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Abstract

Background

We examined the relationships between neighborhood characteristics, cumulative
genetic risk for Alzheimer’s disease (polygenic scores for Alzheimer’s disease), and
cognitive function using data from the Health and Retirement Study (2008—2020,
age>50).

Methods

Baseline perceived neighborhood characteristics were combined into a subjective
neighborhood disadvantage index. Cognitive function was assessed at baseline and
measured biennially over a 10-year follow-up period. Analyses were stratified by
genetic ancestry. Cox proportional hazard models analyzed associations between
neighborhood characteristics, Alzheimer’s disease polygenic scores, and their inter-
actions on cognitive impairment.

Results

In the European ancestries sample, a one standard deviation higher score on the
subjective neighborhood disadvantage index was associated with a higher hazard

of any cognitive impairment (HR:1.09; Cl:1.03—1.15), cognitive impairment without
dementia (HR:1.08; CI:1.03—1.14), and dementia (HR:1.13; CI:1.03—1.24). Similarly,
a one standard deviation increase in Alzheimer’s disease polygenic score was asso-
ciated with a higher risk of cognitive impairment (HR:1.10; Cl:1.05-1.16) and cogni-
tive impairment without dementia (HR:1.10; CI:1.05-1.16) but not dementia (HR:1.05;

PLOS One | https:/doi.org/10.1371/journal.pone.0336403  November 20, 2025 1/20



http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0336403&domain=pdf&date_stamp=2025-11-20
https://doi.org/10.1371/journal.pone.0336403
https://doi.org/10.1371/journal.pone.0336403
https://doi.org/10.1371/journal.pone.0336403
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-4731-8158
https://orcid.org/0009-0004-5266-5570
https://orcid.org/0000-0002-9605-6337
mailto:ebakshis@umich.edu

PLO\Sﬁ\\.- One

and reproduction in any medium, provided the
original author and source are credited.

Data availability statement: This analysis uses
data from the Health and Retirement Study,
polygenic scores, leave-behind question-

naire, Imputation of Cognitive Functioning
Measures, and core study, sponsored by the
National Institute on Aging (grant number

NIA U01AG009740) and conducted by the
University of Michigan. The data that support
the findings of this study are publicly available
at https://hrs.isr.umich.edu/.

Funding: This work was supported by the
National Institute on Aging (NIA): EBW (Erin
B. Ware): R0O1 AG055406. KMB (Kelly M.
Bakulski): R01 AG067592, P30 AG072931.
GAN (Grace A. Noppert): R01 AG075719. LCK
(Lindsay C. Kobayashi): R01 AG070953.

Competing interests: The authors have
declared that no competing interests exist.

Abbreviations: Cl, confidence interval; SD,
standard deviation; SNPs, single-nucleotide
polymorphisms; GWAS, genome wide asso-
ciation study; BMI, body mass index; APOE,
Apolipoprotein E.

CI:0.96—-1.16). No significant interactions were found. Evidence in African ancestries
were directionally similar but imprecise and inconclusive due to limited precision and
cross-ancestry polygenic score transferability. Subjective neighborhood disadvantage
index and Alzheimer’s disease polygenic score were independently associated with
incident cognitive impairment.

Conclusions

Preventing dementia by addressing modifiable risk factors is essential.

Introduction

Dementia describes a group of progressive neurological disorders that severely
affect individuals’ memory, thinking, and social abilities [1]. The most common type
of dementia is Alzheimer’s disease, with pathology present in 60—-80% of cases [2].
By the year 2050, an estimated 12.7 million Americans aged 65 years and older will
be living with Alzheimer’s disease [3]. In 2022, the estimated medical cost associ-
ated with Alzheimer’s disease or other dementias amounted to $321 billion in the
United States, with spending expected to exceed $1 trillion in 2050 [4], leading to a
significant financial burden at both the family and national levels. Cognitive impair-
ment non-dementia (CIND) is an intermediate stage between normal cognition and
dementia [5—7]. Identifying modifiable risk factors for cognitive impairment is critical
because addressing these factors during intermediate stages of cognitive decline
can enhance the effectiveness of public health interventions, potentially reducing the
progression to dementia and its related societal burden. In addition, understanding
how these factors interact with individual susceptibilities can provide deeper insight
into the pathways influencing cognitive decline and help inform strategies to reduce
risk across diverse populations.

The neighborhood environment is a potential modifiable risk factor for cognitive
health. Evidence suggests that neighborhood environment has been linked to risk of
cognitive impairment and dementia [8,9], with both objective and subjective assess-
ments of neighborhoods offering distinct insights into the association between neigh-
borhoods and cognition [10]. Objective characteristics of neighborhoods, such as crime
rates, access to amenities and neighborhood socioeconomic status, are often used
to assess both neighborhood quality and the accessibly of resources in public health
studies [10,11]. For example, in the French Three City Cohort, a population-based
prospective study, women who lived in a deprived neighborhood—defined as having
a low median income—had an increased risk of developing dementia and Alzheimer’s
disease relative to those living in non-deprived neighborhoods [8]. In a cross-sectional
study of 21,008 adults aged 65 years and older from Hong Kong, more walkable neigh-
borhoods, measured by proximity to frequently-used amenities, were associated with
3.5% lower prevalence of dementia relative to the least walkable neighborhoods [12].
Subjective characteristics of neighborhoods—residents’ perceptions of their neighbor-
hood environment—can be equally or more important in determining health outcome,
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as they directly reflect the mental and emotional responses to the environment which are not always captured by objective
measures [10,13,14]. Feelings of safety, cleanliness, and social support can influence leisure-time physical activity and
chronic stress [15,16]. A sense of neighborhood belonging, and the friendliness of neighbors can influence social connected-
ness and feelings of loneliness [17,18]. These factors collectively contribute to social engagement and overall mental health
and are critical in maintaining cognitive function [19-21].

Genetics also play a major role in the risk of developing cognitive impairment and dementia [22,23]. Variation in the
Apolipoprotein E (APOE) gene is a major genetic risk factor for Alzheimer’s disease [24]. There are three major gene
variants of the APOE gene, the €2, €3, and €4 alleles [24]. At later ages, those with one copy of the APOE-£4 allele
have approximately three times increased risk of Alzheimer’s disease, and those with two copies of €4 have 8-14 times
increased risk, compared to the €3/e3 genotype [22]. However, genetics alone are neither sufficient nor necessary to
cause dementia and it is important to understand the interplay between genetics and other factors on the risk of develop-
ing cognitive impairment.

Both genetic and environmental factors together contribute to the risk of cognitive impairment [25]. Gene-by-
environment interactions occur when the effect of an environment is dependent on the genotype of the individual [26]. For
example, in a longitudinal study of primary care patients aged 75 years or older, those with both the APOE-€4 allele and
low physical activity (defined as less than one physical activity per week) had a higher conversion rate (21.5%) to demen-
tia and Alzheimer’s disease, as well as a higher relative risk (relative risk: 3.02, 95% CI: 2.07, 4.42) of dementia and
Alzheimer’s disease, compared to those who had only one of the risk factors present [27]. Investigating gene-by-
environment interactions, involving neighborhoods and genetic risk factors for dementia, enhances our understanding of
the manifestation of diseases and significantly impact precision medicine by enabling targeted risk prevention for individu-
als highly susceptible to specific environmental effects [28,29].

In this study, we conducted a Cox proportional hazards analysis using data from participants of European and African
genetic ancestries in the United States Health and Retirement Study. Our goal was to examine the associations between
perceived neighborhood characteristics and incident cognitive impairment. We categorized cognitive impairment as 1) any
cognitive impairment (CIND or dementia), 2) CIND, or 3) dementia. We stratified analyses by genetic ancestry group since
the polygenic scores are on different scales due to the genetic architecture of the samples. Additionally, we assessed
whether the association between perceived neighborhood characteristics and cognitive impairment was modified by Alz-
heimer’s disease polygenic score.

Methods
Health and Retirement Study

The Health and Retirement Study is a nationally representative, longitudinal panel study of people in the United

States 50 years and older [30,31]. The Health and Retirement Study is funded by the National Institute on Aging (NIA
UO01AG009740) and the Social Security Administration. The Institute for Social Research at the University of Michigan
conducts the Health and Retirement study. Data are collected through in-person and telephone interviews in waves occur-
ring every two years since the study’s start in 1992. To maintain its nationally representative status, the sample of partici-
pants is replenished every six years with new cohorts. Data were accessed between 1 October 2017 and 1 June 2025 for
research purposes. The authors had no access to information that could identify individual participants during or after data
collection.

Neighborhood measures

Half of the Health and Retirement Study participants in 2008 were randomly selected to answer questions on their neighbor-
hoods, while the other half were asked these questions during the 2010 wave [31]. In our analysis, we established a base-
line for participants based in the wave in which they were interviewed for the neighborhood questions (either 2008 or 2010).
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Participants were asked to rate aspects of their neighborhood as a part of a leave-behind questionnaire. Neighborhoods were
defined as a participant’s ‘local area’ or everywhere ‘within a 20-minute walk or about a mile of their house.’ Participant-
evaluated neighborhood characteristics include: 1) There is no problem with vandalism and graffiti in this arealVandalism

and graffiti are a big problem in this area, 2) Most people in this area can be trusted/Most people in this area can’t be trusted,
3) People feel safe walking alone in this area after dark/People would be afraid to walk alone in this area after dark, 4) Most
people in this area are friendly/Most people in this area are unfriendly, 5) This area is kept very clean/This area is always full
of rubbish and litter, 6) There are no vacant houses or storefronts in this areal There are many vacant or deserted houses or
storefronts in this area. 7) People feel that they are part ofldon’t belong in this area. Participants were instructed to choose a
value of one to seven for each of the questions, with one corresponding to the first response scale and seven corresponding
to the latter response scale of each question. The responses to each neighborhood question were standardized (mean=0,
standard deviation=1). Given correlations among responses to these seven questions, we created a subjective neighborhood
disadvantage index using principal components analysis to identify factors representing the most variation in the neighborhood
question responses [32]. Higher subjective neighborhood disadvantage indexes indicate more disadvantaged neighborhoods.
Secondary analyses considered a dichotomous version of the subjective neighborhood disadvantage index, with scores of 0
or below indicating the least disadvantaged neighborhoods and scores above 0 indicating the most disadvantaged neighbor-
hoods. Additionally, we conducted supplemental analyses using each neighborhood characteristic as a separate exposure.

Cognitive status

The Health and Retirement Study collects information on participants’ cognition in every data collection wave. We assessed
participants’ cognitive function at baseline and followed up with up to five waves of cognitive assessments over the subse-
quent ten years, from 2010 to 2018 for those with a 2008 baseline, and from 2012 to 2020 for those with a 2010 baseline.
The Health and Retirement Study cognitive assessments include ten word immediate and delayed recall, serial 7s subtrac-
tion, counting backwards, object naming and recall of date and president and vice-president. These tests assess memory,
working memory, attention and processing speed, language, and orientation and are administered via telephone [33].

We used the Health and Retirement Study Imputation of Cognitive Functioning Measures data which provides cleaned
and imputed cognitive function assessment scores [34]. Proxy respondents were excluded from our study sample at each
wave. To categorize cognitive status in the Health and Retirement Study, we used the Langa-Weir approach, which uses a
composite score of 0—27 from the cognitive assessments available in the Health and Retirement Study (excluding orien-
tation and naming objects). Individuals with scores from 0—6 were categorized as having dementia, 7—11 as CIND, and
12-27 as normal cognition [35].

Polygenic score for Alzheimer’s disease

The Health and Retirement Study collected saliva samples in 2006, 2008, 2010, or 2012 for DNA processing. In 2006, the
mouthwash collection method was used, then from 2008 on, the Oragene DNA Collection Kit (OG250) was used. Approx-
imately 2.4 million single nucleotide polymorphisms (SNPs) were measured using the llumina HumanOmni2.5 BeadChip
array (HumanOmni2.5-4v1, HumanOmni2.5-8v1). The University of Washington Genetics Coordinating Center performed
genotyping quality control. SNPs were aligned to genome build 37/hg 19, phased using SHAPEIT2, and genetic principal
components were calculated with HapMap controls [36,37]. Imputation was conducted by the University of Washington
Genetics Coordinating Center using IMPUTEZ2, to impute approximately 21 million SNPs to the 1000 Genomes Project
cosmopolitan reference panel phase 3 version 5 [38]. Genetic data for the Health and Retirement Study is available
through application to the National Institute on Aging Genetics of Alzheimer’s Disease Data Storage Site (https://dss.niag-
ads.org/datasets/ng00153/).

The Health and Retirement Study used both self-identified race/ethnicity and ancestral genetic similarity to ascer-
tain the African and European ancestries analytic samples. To account for population stratification within the two broad
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ancestries groups, local genetic principal components were calculated within each group and used in downstream analy-
ses, provided by the Health and Retirement Study [38,39].

A polygenic score provides a quantitative summary measure of the genetic predisposition to express a the given trait
[40]. The Health and Retirement Study provides polygenic scores from the International Genomics of Alzheimer’s Proj-
ect (IGAP) using SNPs associated with Alzheimer’s disease at two genome-wide association p-value thresholds (pT):
pT=0.01 and pT=1.0 [41]. In this study, we used a p-value threshold of pT=0.01 and did not include linkage disequilib-
rium in the scores (i.e., no pruning algorithms). The APOE gene region (start: 43.38 megabases, stop: 45.43 megabases,
build hg37) was removed from the polygenetic score because including it through weighted variants was insufficient to
capture the substantial risk attributed to this region [42]. Therefore, we treated the APOE region as a separate covariate
to better account for its independent effect on dementia risk. Our primary analysis used z-score standardized polygenic
scores (mean=0, standard deviation=1) within each genetic ancestry group. In subsequent analyses, we dichotomized
the polygenic score for Alzheimer’s disease without the APOE region at the 75th percentile to represent those in the high-
est quartile of genetic risk for Alzheimer’s disease [43].

Covariate measures

We selected covariates that could be confounders of the association between neighborhood characteristics and cognitive
status, based on prior evidence [44,45]. Covariates were assessed at the analytical baseline (2008 or 2010) and were:
age (continuous, in years), sex (male; female) highest educational attainment (above high school/GED; high school/GED;
less than high school/GED), subjective social status (self-reported standing on a ladder representing “society”, continu-
ous range 1 [low] to 10 [high]) [46], and poverty status, defined as whether household income was below the US Census
poverty threshold (yes; no). Additionally, we included an indicator variable for baseline wave (wave 2008; wave 2010) to
account for potential cohort differences.

In sensitivity analyses, we considered the additional potential confounders of smoking (current, former, never), alcohol
consumption (number of drinks/day when drinks), history of type 2 diabetes (yes, no), depressive symptoms (continuous),
body mass index (BMI; continuous, in kg/m?), self-rated hearing (excellent, very good, good, fair, poor), self-rated vision
(excellent, very good, good, fair, poor, blind), brain-related conditions (yes, no to a report of stroke and/or psychiatric
problems) and number of physician-diagnosed chronic medical conditions (0, 1-2, 3 or more of the following: high blood
pressure, diabetes, cancer, lung disease, heart disease, and arthritis), all measured at the analytical baseline (2008 or
2010). We considered these covariates in a sensitivity analysis rather than the main analysis, as although they have been
associated with cognitive status [47-50], they are time-varying and could be influenced by neighborhood factors. There-
fore, these variables may lie on the causal pathway rather than serve as confounders.

Sample selection

Eligible Health and Retirement Study participants were those who were interviewed in the 2008 and 2010 waves with
complete neighborhood data (n=14,562). Then, we excluded participants with incomplete genetic (n=5,220), cognition
(n=717), and covariate data (n=717) (Fig 1 and S1 Table). Additionally, we excluded participants with dementia at baseline
(N=148) from analyses where dementia was the outcome. For analyses of any cognitive impairment (CIND and dementia),
participants with CIND and dementia at baseline (N=1,082) were excluded. In CIND-specific analyses, we further excluded
participants who developed dementia during follow-up without prior records of CIND (N=80) (Fig 1 and S1 Table).

Statistical analysis

All the analyses were stratified by genetic ancestry (European ancestries and African ancestries). In bivariate analyses,
we described the distributions of variables by cognitive functions using t-test (mean, SD) for continuous variables and
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Participants in 2008 or 2010 wave of Health and
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[ Missing Neighborhood disadvantage index at baseline
| =9,658
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N = 14,562
[

[N= 5,220 Excluded
i 5 N = 4,154 Missing PGS-AD at baseline
| N = 498 Missing APOE-g4

A\ N = 568 Ancestry specific data
[ Complete information on PGS-AD, APOE-£4,

lcomplele' ion on Nei index

and Ancestry
N =9,342

N =717 Excluded
N=51  Missing cognitive function at baseline
N =666 Missing all cognitive function during follow-up

\ Complete information on cognitive function

|N =717 Excluded
{ N = 9 Missing demogtaphic information
N = 708 Missing Social Ladder at baseline

Complete information on covariates
N=7,908

. - N = 1,162 Excluded
Had Dementia at baseline S N =1,082 Had Dementia or CIND at baseline
N =148 N =80 Had dementia during followup without prior records of CIND
Sample for Dementia Sample for CIND
N=7760 N = 6,746

\ ‘
v v

African Ancestry
N=971

N =1,082 Had Dementia or CIND at baseline

Sample for CIND & Dementia
N = 6,826

I
v v

European Ancestry African Ancestry European Ancestry
N=6,123 N =703 N =6,789

European Ancestry
N =6,051

African Ancestry
N =695

Fig 1. Sample inclusion and exclusion flow chart for the Health and Retirement Study 2018 and 2010 wave.

https://doi.org/10.1371/journal.pone.0336403.9001

chi-square test (count, %) for categorical variables. We similarly tested for differences between the included and excluded
sample to note selection bias in the included sample.

We used Cox proportional hazard modeling to examine the associations between the subjective neighborhood dis-
advantage index and incident cognitive impairment, with effect modification by Alzheimer’s disease polygenic score. In
model 1, we include adjustments for sociodemographic factors (baseline age, sex, education, poverty status, subjective
social status), APOE-¢4 carrier status, and baseline year indicator. Model 2 included additional adjustment for Alzheimer’s
disease polygenic score and genetic principal components. Model 3 further tested the interaction between the subjective
neighborhood disadvantage index and Alzheimer’s disease polygenic score. The subjective neighborhood disadvantage
index, covariates, and supplementary variables were measured at baseline, with cognitive function assessed at baseline
and across five follow-up waves over 10 years.

The following fully adjusted model was fitted to our dataset:

A (|X) = Xo(t)exp(B1Neighborhood + B,PGS_AD + B3(Neighborhood x PGS_AD) + B4Covariates) (1)

where ) (t/X) is the hazard function at time t given covariates X, and Ao(t)is the baseline hazard at time t. We performed
three separate comparisons using this model specification stratified by ancestries: 1) any incident cognitive impairment
(CIND or dementia) as the outcome compared to normal cognition, 2) incident CIND as the outcome compared to normal
cognition and 3) incident dementia as the outcome compared to no dementia, where “no dementia” includes both normal
cognition and CIND. This approach maintains sample size by keeping individuals who developed CIND during follow-up,
who have a higher risk of progressing to dementia, in the reference group until dementia onset. We considered P values
<0.05 as indicating statistical significance.

We conducted analyses in SAS (9.4 version) and R statistical software (4.3.3 version).

Relative excess risk due to interaction

Additive interaction, a more relevant public health measure than multiplicative interaction, is often emphasized in epide-
miology because it reflects the absolute difference in risk associated with combined exposures [51,52]. Therefore, we
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calculated both multiplicative and additive interaction in the study. To assess additive interaction, we evaluated Cox pro-
portional hazard models using dichotomized subjective neighborhood disadvantage index and Alzheimer’s disease poly-
genic score. We then calculated relative excess risk due to interaction (RERI), to further elucidate the additive interaction
between subjective neighborhood disadvantage index and Alzheimer’s disease polygenic score on cognitive impairment,
due to its outstanding performance in Cox proportional hazard models [53]. The RERI was calculated using the “epiR”
package [54] in R statistical software (4.3.3 version). A positive RERI indicates a positive interaction or more than additiv-
ity, zero indicates no interaction, and a negative value indicates negative interaction or less than additivity [55].

Sensitivity analysis

In our first sensitivity models, we included a third set of variables as covariates—smoking status, alcohol consumption,
BMI, diabetes, self-rated hearing, self-rated vision, brain-related conditions, number of chronic conditions, and depres-
sion—which are time-varying factors that may lie on the causal pathway rather than act as confounders. Additionally, to
determine if any individual neighborhood factor (perceived safety, trust, friendly, cleanness, vandalism, vacant, belong-
ing—each represented by one of the seven questions in the neighborhood measures) drives the observed associations,
we evaluated each individual neighborhood factor as exposures in modeling.

Ethics

This secondary analysis was approved by the University of Michigan Institutional Review Board (HUMO00128220). Par-
ticipants provided written informed consent. Research practices at the University of Michigan are guided by the ethical
principles outlined in the Belmont Report, which include respect for persons, beneficence, and justice.

Results
Descriptive analysis

In our study sample, participants who developed cognitive impairment tended to be older, female, have higher subjective
neighborhood disadvantage indexes (indicating lower perceived safety, friendliness and environment), more likely to have
lower education levels, and reported lower subjective social status (Table 1). The sample distribution, stratified by genetic
ancestries, included 703 participants of African ancestries and 6,123 of European ancestries (N=6,826) for cognitive
impairment sample; 695 of African ancestries and 6,051 of European ancestries (N =6,746) for CIND sample; and 971 of
African ancestries and 6,789 of European ancestries (N=7,760) for dementia sample (Fig 1 and S2 Table). Additionally,
individuals’ responses to the seven neighborhood characteristics were correlated (Fig 2).

European ancestries sample

Multivariable analysis. In the European ancestries sample, each standard deviation increase in the subjective
neighborhood disadvantage index was associated with an 9% higher risk of developing any cognitive impairment (95% CI:
1.03, 1.15), an 8% higher risk of CIND (95% CI: 1.02—-1.14), and a 13% higher risk of dementia (95% CI: 1.02—-1.24) in the
fully adjusted model (Model 3 in Table 2). In the fully adjusted models, each standard deviation increase in the Alzheimer’s
disease polygenic score was associated with a 10% increased risk of any cognitive impairment and CIND (95% CI:
1.05-1.16). The Alzheimer’s disease polygenic score was not significantly associated with dementia. No significant
multiplicative interaction was found between the subjective neighborhood disadvantage index and Alzheimer’s disease
polygenic score for any of the outcomes in the European ancestries sample (Table 2).

RERI analysis. In models using dichotomous exposures (subjective neighborhood disadvantage index and
Alzheimer’s disease polygenic score), individuals living in the more disadvantaged neighborhoods had a 21% higher
risk of any cognitive impairment (95% CI: 1.08-1.36), a 20% higher risk of CIND (95% CI: 1.06-1.35), and a 34%
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Fig 2. Correlations between neighborhood characteristics in the Health and Retirement Study 2018 and 2010 wave.

https://doi.org/10.1371/journal.pone.0336403.9g002

higher risk of dementia (95% CI: 1.07—1.68) compared to those in the least disadvantaged neighborhoods (S3_
Table). Participants with an Alzheimer’s disease polygenic score in the top 25% of the sample had a 12% higher risk
of developing any cognitive impairment (95% CI: 1.01-1.25). However, no significant associations were observed
between the dichotomous Alzheimer’s disease polygenic score and the risk of CIND (HR: 1.13; 95% CI: 0.99-1.30) or
dementia (HR: 1.20; 95% CI: 0.92—-1.57). Additionally, we did not observe significant additive interaction between the
dichotomous subjective neighborhood disadvantage index and Alzheimer’s disease polygenic score for any cognitive
impairment (RERI: =0.02; 95% CI: —0.31-0.27), CIND (RERI: -0.03; 95% CI: -0.32—-0.27), or dementia (RERI: 0.01;
95% Cl: -0.61-0.63) (S3 Table).

African ancestries sample

Multivariable analysis. We observed that a one standard deviation increase in the subjective neighborhood
disadvantage index was associated with a 5% higher risk of any cognitive impairment (95% CI: 0.94—-1.17), a 4% higher
risk of CIND (95% CI: 0.93—-1.17), and a 3% higher risk of dementia (95% CI: 0.90—1.20) in the fully adjusted model;
however, these associations were not statistically significant (Table 2). We found no evidence of multiplicative interaction
between the subjective neighborhood disadvantage index and Alzheimer’s disease polygenic score; however, power to
detect small-to-moderate effects was limited.
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RERI analysis. Similarly, in the RERI models with dichotomized exposures, living in the more disadvantaged
neighborhoods was associated with higher risk of developing cognitive impairment, while the association was not
significant (S2 Table). In addition, we found no evidence of additive interaction between the subjective neighborhood
disadvantage index and Alzheimer’s disease polygenic score for any cognitive impairment, CIND, or dementia in the
African ancestries sample where power to detect an interaction was limited. (S3 Table).

Sensitivity analysis

To test the robustness of our models, we added several sensitivity covariates including smoking, alcohol consumption,
BMI, diabetes, self-rated hearing, self-rated vision, brain-related conditions, chronic conditions, and depression (S4 Table).
After adjustment for sensitivity variables, the associations between subjective neighborhood disadvantage index and Alz-
heimer’s disease polygenic score with the risk of any cognitive impairment and dementia remained robust in the European
ancestries sample (S4 Table), however, the association became non-significant in the CIND European ancestries sample
(HR: 1.05; 95% CI: 1.00-1.11). Both multiplicative and additive interaction effects between the polygenic score for Alzhei-
mer’s disease and subjective neighborhood disadvantage index were non-significant (Table 2 and S3 Table). In addition,
all main and interaction effects of subjective neighborhood disadvantage index and Alzheimer’s disease polygenic score
remained non-significant in the African ancestries sample (Table 2 and S3 Table).

To examine each dimension of neighborhood, we tested each neighborhood factor separately. In the European ances-
tries samples, when accounting for age, gender, education, poverty, APOE-€4, subjective social status, and genetic
principal components in Cox models; neighborhood safety, trust, friendliness, cleanliness, vandalism, and belonging were
all individually associated with higher risk of any cognitive impairment, CIND, and dementia in the European ancestries
sample (S5 Table). Only neighborhood friendliness was significantly associated with risk of any cognitive impairment and
CIND in the African ancestries sample (S5 Table).

Discussion

Using data from a population-based, longitudinal study of older adults in the United States, we found that living in a more
disadvantaged neighborhood was associated with a higher risk of developing incident cognitive impairment in European
ancestries. Further, the Alzheimer’s disease polygenic score was associated with cognitive impairment in individuals of
European ancestries. However, we found no evidence of effect modification between the Alzheimer’s disease polygenic
score and subjective neighborhood disadvantage index on cognitive impairment, whether evaluated on the multiplicative
or additive scale, though power to detect small-to-moderate effects, particularly in the African ancestries, was limited. Our
results suggest that neighborhood characteristics influence cognitive impairment risk independent of genetic predisposi-
tion - Alzheimer’s disease polygenic score. These findings underscore the significant role of neighborhood factors in cog-
nitive impairment and highlight the need for examining targeted interventions in disadvantaged communities to potentially
mitigate cognitive decline.

European ancestries findings and consistency

We observed that perceived neighborhood disadvantage (higher subjective neighborhood disadvantage index) was associated
with an increased risk of cognitive impairment in the European ancestries sample. This finding aligns with existing literature. For
example, a population-based cross-sectional study of 10,289 middle-aged and older adults indicated that a perceived traffic issue
and lack of adequate parks were linked to worse cognitive function [56]. In the National Social Life, Health, and Aging Project,
higher levels of perceived neighborhood danger (1 mile radius from the home, or within a 20 minute walk of the home) were
associated with lower cognitive function, while residents of more cohesive neighborhoods exhibited better cognitive performance
[10]. Similarly, a community-level study conducted in Korea with 1,974,944 participants over 50 years of age found that higher
community-level social trust is associated with a reduced risk of dementia [13]. In sensitivity analyses where each perceived
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Table 2. Hazard Ratios from survival analysis stratified by Ancestry, estimates present the association for each standard deviation increase
in the neighborhood disadvantage index with incident cognitive impairment (CIND and dementia), CIND, and dementia, relative to
normal cognition and non-dementia respectively in the US Health and Retirement Study (2008-2010 Waves).

Cognitive Impairment vs. Normal Cognition, European Ancestry® (n=6,123)

CIND vs. Normal Cognition,
European Ancestry® (n=6,051)

Model 1 Model 2 Model 3 Model 1
HR | 95% CI p-value | HR 95% ClI p-value HR |95% CI p-value |HR 95% ClI p-value
Neighborhood 1.09|1.03,1.15 |0.002 1.09 |1.03,1.15 /0.002 |1.09 |1.03,1.15 |0.002 1.08 1.03, 1.14 | 0.004
Age 1.08|1.07,1.08 |<0.001 1.08 |1.07,1.08 | <0.001 | 1.08 |1.07, 1.08 | <0.001 1.08 1.07,1.08 | <0.001
Sex
Female Ref | Ref Ref Ref Ref Ref Ref | Ref Ref Ref Ref Ref
Male 1.3 |1.18,1.43 |<0.001 1.29 |1.18,1.42 | <0.001 |1.29 |1.18, 1.42 | <0.001 1.31 1.19, 1.45 | <0.001
Education
Above High School/GED | Ref | Ref Ref Ref Ref Ref Ref | Ref Ref Ref Ref Ref
High School/GED 1.62|1.44,1.82 |<0.001 1.62 |1.44,1.82 | <0.001 |1.62 |1.44,1.82 |<0.001 1.65 1.46, 1.86 | <0.001
Less than High School/GED | 3.03 | 2.56, 3.58 | <0.001 3.03 |2.56,3.58 <0.001 |3.02 |2.56,3.58 <0.001 3.08 2.60, 3.66 | <0.001
Poverty Status (Below)
Above Poverty threshold | Ref | Ref Ref Ref Ref Ref Ref | Ref Ref Ref Ref Ref
Below Poverty threshold | 1.28 | 0.99, 1.65 |0.055 1.27 10.99,1.64 0.062 |1.27 |0.99, 1.64 |0.062 1.28 0.99, 1.66 | 0.060
APOE E4 status
No copies of e4 Ref | Ref Ref Ref Ref Ref Ref | Ref Ref Ref Ref Ref
Any copies of e4 1.43/1.29,1.59 |<0.001 1.42 |1.28,1.57 | <0.001 |1.42 |1.28,1.57 |<0.001 1.43 1.29, 1.60 | <0.001
Social Ladder 0.93/0.90,0.95 |<0.001 0.93 |0.90,0.95 <0.001 |0.93 |0.90,0.95 | <0.001 0.92 0.89, 0.95 | <0.001
Baseline wave
Wave 1 (2008) Ref | Ref Ref Ref Ref Ref Ref | Ref Ref Ref Ref Ref
Wave 2 (2010) 0.860.78,0.94 |0.001 0.86 |0.79,0.95 0.002 |0.86 |0.79,0.95 | 0.002 0.86 0.78, 0.95 | 0.002
PGS-AD - - - 1.1 1.05,1.16 | <0.001 |1.10 | 1.05, 1.16 | <0.001 - - -
Neighborhood* PGS-AD | — - - - - - 0.99 |0.94, 1.04 | 0.800 - - -
RERI: The most disadvantaged — - - - - - -0.02 | -0.31, 0.27 - - -
neighborhoods*PGS-AD
Above 75% @
Cognitive Impairment vs. Normal Cognition, African Ancestry° (n=703) CIND vs. Normal Cognition,
African Ancestry® (n=695)
Model 1 Model 2 Model 3 Model 1
HR | 95% CI p-value | HR 95% CI p-value HR |95% CI p-value |HR 95% CI p-value
Neighborhood 1.04|0.93,1.16 |0.500 1.04 |0.93,1.16 |0.500 |1.05 |0.94,1.17 0.4 1.04 0.93, 1.16 | 0.500
Age 1.05|1.04,1.07 |<0.001 1.05 |1.04,1.07 | <0.001 | 1.05 |1.04, 1.07 | <0.001 1.05 1.04, 1.07 | <0.001
Sex
Female Ref | Ref Ref Ref Ref Ref Ref | Ref Ref Ref Ref Ref
Male 1.2 /094,153 |0.150 1.22 095,156 |0.110 [1.22 |0.96, 1.56 | 0.11 1.19 0.93, 1.52 | 0.200
Education
Above High School/GED | Ref | Ref Ref Ref Ref Ref Ref | Ref Ref Ref Ref Ref
High School/GED 1.5 [ 1.11,2.03 |0.009 1.51 |1.11,2.04 |/ 0.009 |1.51 |1.11,2.05 |0.009 1.53 1.12,2.09 | 0.007
Less than High School/ |3.02|2.12,4.31 |<0.001 2.94 |2.06,4.20 <0.001 |2.97 |2.08,4.25 <0.001 3.1 2.17,4.46 | <0.001
GED
Poverty Status
Above Poverty threshold | Ref | Ref Ref Ref Ref Ref Ref | Ref Ref Ref Ref Ref
Below Poverty threshold | 1.78 | 1.34,2.37 | <0.001 1.81 |1.36,2.41 | <0.001 | 1.82 |1.36,2.43 | <0.001 1.79 1.34,2.39 | <0.001
APOE E4 status
No copies of e4 Ref | Ref Ref Ref Ref Ref Ref | Ref Ref Ref Ref Ref
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Dementia vs. Non-dementia, European Ancestry® (n=6,789)

Model 2 Model 3 Model 1 Model 2 Model 3
HR 95% ClI p-value |HR 95% ClI p-value | HR 95% ClI p-value |HR | 95% CI p-value |HR |95% ClI p-value
1.08 [1.02,1.14 |0.004 1.08 |1.02,1.14 |0.004 1.13 |1.03,1.24 | 0.010 1.13 11.02,1.24 | 0.014 1.13 11.02,1.24 |0.015
1.08 |1.07,1.08 |<0.001 | 1.08 |1.07,1.08 |<0.001 ' 1.12 |1.10,1.13 |<0.001 |1.12 |1.10,1.13 | <0.001 |1.12 |1.10,1.13 |<0.001
Ref Ref Ref Ref Ref Ref Ref Ref Ref Ref | Ref Ref Ref | Ref Ref
1.31 1.18, 1.44 | <0.001 | 1.31 1.19,1.44 |<0.001 |1.05 |0.87,1.28 |0.600 1.06 | 0.87,1.29 | 0.600 1.06 | 0.88,1.29 |0.500
Ref Ref Ref Ref Ref Ref Ref Ref Ref Ref | Ref Ref Ref | Ref Ref
1.65 |1.46,1.86 |<0.001 | 1.65 |1.46,1.86 |<0.001 | 1.58 |1.23,2.04 <0.001 |1.6 1.24,2.06 <0.001 |1.59 |1.23,2.06 |<0.001
3.08 |2.60,3.66 |<0.001 |3.08 |259,63.66 <0.001 |3.93 |292, 529 <0.001 |3.98 |2.95,65.37 <0.001 | 3.98 2.95,537 |<0.001
Ref Ref Ref Ref Ref Ref Ref Ref Ref Ref | Ref Ref Ref | Ref Ref
1.27 10.98,1.65 | 0.068 1.27 10.98,1.65 |0.068 2.03 |1.39,2.98 |<0.001 | 2.07 |1.41,3.04 <0.001 |2.07 |1.41,3.04 |<0.001
Ref Ref Ref Ref Ref Ref Ref Ref Ref Ref | Ref Ref Ref | Ref Ref
142 1.28,1.58 |<0.001 | 1.42 |1.28,1.58 |<0.001 2.06 |1.70,2.50 |<0.001 |2.04 |1.68,2.48 <0.001 |2.04 |1.68,2.48 |<0.001
0.92 /0.90,0.95 <0.001 |0.92 |0.89,0.95 [<0.001 |0.98 |0.92,1.04 0.500 0.98 |0.93, 1.04 |0.600 0.98 | 0.93,1.04 |0.6
Ref Ref Ref Ref Ref Ref Ref Ref Ref Ref | Ref Ref Ref | Ref Ref
0.87 |0.79,0.95 | 0.003 0.86 |0.79,0.95 | 0.003 0.8 0.67,0.97 | 0.022 0.8 0.67,0.97 | 0.021 0.8 |0.67,0.97 |0.020
1.10 |1.05,1.16 |<0.001 |1.10 |1.05,1.16 |<0.001 | — - - 1.05 |0.96, 1.16 | 0.300 1.05 | 0.95,1.16 |0.3
- - - 0.99 |0.94,1.05 | 0.800 - - - - - - 0.98 | 0.90,1.08 |0.7
- - - -0.03 | -0.32,0.27 - - - - - - 0.01 | -0.61, 0.63
Dementia vs. Non-dementia, African Ancestry°® (n=971)
Model 2 Model 3 Model 1 Model 2 Model 3
HR 95% ClI p-value |HR 95% ClI p-value | HR 95% CI p-value |HR | 95% CI p-value |HR |95% CI p-value
1.04 0.93,1.16 | 0.500 1.04 0.93,1.17 | 0.500 1.02 0.89,1.18 | 0.800 1.03 /0.89,1.19 | 0.700 1.03 /0.90,1.20 |0.6
1.05 |1.04,1.07 |<0.001 | 1.05 |1.04,1.07 |<0.001 ' 1.09 |1.07,1.11 |<0.001 |1.09 |1.07,1.11 |<0.001 |1.09 |1.07,1.11 |<0.001
Ref Ref Ref Ref Ref Ref Ref Ref Ref Ref | Ref Ref Ref | Ref Ref
1.2 0.94,1.54 | 0.200 1.2 0.94,1.54 |0.15 1.32 |0.96, 1.82 | 0.088 1.37 10.99, 1.89 | 0.056 1.37 |/ 1.00,1.89 |0.053
Ref Ref Ref Ref Ref Ref Ref Ref Ref Ref | Ref Ref Ref | Ref Ref
154 [1.12,2.10 | 0.007 154 |1.13,2.11 |0.007 214 |1.15,3.96 | 0.016 2.21 11.19,4.10 | 0.012 2.21 {1.19,4.09 |0.012
3 2.09,4.30 | <0.001 |3.02 |2.10,4.34 <0.001 548 |2.94,10.2 <0.001 561 |3.00,10.5 |<0.001 |56 |2.99,10.5 |<0.001
Ref Ref Ref Ref Ref Ref Ref Ref Ref Ref | Ref Ref Ref | Ref Ref
1.81 1.36,2.42 | <0.001 |1.83 |1.37,2.44 |<0.001 |1.86 |1.30,2.65 <0.001 |1.83 |1.28,2.61 <0.001 | 1.82 |1.28,2.61 |<0.001
Ref Ref Ref Ref Ref Ref Ref Ref Ref Ref |Ref Ref Ref | Ref Ref
(Continued)
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Table 2. (Continued)

Cognitive Impairment vs. Normal Cognition, European Ancestry® (n=6,123) CIND vs. Normal Cognition,
European Ancestry® (n=6,051)
Model 1 Model 2 Model 3 Model 1
HR | 95% CI p-value | HR 95% ClI p-value HR |95% CI p-value |HR 95% ClI p-value
Any copies of e4 1.01/0.80,1.28 |>0.9 1.02 /0.80,1.29 |0.900 |1 0.79, 1.28 | >0.9 1 0.79,1.27 |>0.9
Social Ladder 0.97 1 0.91,1.03 | 0.300 0.96 |0.90,1.02 1 0.200 |0.96 |0.90,1.02 |0.2 0.97 0.91, 1.04 | 0.400
Baseline wave
Wave 1 (2008) Ref | Ref Ref Ref Ref Ref Ref | Ref Ref Ref Ref Ref
Wave 2 (2010) 1.19/0.94,1.51 |0.150 117 10.92,1.48 | 0.200 |1.17 |0.92,1.48 |0.2 1.2 0.94, 1.52 | 0.150
PGS-AD - - - 113 10.95,1.35 |0.200 |1.15 |0.96,1.38 |0.12 - - -
Neighborhood* PGS-AD | — - - - - - 0.94 10.82,1.07 | 0.3 - - -
RERI: The most disad- - - - - - - -0.42 | -1.09, - - -
vantaged neighborhoods 0.25
*PGS-AD Above 75% @

aRERI was calculated based on the model using a dichotomized neighborhood disadvantage index (< 0 indicating the least disadvantaged
neighborhoods; >0 indicating the most disadvantaged neighborhoods) and PGS-AD (cutoff at the 75th percentile). Full model details are provided
in S3 Table.

bEuropean Ancestry Sample average follow-up duration: Cognitive Impairment=7.49 years; Cognitive Impairment, No Dementia (CIND) = 7.53 years;
Dementia=8.04 years.

cAfrican Ancestry Sample average follow-up duration: Cognitive Impairment=6.71 years; Cognitive Impairment, No Dementia (CIND) = 6.77 years;
Dementia=7.85 years.

https://doi.org/10.1371/journal.pone.0336403.t002

neighborhood characteristic was considered individually, neighborhood safety, cleanliness, trust, cleanliness, vandalism and
belonging were significantly associated with the risk of cognitive impairment in the European ancestries sample. This indicates
that both perceived neighborhood environment and neighborhood connections are crucial risk factors for cognitive health.

African ancestries findings and consistency

The association between subjective neighborhood disadvantage index and cognitive impairment was also observed in
African ancestries participants, but the estimate may be imprecise, with a 95% confidence interval crossing the null. We did
note a significant association between higher perceived neighborhood friendliness and the lower risk of cognitive impair-
ment in the African ancestries participants. Existing studies indicate that, despite the significant growth of the middle-class
Black Americans in the United States, many continue to live in inferior neighborhoods compared to white counterparts
[57-59]. This suggests that even with rising income levels, African ancestry communities still encounter structural inequali-
ties that limit their access to better housing and living environments. Furthermore, these inequalities extend beyond housing
to areas like education, employment, and healthcare, affecting the overall health of minority populations [60]. Neighborhood
friendliness and social support, while not the only factor, could play a critical role in mitigating the stressors that contribute
to cognitive impairment in African ancestry population [61]. Additionally, the nature of the HRS may introduce selective sur-
vival bias, as those experiencing a higher disease burden are less likely to be included or remain in the study [62], poten-
tially underestimating the impact of disadvantaged neighborhoods on cognitive impairment, biasing results towards the

null. This issue maybe more pronounced among racial minority groups, who are disproportionately affected by cumulative
disadvantage, chronic disease, and premature mortality compared to Non-Hispanic White populations [63,64].

Neighborhood characteristics

We utilized a subjective neighborhood disadvantage index derived through principal component analysis to present
neighborhood characteristics. While this approach reduces dimensionality by integrating correlated variables into a
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Dementia vs. Non-dementia, European Ancestry® (n=6,789)
Model 2 Model 3 Model 1 Model 2 Model 3
HR 95% CI p-value | HR 95% CI p-value | HR 95% CI p-value |HR |95% CI p-value |HR |95% CI p-value
1.01 ]0.79,1.28 | >0.9 0.99 |0.78,1.26 |>0.9 1.44 |1.05,1.96 | 0.024 1.46 | 1.06,2.00 |0.020 1.43 | 1.04,1.97 |0.026
0.96 |0.90,1.03 |0.300 0.96 |0.90,1.03 |0.3 1.06 |0.98, 1.16 | 0.200 1.06 |0.97,1.15 | 0.200 1.06 |0.97,1.15 0.2
Ref Ref Ref Ref Ref Ref Ref Ref Ref Ref | Ref Ref Ref | Ref Ref
1.17 10.92,1.50 |0.200 117 10.92,1.50 | 0.2 1.12 |0.82, 1.53 | 0.500 1.1 0.80, 1.50 | 0.600 1.11 /0.81,1.52 0.5
1.1 0.93, 1.33 |0.200 113 10.95,1.35 0.2 - - - 1.09 |0.86,1.39 | 0.500 112 /0.88,144 04
- - - 0.94 |0.82,1.08 |0.4 - - - - - - 0.92 |0.78,1.09 0.3
- - - -0.33 | -0.97,0.31 - - - - - - -0.14/ -0.96, 0.68

composite measure, it may not fully capture the variability across neighborhood characteristics. To address this limitation,
we conducted sensitivity analyses by examining each neighborhood characteristic individually, providing a more nuanced
perspective. Additionally, the index included only seven dimensions of subjective neighborhood characteristics, which may
not comprehensively reflect the range of relevant factors. Future research should incorporate additional variables, such as
walkability, aesthetic appeal, and neighborhood diversity, to achieve a more complete assessment. Furthermore, we mea-
sured neighborhood factors and covariates only at baseline. Although neighborhood characteristics tend to be relatively
stable — especially in this sample, the results would be more precise and dynamic if neighborhood factors were included
as time-varying variables in future analyses. Our focus on subjective neighborhood characteristics is a strength, as these
measures capture direct mental and emotional responses to the environment. Nevertheless, future research should also
incorporate objective neighborhood measures to complement and validate our findings.

Genetic factors

We found the association between the Alzheimer’s disease polygenic score and cognitive impairment only among the
European ancestries participants. Although previous studies have identified significant associations between the Alzhei-
mer’s disease polygenic score and cognitive impairment in both European and African ancestries populations [65-67],
some findings suggest that these associations may depend on the inclusion of the APOE locus [68—71]. We observed a
significant association between APOE-¢4 status and cognitive impairment in both European and African ancestries sam-
ples. This is consistent with another study, which found that participants with any APOE-&4 allele had 2.42 times higher
odds of developing dementia in European ancestry samples and 1.77 times higher odds in African ancestry samples
compared to those without the allele [72]. The robust association of APOE-g4 with cognitive impairment across diverse
populations reinforces its role as a significant genetic risk factor for Alzheimer’s disease and related cognitive declines
[73]. Moreover, while the limited sample size of African ancestry participants may reduce the statistical power to detect
significant associations, additional factors related to ancestry-specific polygenic risk scores also warrant consideration.
Specifically, the polygenic risk scores used in this analysis were derived from GWASs primarily conducted in European
ancestry populations [74]. Such GWASSs often have limited transferability to non-European populations due to differences
in linkage disequilibrium, minor allele frequency, heritability, and genetic correlation across ancestries [74]. Additionally,
the included analytic European ancestries sample had a lower Alzheimer’s disease polygenic score than the excluded
sample due to missingness of covariates. This pattern raises the possibility of selection bias, which could potentially lead
to underestimation of the true association between the Alzheimer’s disease polygenic score and cognitive impairment in
the European ancestries.
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Strengths

Our study stratified by ancestries, allowing for the examination of interactions between genetic and neighborhood factors
within specific population subgroups. Secondly, we employed longitudinal cognitive assessments to evaluate the risk

of developing cognitive impairment over time which is a strength compared to cross-sectional studies. Additionally, we
incorporated subjective measurements of neighborhood factors across seven dimensions: vandalism, cleanliness, vacan-
cies, trust, belonging, friendliness, and safety. This detailed exploration enables a nuanced understanding of how various
neighborhood aspects contribute to cognitive health outcomes over time.

Conclusions

Our study investigated the relationship between seven subjective neighborhood characteristics—both collectively and
individually—and genetic factors on the risk of cognitive impairment. We found that living in a more disadvantaged neigh-
borhood and having a higher genetic risk for Alzheimer’s disease were significantly associated with an increased risk of
developing any cognitive impairment, CIND, and dementia among European ancestries participants. However, the asso-
ciation of neighborhood characteristics on cognitive impairment risk did not vary based on genetic risk for Alzheimer’s
disease. Given the evidence provided from this study and previous literature, we suggest that neighborhood is an import-
ant modifiable risk factor for cognitive health. Public health interventions should prioritize improving neighborhood safety,
cleanliness, and fostering community connections (trust, friendliness and belonging), as these factors are significantly
associated with the risk of cognitive impairment. Future research should incorporate longitudinal assessments of neigh-
borhood characteristics to enhance the robustness of findings.
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S2 Table. Sample distribution by genetic ancestry in the Health and Retirement Study, wave 2008—-2010. 2n (%);
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(DOCX)

S3 Table. Hazard ratios from survival analysis with binary neighborhood disadvantage index stratified by ances-

try, estimates present the association for the most disadvantaged neighborhoods with incident cognitive impair-

ment (CIND and dementia), CIND and dementia, relative to normal cognition and non-dementia respectively in the
US Health and Retirement Study (2008—2010 Waves).

(DOCX)

S4 Table. Hazard ratios from survival analysis with additional sensitivity covariates stratified by ancestry, estimates
present the association for each standard deviation increase in the neighborhood disadvantage index with inci-

dent cognitive impairment (CIND and dementia), CIND and dementia, relative to normal cognition and non-dementia
respectively in the US Health and Retirement Study (2008—2010 Waves). Each model further adjusted for Smoking, Alcohol
Consumption, BMI, Diabetes, Self-Rated Hearing and Vision, Brain-related Conditions, Chronic Conditions, and Depression.
(DOCX)

S5 Table. Hazard ratios from survival analysis using individual neighborhood factor as exposure, stratified by
ancestry: risk of incident cognitive impairment (CIND and dementia), CIND and dementia, relative to normal
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