognition in older Veterans [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 

treatment/activities, and ongoing life stressors. Therefore, it is possible that the associated 

cognitive difficulties could also fluctuate, and improve on sensitive neuropsychological 

measures, over time even if the participant is still reporting some everyday functioning 

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 

comprehensive neuropsychological evaluation comprising of a thorough clinical interview 

and considers all psychiatric, health, and other conditions before making a diagnosis and 

treatment plan. This may be particularly 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 

considered 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., learning 

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 

consistent with biological AD [39], including elevated CSF p-tau and tau PET levels, 

smallest hippocampal volumes, and a high proportion of APOE ε4 carriers. Rather than 

showing prominent memory difficulties [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 dysfunction (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 
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comprehensive neuropsychological assessment 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 current study examined neuropsychological measures, SCD, and amyloid 

PET together in the same clustering model. Important next steps with a larger sample 

would be also 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 clustering model. A next 

step to making the implications of the current results more accessible and applicable 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 available 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 cognition and amyloid in the cluster analysis, 

strengths of this study include the use of the DoD-ADNI data given the multiple AD 

biomarkers that are available 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 representation in future research is critical. Further, 

there was intentional over-sampling of participants with a history 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 generalization 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 performing in the average-to-above average range. The other two cluster-derived 

groups showed unique cognitive, SCD, and amyloid profiles and were associated with 

different demographic, psychiatric, pain/sleep, and AD biomarker correlates as well as 

unique patterns 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 highlight the need for comprehensive clinical 

evaluations that include a thorough neuropsychological assessment with clinical interview 

and biomarker testing when possible.

Thomas et al. Page 9

J Alzheimers Dis. Author manuscript; available in PMC 2024 September 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Acknowledgments

The authors have no acknowledgments to report.

Funding

This work was supported by the U.S. Department of Veterans Affairs Clinical Sciences Research and Development 
Service (1IK2CX001865 to KRT, 1I01CX001842 to KJB), National Institutes of Health/National Institute on Aging 
grants (P30 AG062429 to KRT, R03 AG070435 to KRT, 1RF1AG082726 to KRT, R01 AG063782 to KJB), and the 
Alzheimer’s Association (AARG-22–723000 to KRT).

Data collection and sharing for this project was funded by the Alzheimer’s Disease Neuroimaging Initiative (ADNI) 
(National Institutes of Health Grant U01 AG024904) and DOD ADNI (Department of Defense award number 
W81XWH-12–2-0012). ADNI is funded by the National Institute on Aging, the National Institute of Biomedical 
Imaging and Bioengineering, and through generous contributions from the following: Alzheimer’s Association; 
Alzheimer’s Drug Discovery Foundation; BioClinica, Inc.; Biogen Idec Inc.; Bristol-Myers Squibb Company; Eisai 
Inc.; Elan Pharmaceuticals, Inc.; Eli Lilly and Company; F. Hoffmann-La Roche Ltd and its affiliated company 
Genentech, Inc.; GE Healthcare; Innogenetics, N.V.; IXICO Ltd.; Janssen Alzheimer Immunotherapy Research & 
Development, LLC.; Johnson & Johnson Pharmaceutical Research & Development LLC.; Medpace, Inc.; Merck 
& Co., Inc.; Meso Scale Diagnostics, LLC.; NeuroRx Research; Novartis Pharmaceuticals Corporation; Pfizer 
Inc.; Piramal Imaging; Servier; Synarc Inc.; and Takeda Pharmaceutical Company. The Canadian Institutes of 
Health Research is providing funds to support ADNI clinical sites in Canada. Private sector contributions are 
facilitated by the Foundation for the National Institutes of Health (www.fnih.org). The grantee organization is the 
Northern California Institute for Research and Education, and the study is coordinated by the Alzheimer’s Disease 
Cooperative Study at the University of California, San Diego. ADNI data are disseminated by the Laboratory for 
Neuro Imaging at the University of Southern California. This research was also supported by NIH grants P30 
AG010129 and K01 AG030514.

Data Availability Statement

The data supporting the findings of this study are openly available in loni repository for 

DoD-ADNI at https://ida.loni.usc.edu/.

References

[1]. Zhu CW, Sano M (2021) Demographic, Health, and Exposure Risks Associated With Cognitive 
Loss, Alzheimer’s Disease and Other Dementias in US Military Veterans. Front Psychiatry 12,.

[2]. Wang ZJ, Dhanireddy P, Prince C, Larson M, Schimpf M, Pearman G (2021) 2021 Survey of 
Veteran Enrollees’ Health and Use of Health Care.

[3]. Williamson V, Stevelink SAM, Greenberg K, Greenberg N (2018) Prevalence of Mental Health 
Disorders in Elderly U.S. Military Veterans: A Meta-Analysis and Systematic Review. Am J 
Geriatr Psychiatry 26, 534–545. [PubMed: 29221697] 

[4]. U.S. Department of Veterans Affairs Statistical Projections of Alzhiemer’s Dementia for VA 
Patients, VA Enrollees, and U.S. Veterans: Fiscal Years 2022 and 2033.

[5]. Yaffe K, Vittinghoff E, Lindquist K, Barnes D, Covinsky KE, Neylan T, Kluse M, Marmar 
C (2010) Posttraumatic stress disorder and risk of dementia among US veterans. Arch Gen 
Psychiatry 67, 608–613. [PubMed: 20530010] 

[6]. Kornblith E, Bahorik A, Li Y, Peltz CB, Barnes DE, Yaffe K (2022) Traumatic brain injury, 
cardiovascular disease, and risk of dementia among older US Veterans. Brain Inj 36, 628–632. 
[PubMed: 35099335] 

[7]. Martinez S, Yaffe K, Li Y, Byers AL, Peltz CB, Barnes DE (2021) Agent Orange exposure and 
dementia diagnosis in US veterans of the Vietnam era. JAMA Neurol 78, 473–477. [PubMed: 
33492338] 

[8]. Byers AL, Covinsky KE, Barnes DE, Yaffe K (2012) Dysthymia and Depression Increase Risk of 
Dementia and Mortality Among Older Veterans. Am J Geriatr Psychiatry 20, 664–672. [PubMed: 
21597358] 

[9]. Barnes DE, Kaup A, Kirby KA, Byers AL, Diaz-Arrastia R, Yaffe K (2014) Traumatic brain injury 
and risk of dementia in older veterans. Neurology 83, 312–319. [PubMed: 24966406] 

Thomas et al. Page 10

J Alzheimers Dis. Author manuscript; available in PMC 2024 September 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.fnih.org/
https://ida.loni.usc.edu/


[10]. Edmonds EC, Smirnov DS, Thomas KR, Graves LV, Bangen KJ, Delano-Wood L, Galasko 
DR, Salmon DP, Bondi MW (2021) Data-Driven vs Consensus Diagnosis of MCI: Enhanced 
Sensitivity for Detection of Clinical, Biomarker, and Neuropathologic Outcomes. Neurology 97, 
e1288–e1299. [PubMed: 34376506] 

[11]. Edmonds EC, Weigand AJ, Hatton SN, Marshall AJ, Thomas KR, Ayala DA, Bondi MW, 
McDonald CR (2020) Patterns of longitudinal cortical atrophy over 3 years in empirically derived 
MCI subtypes. Neurology 94, e2532–e2544. [PubMed: 32393648] 

[12]. Blanken AE, Jang JY, Ho JK, Edmonds EC, Han SD, Bangen KJ, Nation DA (2020) Distilling 
heterogeneity of mild cognitive impairment in the National Alzheimer Coordinating Center 
database using latent profile analysis. JAMA Netw Open 3, e200413–e200413. [PubMed: 
32142126] 

[13]. Lamar M, Drabick D, Boots EA, Agarwal P, Emrani S, Delano-Wood L, Bondi MW, Barnes 
LL, Libon DJ (2021) Latent Profile Analysis of Cognition in a Non-Demented Diverse Cohort: 
A Focus on Modifiable Cardiovascular and Lifestyle Factors. J Alzheimers Dis 82, 1833–1846. 
[PubMed: 34219713] 

[14]. Thomas KR, Bangen KJ, Weigand AJ, Ortiz G, Walker KS, Salmon DP, Bondi MW, Edmonds 
EC (2022) Cognitive Heterogeneity and Risk of Progression in Data-Driven Subtle Cognitive 
Decline Phenotypes. J Alzheimers Dis 90, 323–331. [PubMed: 36120785] 

[15]. Vogel JW, Young AL, Oxtoby NP, Smith R, Ossenkoppele R, Strandberg OT, La Joie R, Aksman 
LM, Grothe MJ, Iturria-Medina Y, Pontecorvo MJ, Devous MD, Rabinovici GD, Alexander DC, 
Lyoo CH, Evans AC, Hansson O (2021) Four distinct trajectories of tau deposition identified in 
Alzheimer’s disease. Nat Med 27, 871–881. [PubMed: 33927414] 

[16]. Corriveau-Lecavalier N, Barnard LR, Lee J, Dicks E, Botha H, Graff-Radford J, Machulda 
MM, Boeve BF, Knopman DS, Lowe VJ, Petersen RC, Jack J Clifford R, Jones DT (2023) 
Deciphering the clinico-radiological heterogeneity of dysexecutive Alzheimer’s disease. Cereb 
Cortex 33, 7026–7043. [PubMed: 36721911] 

[17]. Habes M, Sotiras A, Erus G, Toledo JB, Janowitz D, Wolk DA, Shou H, Bryan NR, Doshi 
J, Völzke H (2018) White matter lesions: spatial heterogeneity, links to risk factors, cognition, 
genetics, and atrophy. Neurology 91, e964–e975. [PubMed: 30076276] 

[18]. Habes M, Grothe MJ, Tunc B, McMillan C, Wolk DA, Davatzikos C (2020) Disentangling 
Heterogeneity in Alzheimer’s Disease and Related Dementias Using Data-Driven Methods. Biol 
Psychiatry 88, 70–82. [PubMed: 32201044] 

[19]. Edmonds EC, Eppig J, Bondi MW, Leyden KM, Goodwin B, Delano-Wood L, McDonald CR 
(2016) Heterogeneous cortical atrophy patterns in MCI not captured by conventional diagnostic 
criteria. Neurology 87, 2108–2116. [PubMed: 27760874] 

[20]. Bangen KJ, Clark AL, Werhane M, Edmonds EC, Nation DA, Evangelista N, Libon DJ, Bondi 
MW, Delano-Wood L (2016) Cortical Amyloid Burden Differences Across Empirically-Derived 
Mild Cognitive Impairment Subtypes and Interaction with APOE ɛ4 Genotype. J Alzheimers Dis 
52, 849–861. [PubMed: 27031472] 

[21]. Thomas KR, Edmonds EC, Delano-Wood L, Bondi MW (2017) Longitudinal Trajectories 
of Informant-Reported Daily Functioning in Empirically Defined Subtypes of Mild Cognitive 
Impairment. J Int Neuropsychol Soc 23, 521–527. [PubMed: 28487004] 

[22]. Weiner MW, Veitch DP, Hayes J, Neylan T, Grafman J, Aisen PS, Petersen RC, Jack C, 
Jagust W, Trojanowski JQ, Shaw LM, Saykin AJ, Green RC, Harvey D, Toga AW, Friedl KE, 
Pacifico A, Sheline Y, Yaffe K, Mohlenoff B, Department of Defense Alzheimer’s Disease 
Neuroimaging Initiative (2014) Effects of traumatic brain injury and posttraumatic stress disorder 
on Alzheimer’s disease in veterans, using the Alzheimer’s Disease Neuroimaging Initiative. 
Alzheimers Dement J Alzheimers Assoc 10, S226–235.

[23]. Weiner MW, Harvey D, Landau SM, Veitch DP, Neylan TC, Grafman JH, Aisen PS, Petersen 
RC, Jack CR Jr, Tosun D, Shaw LM, Trojanowski JQ, Saykin AJ, Hayes J, De Carli C, for 
the Alzheimer’s Disease Neuroimaging Initiative and the Department of Defense Alzheimer’s 
Disease Neuroimaging Initiative (2023) Traumatic brain injury and post-traumatic stress disorder 
are not associated with Alzheimer’s disease pathology measured with biomarkers. Alzheimers 
Dement 19, 884–895. [PubMed: 35768339] 

Thomas et al. Page 11

J Alzheimers Dis. Author manuscript; available in PMC 2024 September 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[24]. Thomas KR, Edmonds EC, Eppig JS, Wong CG, Weigand AJ, Bangen KJ, Jak AJ, Delano-Wood 
L, Galasko DR, Salmon DP, Edland SD, Bondi MW (2019) MCI-to-normal reversion using 
neuropsychological criteria in the Alzheimer’s Disease Neuroimaging Initiative. Alzheimers 
Dement 15, 1322–1332. [PubMed: 31495605] 

[25]. Farias ST, Mungas D, Reed BR, Cahn-Weiner D, Jagust W, Baynes K, DeCarli C (2008) The 
measurement of everyday cognition (ECog): Scale development and psychometric properties. 
Neuropsychology 22, 531–544. [PubMed: 18590364] 

[26]. Landau SM, Mintun MA, Joshi AD, Koeppe RA, Petersen RC, Aisen PS, Weiner MW, Jagust 
WJ, Initiative for the ADN (2012) Amyloid deposition, hypometabolism, and longitudinal 
cognitive decline. Ann Neurol 72, 578–586. [PubMed: 23109153] 

[27]. Weigand AJ, Maass A, Eglit GL, Bondi MW (2022) What’s the cut-point?: a systematic 
investigation of tau PET thresholding methods. Alzheimers Res Ther 14, 49. [PubMed: 
35382866] 

[28]. Nation DA, Edland SD, Bondi MW, Salmon DP, Delano-Wood L, Peskind ER, Quinn JF, Galasko 
DR (2013) Pulse pressure is associated with Alzheimer biomarkers in cognitively normal older 
adults. Neurology 81, 2024–2027. [PubMed: 24225352] 

[29]. (2021) Department of Veterans Affairs and Department of Defense Clinical Practice Guideline 
for the Management and Rehabilitation of Post-Acute Mild Traumatic Brain Injury.

[30]. Weathers FW, Ruscio AM, Keane TM (1999) Psychometric properties of nine scoring rules for 
the Clinician-Administered Posttraumatic Stress Disorder Scale. Psychol Assess 11, 124–133.

[31]. O’Bryant SE, Lacritz LH, Hall J, Waring SC, Chan W, Khodr ZG, Massman PJ, Hobson V, 
Cullum CM (2010) Validation of the new interpretive guidelines for the clinical dementia rating 
scale sum of boxes score in the national Alzheimer’s coordinating center database. Arch Neurol 
67, 746–749. [PubMed: 20558394] 

[32]. Veitch DP, Friedl KE, Weiner MW (2013) Military Risk Factors for Cognitive Decline, Dementia 
and Alzheimer’s Disease. Curr Alzheimer Res 10, 907–930. [PubMed: 23906002] 

[33]. Yaffe K, Hoang TD, Byers AL, Barnes DE, Friedl KE (2014) Lifestyle and health-related risk 
factors and risk of cognitive aging among older veterans. Alzheimers Dement 10, S111–S121. 
[PubMed: 24924664] 

[34]. Prieto S, Nolan KE, Moody JN, Hayes SM, Hayes JP (2023) Posttraumatic stress symptom 
severity predicts cognitive decline beyond the effect of Alzheimer’s disease biomarkers in 
Veterans. Transl Psychiatry 13, 1–9. [PubMed: 36596778] 

[35]. Kuring JK, Mathias JL, Ward L (2020) Risk of Dementia in persons who have previously 
experienced clinically-significant Depression, Anxiety, or PTSD: A Systematic Review and 
Meta-Analysis. J Affect Disord 274, 247–261. [PubMed: 32469813] 

[36]. Jak AJ, Crocker LD, Aupperle RL, Clausen A, Bomyea J (2018) Neurocognition in PTSD: 
Treatment Insights and Implications. In Behavioral Neurobiology of PTSD, Vermetten E, Baker 
DG, Risbrough VB, eds. Springer International Publishing, Cham, pp. 93–116.

[37]. Jak AJ, Jurick S, Crocker LD, Sanderson-Cimino M, Aupperle R, Rodgers CS, Thomas KR, 
Boyd B, Norman SB, Lang AJ, Keller AV, Schiehser DM, Twamley EW (2019) SMART-CPT 
for veterans with comorbid post-traumatic stress disorder and history of traumatic brain injury: a 
randomised controlled trial. J Neurol Neurosurg Psychiatry 90, 333–341. [PubMed: 30554135] 

[38]. Kivipelto M, Mangialasche F, Snyder HM, Allegri R, Andrieu S, Arai H, Baker L, Belleville 
S, Brodaty H, Brucki SM, Calandri I, Caramelli P, Chen C, Chertkow H, Chew E, Choi SH, 
Chowdhary N, Crivelli L, Torre RDL, Du Y, Dua T, Espeland M, Feldman HH, Hartmanis 
M, Hartmann T, Heffernan M, Henry CJ, Hong CH, Håkansson K, Iwatsubo T, Jeong JH, 
Jimenez-Maggiora G, Koo EH, Launer LJ, Lehtisalo J, Lopera F, Martínez-Lage P, Martins 
R, Middleton L, Molinuevo JL, Montero-Odasso M, Moon SY, Morales-Pérez K, Nitrini R, 
Nygaard HB, Park YK, Peltonen M, Qiu C, Quiroz YT, Raman R, Rao N, Ravindranath V, 
Rosenberg A, Sakurai T, Salinas RM, Scheltens P, Sevlever G, Soininen H, Sosa AL, Suemoto 
CK, Tainta-Cuezva M, Velilla L, Wang Y, Whitmer R, Xu X, Bain LJ, Solomon A, Ngandu T, 
Carrillo MC (2020) World-Wide FINGERS Network: A global approach to risk reduction and 
prevention of dementia. Alzheimers Dement 16, 1078–1094. [PubMed: 32627328] 

[39]. Jack CR, Bennett DA, Blennow K, Carrillo MC, Dunn B, Haeberlein SB, Holtzman DM, Jagust 
W, Jessen F, Karlawish J, Liu E, Molinuevo JL, Montine T, Phelps C, Rankin KP, Rowe CC, 

Thomas et al. Page 12

J Alzheimers Dis. Author manuscript; available in PMC 2024 September 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheltens P, Siemers E, Snyder HM, Sperling R, Elliott C, Masliah E, Ryan L, Silverberg N 
(2018) NIA-AA Research Framework: Toward a biological definition of Alzheimer’s disease. 
Alzheimers Dement 14, 535–562. [PubMed: 29653606] 

[40]. Salmon DP, Bondi MW (2009) Neuropsychological Assessment of Dementia. Annu Rev Psychol 
60, 257–282. [PubMed: 18616392] 

[41]. Weigand AJ, Bangen KJ, Thomas KR, Delano-Wood L, Gilbert PE, Brickman AM, Bondi MW, 
Alzheimer’s Disease Neuroimaging Initiative (2020) Is tau in the absence of amyloid on the 
Alzheimer’s continuum?: A study of discordant PET positivity. Brain Commun 2,.

[42]. Vogel JW, Hansson O (2022) Subtypes of Alzheimer’s disease: questions, controversy, and 
meaning. Trends Neurosci 45, 342–345. [PubMed: 35227519] 

Thomas et al. Page 13

J Alzheimers Dis. Author manuscript; available in PMC 2024 September 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Cognitive performance, subjective cognitive decline, and amyloid PET across the 
cluster-derived groups.
Higher Immediate Memory, Delayed Memory, Language, and Attention/Executive 

Functioning=better performance; higher subjective cognitive decline scores (ECog)=more 

difficulties; higher amyloid PET=more cortical amyloid deposition.
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Figure 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
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