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INTRODUCTION: Posttraumatic stress disorder (PTSD) and traumatic brain injury (TBI) confer
risk for Alzheimer’s disease and related dementias (ADRD).

METHODS: This study from the Million Veteran Program (MVP) evaluated the impact of
APOE ¢4, PTSD, and TBI on ADRD prevalence in veteran cohorts of European ancestry (EA;
nm=11,112 ADRD cases, 170,361 controls) and African ancestry (AA; n=1,443 ADRD cases,
16,191 controls). Additive-scale interactions were estimated using the Relative Excess Risk due to
Interaction (RERI) statistic.

RESULTS: PTSD, TBI and e4 showed strong main-effect associations with ADRD. RERI
analysis revealed significant additive e4 interactions with PTSD and TBI in the EA cohort and
TBI in the AA cohort. These additive interactions indicate that ADRD prevalence associated with
PTSD and TBI increased with the number of inherited APOE 4 alleles.

DISCUSSION: PTSD and TBI history will be an important part of interpreting the results of
ADRD genetic testing and doing accurate ADRD risk assessment.

Introduction

Late-onset Alzheimer’s disease (AD) is the most common form of dementia and is estimated
to affect approximately 10% of the US population, with prevalence increasing with age
(e.g., 3% between ages 65-74 to 32% for people 85 and older)[1]. The US Department of
Veterans Affairs has placed a high priority on clinical research on Alzheimer’s disease and
related dementias (ADRD, a category which includes AD and other age-related dementias
such as vascular dementia) due to the aging population of veterans it serves: in 2019, the
US Census Bureau estimated that 54% of veterans were 65 or older[2]. Military service
may place veterans at elevated risk for ADRD. Large-scale longitudinal studies (Ns >
100,000) have estimated that veterans with posttraumatic stress disorder (PTSD) are at
approximately 50-60% greater risk for the development of dementia compared to those
without the disorder[3-5]. The risk for dementia conferred by a history of traumatic brain
injury (TBI) may be even greater. For example, one study based on the medical records

of over 350,000 veterans demonstrated a relationship between TBI and the likelihood of
subsequent dementia, with adjusted hazard ratios of 2.36 for mild TBI without loss of
consciousness to 3.77 for moderate to severe TBI[6].

Genetic factors also influence risk for the development of AD/ADRD. The APOE &4
allele is the strongest genetic risk locus for AD, but the strength of the association

varies by ancestry. In cohorts of European ancestry (EA), each APOE e4 allele inherited
approximately quadruples AD risk, while in African ancestry (AA) cohorts, each APOE
e4 allele approximately doubles AD risk[1]. Genome-wide association studies (GWASS)
have identified additional single-nucleotide polymorphisms (SNPs) associated with AD,
with relatively small effect sizes compared to the APOE locus. Recent large-scale AD
GWASs in EA cohorts have identified as many as 70 distinct AD risk loci.[7, 8] Fewer
AD loci have been identified in AA GWASs, primarily due to smaller sample sizes, but
these studies suggest that the molecular pathways implicated in AD risk in EA and AA
individuals overlap[9]. Finally, polygenic risk scores (PRS) have been developed from EA
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GWAS results that explain additional variance in AD risk independent of the APOE locus in
EA cohorts[10].

Researchers have long suspected that AD-associated genetic variants may moderate the
effects of adverse environmental factors that confer risk for the subsequent development of
AD or vice versa. Although the available evidence is inconclusive, several studies have
suggested that the APOE e4 allele and AD polygenic risk scores may predict poorer
outcomes post-TBI[11-14]. Similarly, other studies suggest that the APOE e4 variant may
confer risk for PTSD and poor cognitive functioning following exposure to psychological
trauma[15-17].

The present study leveraged data from the US Department of Veterans Affairs’ Million
Veteran Program (MVP) to examine the prevalence of ADRD in veterans aged 65 and

older and estimated the effects of PTSD, TBI, and APOE e4 on ADRD risk in EA and

AA veterans. We hypothesized that PTSD and TBI will interact with genetic risk for AD
and dementia such that the ADRD risk associated with PTSD and TBI exposure would be
greater in subjects with a higher genetic risk for AD. First, we examined APOE &4 for
interactions with PTSD and TBI. Next, to examine whether interactive effects would be
observed with AD genetic risk conferred by other loci, we examined the possibility of PTSD
and TBI interactions with an AD PRS which excluded the APOE effect.

Million Veteran Program (MVP)

Measures

MVP launched in 2011. Methodological details for MVP have been described at length
elsewhere[18]. Veteran users of the Veterans Health Administration services volunteer to
provide a blood sample for genetic analysis, consent to access to their VA electronic medical
record (EMR), and complete a baseline survey on a wide range of demographic and health
factors including psychiatric conditions, health risks, and medical history. This study was
based on data from the MVP 19.2 phenotype release (n=790,116), the Phase 3 genotype
release (n=455,683) and the MVP Baseline Survey (n=485,599 at the time of the 19.2

data release). The analyses reported here included MVP participants with (a) genetic data
and MVP Baseline Survey responses who were of either EA or AA as determined by the
genotype-informed Harmonized Ancestry and Race/Ethnicity (HARE) method[19].

Alzheimer’s Disease and Related Dementias (ADRD): Similar to prior VA
EMR-related studies of dementia we focused our attention on ADRD rather than AD
specifically[20—-22]. This was done to allow for diagnostic uncertainty inherent in EMR
studies and the high levels of comorbidity and symptomatic overlap between AD and related
dementias such as vascular dementia[23, 24] and Lewy body dementia[25]. In this study,
ADRD cases and controls were identified based on International Classification of Diseases
(ICD) codes from the EMR. ADRD cases must have received two or more ICD-9 or ICD-10
codes from a list of dementia codes which included codes for AD, codes for other dementias
such as vascular dementia and Lewy body dementia, and non-specific dementia codes (see
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Supplemental Table 1). Our diagnostic algorithm includes non-specific dementia codes (e.g.
ICD-9 code 294.20: Unspecified dementia without behavioral disturbance) as these are
widely used in the VA, even in cases where the symptom progression is consistent with
ADI[26]. This is similar to ICD-based ADRD algorithms used elsewhere[20-22]. Cases with
ADRD onset (first ICD code) prior to age 65 were excluded. Controls were defined as MVP
participants 65+ at the time of MVP enrolment who did not have ICD codes for any form

of dementia in the EMR, who did not have any ICD codes for mild cognitive impairment
(MCI), and who had not been prescribed an AD medication. Additionally, as a sensitivity
analysis, we examined a stricter AD phenotype which only included cases that have received
2 or more ICD-9 and/or ICD-10 codes for AD. As these codes are underused in the VA
system relative to the non-specific dementia codes, this greatly limited the number of cases
relative to the ADRD diagnosis. See Table 1 for details.

Lifetime PTSD diagnosis: PTSD case/control status was derived from a validated EMR-
based algorithm described previously[27] which was recently used for an MVP PTSD
GWAS[28]. As in the GWAS, we utilized the same threshold of 70% likelihood to classify
MVP participants as PTSD cases and controls for our analyses.

Traumatic Brain Injury (TBI): A history of TBI was based on self-report items from

the MVP Baseline Survey. A TBI case was defined as someone who endorsed having been
diagnosed with at least one of two conditions: “traumatic brain injury” and “concussion

or loss of consciousness”. TBI controls were those who did not endorse either item. We
focused our attention on self-report TBI as opposed to an ICD-code based algorithm, as we
wished to include information about historical TBIs in aging veterans which could pre-date
the VA EMR system.

Covariates & Potential Confounders.—We also evaluated associations with potential
confounders including education, smoking history, and alcohol use based on items from the
Baseline Survey. Education was ranked on a 7-point scale ranging from “Less than high
school” (1) to “Professional or Doctorate degree” (7). Smoking history was coded based on
their response to the dichotomous item: “Have you ever smoked daily or almost every day
for one year?” Problematic alcohol use was based on the AUDIT-C which is a 13-point scale
of alcohol consumption[29]. AUDIT-C scores were then dichotomized using an established
clinical cut-off such that men with scores >=4 and women with scores >=3 were considered
“positive” for problematic drinking.

Genotyping: Genotype data generation and QC have been described in detail
elsewhere[30]. Genotyping was based on the MVP 1.0 custom Axiom array which assesses
668,418 markers. Genotype data processing, cleaning, and imputation was performed by the
MVP Bioinformatics core. APOE genotype was based on the two APOE isoform-defining
SNPs (rs7412 and rs429358) which were well-imputed (r2=0.96 and 0.99 respectively in
the EA cohort and r2= 0.87 and 0.99 in the AA cohort). We used “best guess” imputed
genotypes with a 90% confidence threshold for these SNPs to derive the APOE genotype.

Alzheimer’s Disease Polygenic Risk Score (AD PRS) Calculation.—The AD PRS
is a weighted average of imputed SNP dosages for each MVP participant with the GWAS
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log-odds ratios for each SNP used as the weights (as in e.g. [10]). AD PRSs were computed
for EA MVP participants using the program PRSice-2[31] based on summary data from

the Kunkle et al. 2019 EA AD GWASJ32, 33] as Kunkle et al. 2019 was the most recent
large-scale GWAS performed without the use of “proxy” cases (survey responses about
parental dementia), which can affect OR estimates[34]. We only examined the PRS in

EA subjects, as PRSs tend to perform poorly when the GWAS population and the study
population being scored are derived from different ancestries. We did not calculate a PRS for
AA MVP participants using the recent AA GWAS from the Alzheimer’s Disease Genetics
Consortium[9], as it had a relatively small sample size, hence it is expected to have poor
performance. Rare SNPs (MAF <1%) and SNPs with high missingness for “best guess”
genotypes (> 0.5%) were excluded from the PRS calculation. SNPs were trimmed for LD
using PRSice’s default parameters. Here, we limited our PRS calculation to SNPs reaching
genome-wide significance (p<5x1078), based on the reported oligogenic genetic architecture
of AD genetic risk[35]. As we were primarily interested in using the PRS as a measure of
genetic risk which can be contrasted with the effect of APOE, we excluded variants in the
region of strong linkage disequilibrium around the APOE gene on chromosome 19 from the
PRS (GRCh37 Chr 19: 44,409,039-46,412,650). See Supplemental Table 2 for a listing of
the SNPs used in PRS calculation.

Data Analysis

All analyses were performed in R (v3.6.1)[36]. We examined clinical and demographic
differences between ADRD cases and controls using t-tests or chi-square tests as
appropriate. We then we ran hierarchical logistic models that estimated the effects of age,
APOE e4, and PTSD on ADRD in one step, with the PTSD x APOE e4 interaction added
in a second step. Analyses involving APOE 4 were performed in AA and EA subjects
separately. Using the same approach in separate models, we also evaluated with effects of
TBI (substituted for PTSD) and ran the models specified above with the PRS in place of
APOE as an indicator of ADRD genetic risk in the EA cohort.

In addition to examining interaction terms estimated from logistic models (multiplicative
interactions) we also examined the interactions on an additive scale. The additive

scale interactions provide additional context for interpreting the multiplicative interaction
estimates generated from a logistic model, and it has been suggested that both additive
and multiplicative scale interactions be presented in epidemiological studies[37, 38]. It

is perhaps underappreciated outside public-health contexts, that the interaction term from
the logistic model is, by itself, not immediately interpretable in a way that can prioritize
interventions. That is, you cannot infer from whether the interaction OR between two risk
factors (A and B) is greater or less than 1, whether the increased probability of disease for
those exposed to risk factor A is greater for those who are additionally exposed to risk factor
B or less. Either is possible depending on the other parameters of the model. Measuring
interactions on an additive scale helps remove this uncertainty[39]. We evaluated the
presence of additive interactions by calculating the Relative Excess Risk due to Interaction
(RERI) statistic as described in Knol et al. 2007[40]. As recommended[40], we computed
95% RERI confidence intervals (Cls) based on the 2.5 and 97.5t percentiles of a RERI
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distribution from a 10,000-replicate bootstrap simulation. RERI estimates with 95% Cls that
do not include 0 were considered significant.

Next, to evaluate possible confounding between PTSD and TBI and to assess the effects

of other relevant risk factors, we performed more comprehensive analyses with PTSD and
TBI included in the same model along with age, sex, APOE e4, education, smoking history,
and alcohol use. As before, we then added a set of gene x environment (G x E) interaction
terms evaluating the APOE e4 x PTSD interactions and APOE 4 x TBI interactions. It
should be noted that both PTSD and TBI outcomes are themselves partially heritable[41-
43]. Additionally, we then evaluated the possibility of PTSD x TBI and 3-way APOE e4

x PTSD x TBI interactions. We also evaluated the impact of non-APOE related genetic
interactions in the comprehensive model by substituting the PRS for APOE in the models.
Additionally, we performed several sensitivity analyses to examine the robustness of our
results. First, we examined our phenotype by analyzing our stricter AD phenotype. Second,
we performed a sensitivity analysis where APOE e4 carriers were excluded from the PRS
analysis.

MVP Population Characteristics and Differences between ADRD Cases and Controls

Table 1 lists the clinical and demographic characteristics of EA and AA ADRD cases and
controls. ADRD cases were older, less educated, more likely to be APOE e4 carriers, and
more likely to have a history of TBI compared to controls. The prevalence of problematic
alcohol use and smoking was lower in cases than in controls. Finally, while in EA
participants the prevalence of PTSD was higher among cases than controls, there was no
such difference among AA individuals, where the prevalence of PTSD was higher than the
EA cohort for both ADRD cases and controls.

APOE &4 Models

Table 2 lists the results from the simple models of ADRD risk in EA and AA individuals as
a function of age, APOE 4, TBI or PTSD and their interactions with APOE e4. In the EA
cohort, the PTSD model yielded significant main effects of age, PTSD, and APOE 4 and a
weak APOE 4 x PTSD interaction suggesting a marginally lower ADRD odds ratios for 4
carriers with PTSD. The TBI model showed similar parameter estimates but no interaction.
In the AA cohort, we found similarly strong effects of age, PTSD, TBI, and APOE 4

but no significant APOE e4 x PTSD or APOE 4 x TBI interactions. The odds ratios and
confidence intervals show that the estimated effect of PTSD was similar to that conferred by
inheriting a copy of e4 in both the EA and AA groups. As expected, the APOE e4 effect was
weaker in in the AA than the EA cohort. The PTSD effect in the EA cohort was larger than
the TBI effect and the PTSD effect in the AA cohort. The TBI effect in the AA cohort was
larger than the PTSD effect and the TBI effect estimated in the EA cohort.

Our analysis of the additive-scale interactions yielded significant positive interactions for
three of the four models. Specifically, in the EA group, the RERI analysis revealed a
significant APOE e4 x PTSD interaction (RERI = 1.28; 95% CI: 0.75, 1.81, significant as
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the CI does not include 0) and APOE e4 x TBI interaction (RERI = 0.86; 95% CI: 0.48,
1.24). In the AA group, the RERI analysis showed a significant APOE 4 interaction with
TBI (RERI = 1.45; 95% CI: 0.15, 2.75) but no significant PTSD interaction (RERI = 0.37;
95% CI: -0.21, 0.94). To illustrate the impact of these additive interactions, Figure 1 depicts
the relationship between the number of copies of APOE e4, PTSD or TBI, and ADRD as

a function of age and ancestry as determined by the estimated parameters of the logistic
regression model. Each graph shows the prevalence of ADRD increasing from age 65 to 85
and the substantial association between ADRD and both PTSD and TBI in EA and AA MVP
participants. The graphs also illustrate the positive additive scale interaction, that is, the
increasing ADRD prevalence difference associated with PTSD and TBI status as a function
of APOE 4. For example, in EAs at age 80, the difference in the estimated prevalence

of ADRD between PTSD cases and controls increased from 5.70% for individuals with

0 copies of £4 to 8.55% and 11.19% for those with one or two copies, respectively. To
demonstrate that this pattern is observed in the data and not an artifact of modeling, the
observed ADRD prevalence as a function of PTSD x e4 dosage and TBI x e4 dosage in
5-year age bins spanning ages 65 to 80 can be found in Supplemental Tables 3—-6. These
raw proportions of ADRD cases across the age bins support the observation of an increasing
effect of PTSD and TBI on ADRD prevalence as a function of 4 dosage indicated by the
logistic models and RERI estimates, although it is clear that much of this is driven by the
difference between those with 0 copies of £4 vs. those with 1 copy of e4 due to the low
frequency of e4 homozygotes.

Results of our comprehensive models largely reiterated the results from the simple models in
both EA and AA participants (Supplemental Table 7 and 8). Of the new covariates, alcohol
and education were significantly associated with ADRD, with problematic alcohol use

and higher education levels appearing protective. Smoking and sex were not significantly
associated with ADRD. The APOE €4, PTSD, and TBI main effects and, in EA participants,
the PTSD x APOE e4 interaction remained significant. TBI x PTSD, and 3-way PTSD x
TBI x APOE e4 interaction terms were nonsignificant.

AD Polygenic Risk Score Models

Next, we examined the possibility of G x E interactions with the AD PRS in the EA
participants (Table 3). These models confirmed the main effect association of the AD PRS
with ADRD in the EA participants. However, there were no significant PRS x PTSD or PRS
x TBI associations in either the logistic model or the RERI analysis (PTSD x PRS RERI
=0.12, Cl: -0.058, 0.30; TBI x PRS RERI = 0.10, Cl: —0.018, 0.24). The comprehensive
models with the expanded covariate set and higher order interactions yielded no significant
new findings (Supplemental Table 9).

Sensitivity Analyses

Sensitivity Analyses examining the strict AD diagnosis largely recapitulate the results of
the ADRD analyses (Supplemental Tables 10-14). In particular, logistic models of AD
still yielded strong associations between AD and Age, PTSD, TBI, and APOE 4 in EA
(p<10712) and AA (p<1073) participants. In the EA participants, the multiplicative PTSD x
e4 interaction noted in ADRD analyses was not significant when analyzing AD (p>0.20).
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We did observe some nominally significant higher-order multiplicative interactions in the
full AD PRS model in the EA cohort (p~0.04), but these would not be significant after

any correction for multiple testing. The RERI analysis of AD yielded higher interaction
estimates but wider confidence intervals. In the EA participants, there was a significant
APOE e4 x PTSD interaction (RERI = 1.63; 95% CI: 0.57, 2.73) and APOE €4 x TBI
interaction (RERI = 1.45; 95% CI: 0.66, 2.23). In the AA participants, the RERI analysis
yielded a significant APOE e4 x TBI interaction (RERI = 4.41; 95% ClI: 0.42, 8.46) but

no significant PTSD interaction (RERI = 1.24; 95% CI: -0.61, 3.33). The RERI for PRS
interactions and AD in the EA cohort were not significant (PRS x PTSD RERI = 0.17, 95%
Cl: -0.16, 0.54; PRS x TBI RERI = 0.22, 95% CI: -0.02, 0.47).

Results for our logistic models of ADRD and the PRS in the APOE &4 non-carriers were
very similar to the results from the whole cohort except for reduced significance due to the
smaller sample sizes (Supplemental Tables 15 and 16). No PRS interactions were indicated
in the e4 non-carriers from the logistic models or the RERI analysis.

Discussion

This was the first study on genetic and environmental contributions to risk for ADRD from
the Million Veteran Program. The clinical and demographic characteristics of the EA and
AA MVP cohorts used for this study generally reflected that of the total population of
veterans over 65 as served by the VA. Participants were primarily male. ADRD prevalence
estimates of 6.1% and 8.2% in EA and AA veterans, respectively, were slightly lower

than the prevalence reported in a recent study of all veterans over age 65 receiving VA

care between 1999 and 2016 (EA male veterans: 8.3%; AA male veterans: 11.5%)[20],
potentially due to the elimination of early onset (onset before age 65) cases from the current
cohort. Prevalence estimates of lifetime PTSD of 6% and 8% for EA and AA participants,
respectively were similar to the pooled prevalence estimate of 8.4% (95% ClI: 7.59-12.84%;
N > 1.4M) from a recent meta-analysis of eight studies of older veterans[44]. MVP Baseline
Survey items indicating a history of TBI were endorsed by 7.5% and 4.6% of EA and AA
MVP participants, respectively. For EA veterans, this prevalence was similar to the 8.8%
prevalence reported in white VHA users 55 and older based on medical record data[45].
However, TBI endorsement prevalence by AA MVP participants was substantially lower
than the 11.5% prevalence for non-Hispanic black veterans in that study.

In this cohort, we observed strong associations between ADRD and APOE 4 and, in the
EA cohort where it was examined, an AD PRS constructed from genome-wide significant
SNPs excluding loci in the APOE region. We observed strong evidence of main effect
associations between ADRD and both PTSD and TBI. Sensitivity analyses indicated that the
strong associations between ADRD and both PTSD and TBI were not due to confounding
with alcohol use, smoking or education. When we evaluated the presence of additive
interactions using the RERI statistic, we also found modest but significant APOE 4 x
PTSD and APOE 4 x TBI interactions in EA veterans, indicating that the difference in
ADRD prevalence associated with PTSD and TBI was greater in those of high genetic
risk for AD as a function of the APOE e4 locus. That differences in the direction of
effect between additive and multiplicative interactions are quite possible has been noted
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elsewhere[39]. Examining the prevalence estimates generated from the logistic model as
presented in Figure 1 demonstrates that the prevalences inferred by the logistic model
parameter estimates are congruent with the conclusions suggested by the RERI statistic: the
impact of PTSD is greater in e4 carriers. In AA veterans, analyses showed a significant
APOE 4 x TBI additive interaction but no significant APOE e4 x PTSD interaction. To
our knowledge, this is the first well-powered study to find evidence for a significant APOE
e4 x adverse environmental factors on the prevalence of ADRD in a representative sample
of VHA users. In contrast, we did not observe logistic or additive G x E interactions

with the PRS which summarized non-APOE AD genetic risk. There are several possible
explanations for this. The G x E interactions observed here may not be a function of AD
genetic risk in general, but may be restricted to APOE €4, or perhaps 4 and other risk

loci yield effects in similar molecular pathways. APOE plays an important role in neuron
maintenance and repair by distributing lipids necessary for synaptogenesis, proliferation,
and axon mylenation[46], while the variants included in the PRS play roles in a variety

of pathways including inflammation, tau binding, and amyloid precursor protein (APP)
regulation and metabolism[32, 33]. Further investigations of interactions between PTSD,
TBI, and other AD risk variants may yield new insight into ADRD risk in veterans.
However, it is also possible that the lower effect of the AD PRS compared to APOE 4

has simply led to reduced power to detect the additive PRS interactions, and that these will
be apparent in a larger sample.

We included sex, alcohol use, education, and smoking as covariates in our comprehensive
models, as these factors have been associated with both PTSD[47-50] and dementia risk[51,
52]. While their inclusion did not appear to impact the associations between PTSD and

TBI on ADRD, the associations observed with these covariates are interesting in their own
right. First, our results support an association between education and lower prevalence of
dementia, which has been observed in prior studies[53]. Smoking is generally thought to
increase AD risk[51], although studies have been inconsistent (e.g.[54]), likely due to early
mortality among smokers[55]. Here, we noted a lower prevalence of smokers in our ADRD
cases (Table 1), but no significant effects of smoking in models that took age and other
exposures into account (Supplemental Tables 7-9). 7his should not be taken as evidence
against the association between smoking and dementia based on the noted biases which can
affect case-control studies on this topic[56]. Although dementia risk is generally higher in
women than men[52], no association was observed between sex and dementia in the EA

or AA cohorts, presumably due to the small number of older women in MVP. Finally, we
observed an association between problematic alcohol use and lower prevalence of ADRD,
which has been reported in other studies (e.g. [57, 58]), although not consistently (e.g. [59,
60] [61, 62]). This could potentially reflect the somewhat controversial reported association
between moderate alcohol use and cardiovascular health[63]. However, there are several
potential biases which may account for this apparent protective effect. For example, it

is possible that individuals with prodromal ADRD or averse health conditions associated
with risk for ADRD (e.g., diabetes) have moderated their alcohol use (the “sick-quitter
hypothesis”)[64] Another possibility is that aging veterans who died prematurely from
alcohol-related diseases or accidents may have reduced the number of alcohol users who
ultimately went on to develop AD[65]. Moderate alcohol use could also be confounded
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with other lifestyle factors that are potentially protective for AD, such as greater social
engagement[66]. Although beyond the scope of this study, a careful analysis of MVP data
examining alcohol use in detail, including information on duration, timing, and quantity of
alcohol use, could provide valuable insight into this issue.

The findings of this study should be evaluated in light of several limitations. Our

ADRD diagnosis is ICD code-based and, by design, included codes for non-AD dementia
diagnoses and non-specific dementia codes. It could be reasonably argued that “all-

cause dementia” would be a more appropriate term for our primary analysis variable,

as it is the broadest category that could conceivably be included in our case cohort.
However, we used the term ADRD to stress the correspondence between our definition

of ADRD and prior research. Our definition closely follows the NIA conceptualization of
ADRD (https://www.nia.nih.gov/research/grants-funding/alzheimers-disease-administrative-
supplements), which includes AD and other dementias such as vascular dementia that

often co-occur and/or share diagnostic overlap with AD. Our study used a similar ICD
algorithm as established in prior electronic medical record-based studies of ADRD (e.g.
[20, 21]), including a recent publication in this journal[22]. Our definition also overlaps
substantially with the Chronic Conditions Warehouse definition of “Alzheimer’s disease

or related disorders or senile dementia” (https://www2.ccwdata.org/web/guest/condition-
categories-chronic), which is used for monitoring Centers for Medicare & Medicaid Services
(CMS) data. Like the definition employed for this study, the prior ADRD studies and

the Chronic Conditions warehouse ADRD algorithms use non-specific dementia diagnosis
codes, a similar set of related dementia codes, and exclude other dementias such as
Huntington’s disease. Therefore, our use of the term ADRD here is appropriate, as long as
the limitations of our approach are considered. For example, the inclusion of non-AD codes
in our case definition likely contributed to differences in effect size estimates for APOE e4
when compared to studies of a purely AD diagnosis[1]. However, when we performed our
sensitivity analysis examining the strict AD phenotype, RERI estimates remained largely
consistent between the analyses of AD and the analyses of ADRD.

We have focused our attention on the identification of “late-onset” ADRD cases, that is,
cases with a first ICD code for dementia after age 65. We limited ourselves to late-onset
based on a concern that early onset dementia cases may have a higher rate of false positives
than late-onset cases, particularly in subjects with a TBI and/or psychopathology[67].
However, head injury may lower the onset rate of dementia [68], and hence, our study

may not present the full impact of TBI-associated dementia.

Another study limitation was that history of TBI was based on self-report data from the
MVP Baseline Survey. This was done to allow for the inclusion of TBIs which may
predate the VA EMR. However, the survey data have not yet been evaluated relative to
TBI ICD codes from the medical records or clinical interview-based assessments of TBI.
With that said, much is known about the relative accuracy of self-report TBI data relative
to EMR-based measures. For example, there is evidence that ICD code-based algorithms
underreport the presence of head injury relative to self-report[69]. Furthermore, it has
been well established that assessing the presence and severity of TBI can be challenging,
as supporting information may be missing from the medical and service records[70, 71].

Alzheimers Dement. Author manuscript; available in PMC 2024 June 01.


https://www.nia.nih.gov/research/grants-funding/alzheimers-disease-administrative-supplements
https://www.nia.nih.gov/research/grants-funding/alzheimers-disease-administrative-supplements
https://www2.ccwdata.org/web/guest/condition-categories-chronic
https://www2.ccwdata.org/web/guest/condition-categories-chronic

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Logue et al.

Page 11

Although our survey data does not allow for a detailed assessment of injury severity, the
overwhelming majority (~80%) of TBIs are likely to be mild [72], and even mild TBIs
have long-term consequences including cognitive difficulties and psychiatric distress [73,
74]. Additionally, APOE might itself be associated with TBI by increasing susceptibility

to injury and/or poor outcomes post-TBI[75-77]. For example, repeated mild head impacts
associated with chronic traumatic encephalopathy (CTE) may have a greater impact in £4
carriers[78]. Finally, history of smoking and problematic alcohol use were also based on
self-report items. We do not have detailed information about the lifetime course of smoking
and alcohol use which could yield stronger associations.

Other study limitations relate to sample size issues. While the AA subsample is large
relative to other AA studies of AD risk, it is smaller than the EA cohort that was examined.
The differences in findings between groups should be interpreted cautiously in light of

the difference in sample sizes. That is, the lack of an additive scale interaction between
APOE and PTSD in the AA cohort may be simply a product of sample size and the lower
effect of APOE on ADRD risk in the AA population. Finally, we note that we have not

yet incorporated information about current PTSD symptomatology and history of treatment.
Although PTSD symptom course is often chronic, and treatments for PTSD are limited,
there is a potential that adequate treatment for PTSD might alleviate some of this increased
risk. However, this is beyond the scope of the current investigation.

To conclude, this study provides support for long-hypothesized G x E interactions associated
with ADRD risk. Although APOE genetic testing is available in a direct-to-consumer
fashion, current recommendations by the Alzheimer’s Association do not support their
use[79]. This is for several reasons, which include possible discrimination on the basis of
the results without an effective intervention. Once treatments are available that can delay or
prevent the onset of AD, the APOE effects on AD risk may make it an important tool for
identification of people at elevated risk. This study’s findings suggest that PTSD and TBI
history can be an important component of genetic dementia risk assessment and targeting
early intervention, particularly in the veteran population.
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Systematic Review:

Prior work has demonstrated that posttraumatic stress disorder (PTSD) and traumatic
brain injury (TBI) increased risk of dementia. Some work has suggested that APOE €4,
the strongest Alzheimer’s disease (AD) genetic risk factor might modify the dementia
risk associated with PTSD and TBI.

I nter pretation:

We observed strong associations between dementia prevalence and APOE &4,
posttraumatic stress disorder (PTSD), and TBI in a large US veteran biobank (the Million
Veteran Project), and evidence that the impact of TBI and PTSD on dementia rates is
greater in carriers of the high risk APOE e4 variant.

Future Directions:

PTSD and TBI history can augment genetic information and identify individuals at risk
of dementia for monitoring and intervention. When genetic testing for dementia risk

is more widespread, these factors will likely play a role in interpreting test results in
veterans and perhaps the broader population.
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Figure 1:
Estimated risk of ADRD as a function of age, APOE e4 dosage, PTSD, and TBI, in EA and

AA MVP veteran participants. Solid lines represent PTSD cases or TBI cases, while dashed
lines represent controls. The color represents the predicted risk for those with 0 (blue), 1
(orange), or 2 (red) copies of the APOE e4 variant. Distance between solid and dashed
lines illustrates the greater ADRD risk associated with PTSD/TBI in EA participants and
TBI in AA participants is higher for those with 1 or 2 copies of £4 vs those with 0 copies,
particularly in older veterans.
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