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Abstract
Objective
To test the hypothesis that neighborhood-level disadvantage is associated with longitudinal
measures of neurodegeneration and cognitive decline in an unimpaired cohort.

Methods
Longitudinal MRI and cognitive testing data were collected from 601 cognitively unimpaired
participants in the Wisconsin Registry for Alzheimer’s Prevention Study and the Wisconsin
Alzheimer’s Disease Research Center clinical cohort. Area Deprivation Index was geospatially
determined based on participant residence geocode and ranked relative to state of residence.
Linear regression models were fitted to test associations between neighborhood-level disad-
vantage and longitudinal change in cortical thickness and cognitive test performance. Mediation
tests were used to assess whether neurodegeneration and cognitive decline were associated with
neighborhood-level disadvantage along the same theoretical causal path.

Results
In our middle- to older-aged study population (mean baseline age 59 years), living in the 20%
most disadvantaged neighborhoods (n = 19) relative to state of residence was associated with
cortical thinning in Alzheimer signature regions (p = 0.002) and decline in the Preclinical
Alzheimer’s Disease Cognitive Composite (p = 0.04), particularly the Trail-Making Test, part B
(p < 0.001), but not Rey Auditory Verbal Learning Test (p = 0.77) or Story Memory Delayed
Recall (p = 0.49) subtests. Associations were attenuated but remained significant after con-
trolling for racial and demographic differences between neighborhood-level disadvantage
groups. Cortical thinning partially mediated the association between neighborhood-level dis-
advantage and cognitive decline.

Conclusions
In this longitudinal study of cognitively unimpaired adults, living in the most highly disad-
vantaged neighborhoods was associated with accelerated degeneration in Alzheimer signature
regions and cognitive decline. This study provides further evidence for neighborhood-level
disadvantage as a risk factor for preclinical neurodegeneration and cognitive decline in certain
populations. Limitations of the present study, including a small number of participants from
highly disadvantaged neighborhoods and a circumscribed geographic setting, should be ex-
plored in larger and more diverse study cohorts.
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Dementia is a major cause of morbidity, mortality, and health
care–related expense worldwide. Themajor causes of dementia
have a pernicious onset and lack effective disease-modifying
treatments, underscoring the importance of identifying modi-
fiable risk factors in delaying disease onset and progression.
Social determinants of health (SDOH) are social, cultural,
economic, and physical conditions in which humans live, work,
and age.1,2 Health authorities such as the US Department of
Health andHuman Services and theWHOhave recognized the
importance of individual-level as well as contextual-level
SDOH as fundamental drivers of health and disease.1,2 Com-
pelling evidence exists for SDOH as risk factors for the neu-
rodegeneration and cognitive decline underlying Alzheimer
disease and related dementia (ADRD).3‐5 Previous work has
demonstrated cross-sectional associations between living in
highly disadvantaged neighborhoods and lower global brain
and hippocampal volumes amongmiddle-aged and older adults
without dementia.6,7 In addition, studies have shown unique
associations between neighborhood-level disadvantage and
cognitive testing performance after controlling for individual-
level sociodemographic factors,8‐11 such as education, occu-
pation, income, and marital status, although findings in this
field have been mixed.8‐10,12‐16 Open questions remain as to
whether structural brain changes can be observed over time in
individuals with high neighborhood-level disadvantage and
whether those brain changes are related to co-occurring cog-
nitive decline. In the present study, longitudinal structural
neuroimaging, cognitive testing data, and a geospatially de-
termined marker of area disadvantage were leveraged to test 3
primary hypotheses (illustrated in figure 3A): that in cogni-
tively unimpaired adults, exposure to high levels of neighbor-
hood disadvantage would be associated with (1) decline in
cortical thickness in Alzheimer disease (AD) signature regions
during middle to older age; (2) concomitant longitudinal
cognitive decline in learning, memory, and executive function;
and that (3) changes in cortical thickness would mediate
negative cognitive trajectories.

Methods
Study Participants
Participants were enrolled in 1 of 2 large, longitudinal studies
of AD: the Wisconsin Registry for Alzheimer’s Prevention
(WRAP) study17 or the Wisconsin Alzheimer’s Disease Re-
search Center (WADRC) clinical cohort. Participants in both
the WRAP and WADRC studies were recruited from the

community or referred from memory clinics. Recruitment
procedures did not differ based on neighborhood factors, al-
though the WRAP study has employed asset-based commu-
nity development to increase participation within Black
communities.18 The overall study cohort is enriched for AD
risk based on family history. Participant cognitive status at
study entry and follow-up was determined by a comprehen-
sive neuropsychological battery in accordance with the Na-
tional Institute on Aging–Alzheimer’s Association workgroup
diagnostic criteria.19 Demographic characteristics including
age, sex, race, and years of education and risk factor data
including smoking status, hypertension, and diabetes were
obtained by self-report. Participant data for the present study
was collected between December 21, 2009, and January 16,
2019. Only participants with complete study data were in-
cluded in the present analyses.

Standard Protocol Approvals, Registrations,
and Patient Consents
The University of Wisconsin Institutional Review Board ap-
proved all study procedures involving human subjects and all
participants provided written informed consent.

Inclusion/Exclusion Criteria
Inclusion criteria for the parent studies included fluent En-
glish speaking; adequate visual and auditory acuity to com-
plete study tasks; and absence of major psychiatric,
neurologic, or medical illness expected to interfere with study
participation. Participants enrolled in a WRAP or WADRC
neuroimaging substudy were considered for the present
analyses (n = 1,239). TheWRAP andWADRC neuroimaging
cohorts had the same inclusion criteria, MRI scanning
equipment acquisition settings, and data collection period.
We excluded participants who had a consensus diagnosis of
“cognitively impaired” (n = 221), were missing key de-
mographic data (n = 44), had fewer than 2 MRI scans passing
the QC process (n = 346), had a major structural brain ab-
normality (n = 10), or had fewer than 2 cognitive testing
timepoints (n = 17). A total of 601 participants were included
in all main analyses. Compared with those excluded, partici-
pants included in the final analyses had fewer identifying as
Black or African American (4.4% vs 14.5%), more with pa-
rental history of dementia (69.0% vs 57.8%), higher mean
years of education (16.6 vs 16.0), and fewer with the highest
quintile of neighborhood-level disadvantage (3.1% vs 6.9%),
but showed no difference in gender identification or APOE e4
allele status.

Glossary
ACS = American Community Survey; AD = Alzheimer disease; ADI = Area Deprivation Index; ADRD = Alzheimer disease and
related dementia; CAT = Computational Anatomy Toolbox; CI = confidence interval; LME = linear mixed effects; OLS =
ordinary least squares; PACC-R = Preclinical Alzheimer’s Cognitive Composite–Revised; RAVLT-L = Rey Auditory Verbal
Learning Test, total trials 1–5;ROI = region of interest; SDOH = social determinants of health; SM-D = StoryMemoryDelayed
Recall; TMT-B = Trail-Making Test, part B;WADRC =Wisconsin Alzheimer’s Disease Research Center;WRAP =Wisconsin
Registry for Alzheimer’s Prevention.
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Neighborhood-Level Disadvantage
The Area Deprivation Index (ADI) was used as a measure of
neighborhood-level disadvantage. The ADI is constructed us-
ing 17 area-level indicators of poverty, employment, educa-
tional attainment, and physical conditions from the 2015
American Community Survey (ACS)20 and is a validated and
widely used measure of neighborhood-level disadvantage.20‐22

We determined ADI scores for individual census block group
areas (comprising an average of ;1,500 individuals) and
ranked into relative quintiles based on statewide distributions.
Most recent reported residential address was used to geocode
each participant to his or her census block-group and its
assigned ADI. The average time between determination of
neighborhood ADI on December 31, 2015, and participant
address at the most recent study visit was 1.05 years, ranging
from 5.1 years prior to ACS data release to 3.1 years after
release. At the time of ADI determination, approximately 85%
of participants lived in Wisconsin. Complete methods for
construction of ADI20,22 and for determination of ADI in the
WRAP and WADRC cohorts have been previously described.6

MRI Acquisition
High-resolution T1-weighted MRIs were acquired on 1 of 2
identical 3.0T GEMR750 Scanners (Waukesha, WI) using an
8-channel (Excite; GE Healthcare) or 32-channel (Nova
Medical) headcoil and a spoiled gradient echo scanning se-
quence with scanning measures as follows: repetition time
6.68–8.16 ms, echo time 2.94–3.18 ms, inversion time
400–450 ms, flip angle 11–12°, slice thickness 1 × 1 × 1mm.

MRI Processing
An experienced neuroradiologist read all MRIs and scans with
major structural abnormalities were excluded. We visually
inspected images with minor abnormalities and excluded
them if determined to affect processing, registration, or seg-
mentation. We used Computational Anatomy Toolbox sur-
face tools (CAT, version 12.6) for SPM12 (neuro.uni-jena.
de/cat/), which estimates a projection-based cortical thick-
ness based on local tissue segmentation,23 providing similar
cortical thickness estimates to other automated methods such
as Freesurfer in both patients with AD and healthy controls.24

We parcellated the cortical surface based on the Desikan at-
las25 using CAT region of interest (ROI) tools. All cortical
reconstructions and surface estimates were visualized for ac-
curacy. We harmonized cortical thickness measurements to
remove MRI equipment-related variance using the ComBat26

method. For each ROI, a per-year cortical thickness change
rate was calculated as follows:

Average thickness at follow up − Average thickness at baseline
Age at follow up −Age at baseline

As a final quality check for major intraindividual variation
outside of a biologically feasible range, we visually compared
cortical reconstructions from individuals with a change rate
greater than 1 SD above or 2 SD below the sample mean in
any target ROI. If reconstruction defects in target regions

were identified at one timepoint, an alternative structural MRI
scan was chosen from the same scanning session, or from the
next nearest scanning session (n = 55), and finally, if no
alternative structural scans existed, the participant was ex-
cluded from analysis (n = 27). Participants requiring the use
of an alternate scan had a shorter average length of time
between baseline and follow-up scans compared with those
not requiring an alternate scan (3.25 vs 4.59 years).

Cognitive Testing
Participants completed comprehensive cognitive batteries at
2-year intervals. Cognitive tests in the present analyses included
the Rey Auditory Verbal Learning Test learning trials 1–5 score
(RAVLT-L), the Trail-Making Test, part B (TMT-B) time to
completion (multiplied by −1 so that a higher value indicates
better performance), and a StoryMemoryDelayed Recall (SM-
D) score consisting of a cross-walked score between the
Wechsler Memory Scale–Revised Logical Memory delayed
recall and Craft Story delayed recall.27 A revised version of the
Preclinical Alzheimer’s Cognitive Composite (PACC-R), in-
cluding RAVLT-L, TMT-B, and SM-D, was calculated.28 The
PACC29 and its several revised versions28,30 may be more
sensitive to very early AD-related cognitive changes and dem-
onstrate less intraindividual variation in performance than in-
dividual cognitive tests. The 3 component tests were Z scaled,
averaged, and rescaled around themean and SDof the scores of
cognitively unimpaired individuals within the WRAP and
WADRC cohorts at baseline, creating an outcome with an
average of approximately 0 and SD of approximately 1.28,31

Only study visits in which participants completed all PACC-R
tests were included in analyses.

Measures
To indicate neighborhood-level disadvantage, we determined
the ADI quintile of each study participant’s residential Census
block group (“neighborhood”) relative to their state of resi-
dence. For all main analyses, participants living in neighbor-
hoods with the highest relative ADI quintile (20% most
disadvantaged neighborhoods relative to state of residence, or
“20% most disadvantaged neighborhoods”) were compared
with those living in neighborhoods with the 4 lowest relative
ADI quintiles (80% least disadvantaged neighborhoods relative
to state of residence or “80% least disadvantaged neighbor-
hoods”). We chose this dichotomous quintile split a priori
based on previous studies finding the strongest deleterious
health effects of neighborhood-level contextual factors at the
highest levels of disadvantage.6,20,32 For cortical thickness
analyses, an AD signature meta-ROI (including inferior parie-
tal, inferior temporal, middle temporal, entorhinal, fusiform,
and precuneus subregions)33 was constructed from the Desi-
kan atlas,25 whichmay have better diagnostic separability across
the AD spectrum33 and higher correlation with Braak neuro-
fibrillary tangle staging34 than volume-based measures. The
per-year change rate of thickness in AD signature meta-ROI
and its subregions were used as longitudinal measures of
neurodegeneration. To account for improvement in cognitive
performance due to repeated test administration, we calculated
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a continuous “practice effect” variable indicating the cumulative
number of completions of a given test. Since some tests were
added later to the test protocol, we averaged the practice effect
variable from each test contributing to the PACC-R to obtain
an average practice effect score for models with PACC-R as the
outcome. In cognitive testing models, we included a quadratic
age2 term to account for accelerating age-related cognitive
decline, consistent with previous studies.35 Sex was entered as a
binary variable (female or male). Racial and ethnic identifica-
tion were entered as categorical variables corresponding to US
Census categories. Age, years of education, and all outcome
variables were entered as continuous variables.

Statistical Analyses
Statistical analyses were performed using R (version 3.5.2, R
Foundation for Statistical Computing). Fixed-effects ordinary
least squares (OLS) regression models were fitted to test as-
sociations between neighborhood-level disadvantage and the
following outcomes: baseline cortical thickness, baseline cog-
nitive performance, and cortical thickness per-year change
rates. Per-year change rates between baseline and follow-up,
rather than a linear mixed effects (LME)–based approach, were
used for cortical thickness models since the number of longi-
tudinal MRI scans was limited to 2 for many participants. To
assess whether longitudinal change in cognitive performance
(cognitive trajectories) varied by neighborhood-level disad-
vantage group, we fit LME models to test maximum likelihood
estimates using the lme4 package in R,36 similar to previous
studies of group differences in cognitive trajectories.35 For each
participant, all available cognitive testing time points (mean 4.4
visits) were entered into LME models. LME models included
random intercept and slope term for each participant and the
age variable was centered by the sample mean to account for
differences in participant baseline age. In LME models, the
significance of the age * neighborhood disadvantage interaction
terms was assessed by likelihood ratio tests comparing the
primary model and a model omitting interaction terms. Finally,
to test whether changes in cortical thickness statistically me-
diated the association between neighborhood-level disadvan-
tage and cognitive decline, we employed a counterfactual
mediation framework.37 Briefly, we obtained parameter esti-
mates from fixed-effects OLS regressions of mediation and
outcome models and estimated indirect (mediation) effects
using the product of coefficients method.37 We then con-
structed 95% confidence intervals (CIs) using nonparametric
percentile bootstrapping (10,000 iterations) from the distri-
butions of mediation and outcome model parameters using the
mediation package in R.38 In order to simplify the variable
individual-level dimensionality between study participants
(i.e., number of MRI and cognitive testing visits), we used a
per-year change score between baseline and most recent visit
for both cortical thickness and cognitive testing variables in
mediation models. All models included sex, age at visit, years of
educational attainment, and practice effect (cognitive models
only) as covariates. All statistical significance tests were 2-sided
and a critical α of 0.05 was used, unless otherwise noted. For all
final models presented here, regression diagnostics did not

reveal influential points, significant outliers, or model residuals
with significant deviation from normality.

Sensitivity Analyses
In sensitivity analyses, we tested the association between a wider
range of neighborhood-level disadvantage and the outcomes of
interest by comparing participants from each disadvantage quintile
to the most advantaged quintile. In addition, to account for any
hidden risk factors related to the differences in racial demographics
between neighborhood-level disadvantage groups (table 1), sen-
sitivity analyses were conducted using propensity score matched
samples. Participants living in the 80% least disadvantaged neigh-
borhoods were matched 4-to-1 to participants living in the 20%
most disadvantaged neighborhoods using propensity scores based
on race, baseline age, sex, and years of education and a nearest-
neighbor algorithm (MatchIt package in R39). The matching ratio
was empirically determined to minimize group differences in racial
identification. Finally, adding parental dementia history or APOE
e4 status to cortical thickness and cognitive models did not im-
prove model fit or alter the results appreciably and therefore were
not included in the final models presented here.

Data Availability
Data not shown in this article can be anonymized and made
available to qualified investigators upon request.

Results
Participant Demographics
Demographic characteristics of the study participants overall and
by level of neighborhood disadvantage are detailed in table 1. The
study sample was enriched for parental dementia history (69.1%),
wasmajority female (66.6%), and had a high level of reported years
of education (mean [SD] 16.6 [2.7]). Of the total study sample (n
= 601), 582 participants (96.8%) lived in the 80% least disad-
vantaged neighborhoods relative to their state of residence,
whereas 19 (3.2%) lived in the 20% most disadvantaged neigh-
borhoods. Compared with the 20% most neighborhood-level
disadvantage group, the 80% least disadvantage group had signif-
icantly fewer Black andmoreWhite participants and a significantly
longer time between baseline and follow-up MRI scans, likely due
to participants having undergone one additional study-relatedMRI
scan. There were no significant differences in other demographic
characteristics, cigarette smoking status, hypertension, or diabetes
diagnosis across levels of neighborhood-level disadvantage.

Neighborhood-Level Disadvantage and Change
in Cortical Thickness
Baseline cortical thickness was not significantly different be-
tween the 20% most and 80% least disadvantaged groups
(table 2). However, there were significant associations be-
tween neighborhood-level disadvantage and the change in
cortical thickness between baseline and follow-up (figure 1).
Fixed-effects linear regression models (table 3) demonstrated
a significant association between neighborhood-level disad-
vantage and yearly loss of cortical thickness in the AD sig-
nature meta-ROI, including middle temporal, entorhinal, and

Neurology.org/N Neurology | Volume 96, Number 20 | May 18, 2021 e2503

Copyright © 2021 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

http://neurology.org/n


inferior parietal subregions after controlling for baseline age,
sex, and years of education. Neighborhood-level disadvantage
was not associated with significant change in cortical thickness
in the remaining subregions (fusiform, precuneus, and inferior
temporal). To assess associations with cortical thickness at
lower levels of neighborhood-level disadvantage, each quintile
was also separately tested against the first (most advantaged)
quintile. In these longitudinal models, compared with the
most advantaged quintile, the 5th (most disadvantaged)
quintile (β [SE]) was associated with a significant loss of
cortical thickness in the AD signature meta-ROI (−0.02
[0.01], p = 0.004), including the entorhinal (−0.05 [0.02], p =
0.04), middle temporal (−0.02 [0.01], p = 0.03), and inferior

parietal (−0.01 [0.01], p = 0.01) subregions. For baseline
cortical thickness, compared with those in the most advan-
taged quintile, living in the 3rd quintile (β [SE]), but not
other quintiles, was associated with significantly lower thick-
ness in the AD signature meta-ROI (−0.04 [0.01], p = 0.002)
including the entorhinal (−0.08 [0.04], p = 0.05), middle
temporal (−0.05 [0.01], p = 0.001), fusiform (−0.05 [0.02], p
< 0.001), and inferior temporal (−0.05 [0.02], p = 0.003).

Neighborhood-Level Disadvantage and
Longitudinal Cognitive Trajectories
High neighborhood-level disadvantage was also associated
with a significant decline in cognitive test performance over

Table 1 Demographic Characteristics of Study Participants

Demographic variables

Total study
population
(n = 601)

80% least
neighborhood-level
disadvantage
(n = 582)

20% most
neighborhood-level
disadvantage (n = 19)

80% least
disadvantage,
matched cohorta

(n = 76)

WRAP participants 52.2 (314) 52.4 (305) 47.4 (9)ns 47.4 (36)ns

ADRC participants 47.8 (287) 47.6 (277) 52.6 (10)ns 52.6 (40)ns

Female 66.6 (400) 66.0 (384) 84.2 (16)ns 75.0 (57)ns

Years of education, min–max 16.6 (2.7); 8–24 16.6 (2.6); 8–24 15.4 (3.1); 10–21b 16.2 (2.7); 12–21ns

APOE «4 positive 33.4 (201) 34.0 (198) 15.8 (3)ns 34.2 (26)ns

Parental dementia history 69.1 (415) 69.2 (403) 63.2 (12)ns 60.5 (46)ns

Primary race White 93.7 (563) 94.3 (549) 73.7 (14)c 73.7 (56)ns

Primary race Black or African American 4.5 (27) 3.8 (22) 26.3 (5)c 26.3 (20)ns

Primary race American Indian or Alaska Native 1.3 (8) 1.4 (8) 0 (0)ns 0 (0)ns

Primary race other 0.5 (3) 0.5 (3) 0 (0)ns 0 (0)ns

Hispanic ethnicity 0.3 (2) 0.3 (2) 0 (0)ns 0 (0)ns

Health and lifestyle factors

Diabetes diagnosis 6.8 (41) 6.7 (39) 10.5 (2)ns 14.5 (11)ns

Hypertension diagnosis 29.8 (179) 29.8 (173) 31.6 (6)ns 44.7 (34)ns

Current cigarette smoker 3.2 (19) 3.3 (19) 0.0 (0)ns 5.3 (4)ns

Cognitive testing outcomes

Baseline testing age, y; min–max 59.8 (7.2); 41–85 59.7 (7.1); 41–83 63.1 (8.7); 49–85ns 61.7 (7.8); 46–83ns

Follow-up testing age, y; min–max 66.1 (7.4); 48–92 66.0 (7.4); 48–88 67.9 (9.1); 51–92ns 67.7 (7.4); 54–88ns

Number of testing visits; min–max 4.4 (1.3); 2–9 4.4 (1.3); 2–9 3.8 (1.3); 2–7b 4.4(1.3); 2–9ns

Cortical thickness outcomes

Baseline MRI age, y; min–max 60.9 (7.2); 43–87 60.9 (7.2); 43–87 63.6 (8.7); 49–86ns 63.0 (8.0); 49–87ns

Time between MRI scans, y; min–max 4.5 (2.2); 0.5–9 4.5 (2.2); 0.5–9 3.2 (1.7); 2–7c 3.9 (1.9); 0.5–8ns

Follow-up MRI age; min–max 65.4 (7.6); 44–90 65.4 (7.5); 44–88 66.8 (9.1); 52–90ns 66.9 (8.0); 50–88ns

Abbreviations: ADRC = Alzheimer’s Disease Research Center; ns = not significant (p > 0.1); WRAP = Wisconsin Registry for Alzheimer’s Prevention.
Values are mean (SD) or % (n).
a Matched cohort was used in sensitivity analyses only. Main analyses used entire study sample (n = 601). Differences between neighborhood-level disad-
vantage subgroups were tested using Welch t test or Fisher exact test.
b p < 0.1.
c p < 0.001.
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time (figure 2). Likelihood ratio tests indicated that the age2 *
neighborhood-level disadvantage term accounted for a sig-
nificant amount of variation in the PACC-R (χ2 = 4.43, df = 1,
p = 0.035) and the TMT-B subtest (χ2 = 13.95, df = 1, p <
0.001), while the age * neighborhood-level disadvantage term

accounted for a significant amount of variation in the TMT-B
subtest only (χ2 = 11.934, df = 1, p < 0.001). When tested
jointly, the age * neighborhood-level disadvantage and age2 *
neighborhood-level disadvantage terms similarly accounted
for a significant amount of the variation in TMT-B (χ2 =

Figure 1 Association Between Neighborhood-Level Disadvantage and Per-Year Change in Cortical Thickness in Alzheimer
Disease (AD) Signature Regions

Plot depicts per-year change in cortical thickness in AD signa-
ture meta–regions of interest (ROIs) and individual component
ROIs (middle temporal, fusiform, entorhinal, precuneus, in-
ferior temporal, and inferior parietal). Colors of ROIs on cortical
surface displayed above plot correspond to ROI label colors on
plot. Estimated annual change in ROI thickness and 95% con-
fidence intervals are displayed for participants with the 20%
most relative neighborhood-level disadvantage (red lines) and
those with the 80% least disadvantage (blue lines), adjusted for
baseline age, sex, and years of education. Participants living in
the most relatively disadvantaged neighborhoods exhibited
significant cortical thinning in AD signature meta-ROI and
middle temporal, entorhinal, and inferior parietal subregions
compared with those living in the least disadvantaged neigh-
borhoods. Unadjusted p values from regression model neigh-
borhood-level disadvantage terms are displayed for each ROI:
ns p > 0.1, #p < 0.1, *p < 0.05, **p < 0.01.

Table 2 Results of Regression Models of Association Between Neighborhood-Level Disadvantage and Baseline Cortical
Thickness

AD signature Entorhinal Middle temporal Fusiform Precuneus Inferior temporal Inferior parietal

20% Most
neighborhood
disadvantage

0.02 (0.03) −0.01 (0.08) −0.01 (0.03) 0.02 (0.03) 0.04 (0.03) 0.04 (0.03) 0.03 (0.03)

p = 0.50 p = 0.87 p = 0.85 p = 0.48 p = 0.17 p = 0.18 p = 0.28

Baseline age −0.004 (0.001) −0.01 (0.002) −0.01 (0.001) −0.001 (0.001) −0.001 (0.001) −0.004 (0.001) −0.003 (0.001)

p < 0.001a p < 0.001a p < 0.001a p = 0.14 p = 0.13 p < 0.001a p < 0.001a

Male sex 0.004 (0.01) 0.02 (0.03) 0.001 (0.01) 0.02 (0.01) −0.01 (0.01) 0.02 (0.01) −0.02 (0.01)

p = 0.68 p = 0.44 p = 0.94 p = 0.13 p = 0.21 p = 0.13 p = 0.03b

Years of education
completed

0.002 (0.002) 0.002 (0.01) 0.002 (0.002) 0.002 (0.002) 0.0004 (0.002) 0.003 (0.002) −0.001 (0.002)

p = 0.39 p = 0.68 p = 0.34 p = 0.24 p = 0.81 p = 0.13 p = 0.69

Model intercept 3.18 (0.05) 4.58 (0.14) 3.23 (0.06) 2.82 (0.06) 2.67 (0.05) 3.00 (0.06) 2.80 (0.05)

p < 0.001a p < 0.001a p < 0.001a p < 0.001a p < 0.001a p < 0.001a p < 0.001a

Abbreviation: AD = Alzheimer disease.
Presented as unstandardized β coefficient estimate (standard error) for each model variable. Morphometric measurements are harmonized across MRI
scanning equipment. Relative neighborhood-level disadvantage based on statewide Area Deprivation Index distributions. All cortical thickness measure-
ments are in mm. N = 601 for all models.
a p < 0.001.
b p < 0.05.
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25.883, df = 2, p < 0.001) and a consistent but nonsignificant
amount of variation in PACC-R (χ2 = 5.52, df = 2, p = 0.063).
The age * neighborhood-level disadvantage and age2 *
neighborhood-level disadvantage terms did not account for
significant variation in RAVLT-L or SM-D. The full results of
cognitive testing regression models can be found in table 4.
We also compared the intraindividual variance in cognitive
testing performance and found that participants from the 20%
most disadvantaged neighborhoods had significantly higher
SD (mean 20.4) in intraindividual TMT-B performance
across testing sessions compared with participants from the
80% least disadvantaged neighborhoods (mean 10.1) (Welch
2-sample t test, t = −2.4, df = 18.2, p = 0.027), but not SM-D or
RAVLT-L performance.

Associations between neighborhood-level disadvantage and
baseline cross-sectional cognitive test performance were also
assessed. Living in the 20%most disadvantaged neighborhoods
(β [SE]) was associated with significantly lower baseline per-
formance on PACC-R (−0.67 [0.13], p < 0.001), including all
component subtests of TMT-B (−25.44 [5.15], p = 0.001),
RAVLT-L (−5.92 [1.76], p = 0.001), and SM-D (−2.11 [0.81],
p = 0.01). Testing each neighborhood-level disadvantage
quintile against the 1st (most advantaged) quintile demon-
strated significant baseline differences in the 5th quintile group
for the PACC-R (−0.72 [0.13], p < 0.001) and TMT-B subtests
(−27.14 [5.24], p < 0.001), RAVLT-L (−6.20 [1.79], p <

0.001), and SM-D (−2.4 [0.82], p = 0.004) and differences in
the 4th quintile for the PACC-R (−0.25 [0.09], p = 0.004) and
SM-D subtest (−1.54 [0.52], p = 0.004), but no significant
baseline differences for other quintiles.

Neighborhood-Level Disadvantage, Change in
Cortical Thickness, and Cognitive Trajectory
Mediation Analysis
To test a theoretical causal pathway between neighborhood-
level disadvantage and accelerated cognitive decline via thin-
ning in AD signature regions (figure 3A), mediation testing
was performed. For mediation models, both cortical thickness
and cognitive tests performance were indicated by per-year
change scores between baseline andmost recent study visit. In
mediation models, neighborhood-level disadvantage had a
significant indirect effect via per-year change in AD signature
cortical thickness on the per-year change in PACC-R and
component subtest TMT-B and RAVLT-L, but not SM-D.
Complete parameter estimates from mediation models are
illustrated (figure 3, B–E).

Sensitivity Analyses
To account for hidden confounding factors related to racial and
demographic differences between participants from the 20%
most vs 80% least neighborhood-level disadvantage groups
(table 1), a propensity score matched dataset was constructed.
There were no significant demographic differences between

Table 3 Results of RegressionModels of Association Between Neighborhood-Level Disadvantage and Cortical Thickness
Change per Year

AD signature Entorhinal
Middle
temporal Fusiform Precuneus

Inferior
temporal

Inferior
parietal

20% Most
neighborhood
disadvantage

−0.02 (0.01) −0.05 (0.02) −0.02 (0.01) −0.01 (0.01) −0.01 (0.01) −0.01 (0.01) −0.01 (0.01)

p = 0.002a p = 0.04b p = 0.01a p = 0.16 p = 0.06c p = 0.15 p = 0.01a

Baseline age −0.001 (0.0001) −0.001
(0.001)

−0.001 (0.0002) −0.0002
(0.0002)

−0.0000
(0.0001)

−0.0003 (0.0002) −0.0004
(0.0001)

p = 0.0004d p = 0.01a p = 0.0000d p = 0.32 p = 0.80 p = 0.09c p = 0.002a

Male sex −0.002 (0.002) 0.0003 (0.01) −0.004 (0.003) −0.01 (0.003) −0.002 (0.002) −0.002 (0.003) 0.002 (0.002)

p = 0.36 p = 0.97 p = 0.13 p = 0.03b p = 0.37 p = 0.43 p = 0.42

Years of
education
completed

−0.0004
(0.0004)

−0.002
(0.001)

0.0002 (0.0005) −0.0002
(0.0005)

−0.0003
(0.0003)

−0.0005 (0.001) 0.0003 (0.0003)

p = 0.28 p = 0.14 p = 0.70 p = 0.73 p = 0.39 p = 0.37 p = 0.38

Model intercept 0.04 (0.01) 0.11 (0.04) 0.04 (0.01) 0.02 (0.01) 0.01 (0.01) 0.03 (0.01) 0.02 (0.01)

p = 0.001d p = 0.01a p = 0.001d p = 0.25 p = 0.32 p = 0.05b p = 0.06c

Abbreviation: AD = Alzheimer disease.
Presented as unstandardized β coefficient estimate (standard error) for each model variable. Morphometric measurements are harmonized across MRI
scanning equipment. Relative neighborhood-level disadvantage based on statewide Area Deprivation Index distributions. All cortical thickness measure-
ments are in mm. N = 601 for all models.
a p < 0.01.
b p < 0.05.
c p < 0.1.
d p < 0.001.
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disadvantage groups in the matched sample for any variable
assessed (table 1). Repeating the main analyses in the matched
sample, neighborhood-level disadvantage was still associated
with significant cortical thinning in the AD signature region and
same subregions as the primary analysis, with the exception of
the inferior parietal region, which was no longer statistically
significant. When the longitudinal cognitive analyses were re-
peated using the propensity score–matched sample, age2 *
neighborhood-level disadvantage still accounted for significant
variation (β [SE]) in TMT-B (−0.14 [0.05], p = 0.01) and
PACC-R (−0.002 [0.001], p = 0.05), and age * neighborhood-

level disadvantage accounted for significant variation in TMT-
B (−1.62 [0.75], p = 0.04); however, the p values were signif-
icantly reduced in both cases. The difference in intraindividual
variation in TMT-B between the 20% most and 80% least
disadvantaged neighborhood groups was also attenuated in the
matched sample (Welch 2-sample t test t = −1.38, df = 20.3, p =
0.09). Similarly, when the mediation analyses were rerun using
the matched sample, neighborhood-level disadvantage had a
nonsignificant indirect effect (β [95% CI]) for decline in
PACC-R (−0.024 [−0.064 to 0], p = 0.094) and a significant
and slightly larger indirect effect for decline in TMT-B

Figure 2 Association Between Neighborhood-Level Disadvantage and Longitudinal Cognitive Trajectories

Plots depict performance on Preclinical Alzheimer’s Cognitive Composite–Revised (PACC-R) composite (A) and component subtests (B–D) on the y-axis and
age on the x-axis. Higher scores equate to better performance on cognitive test (Trail-Making Test, part B [TMT-B] scores are multiplied by −1 for graphical
consistency). Cognitive test scores are adjusted for sex, years of education, practice effects, and individual-level intercepts and slopes. Small lines (spaghetti
plot) depict individual trajectories; large lines depict estimated quadratic slopes for participants with the 80% least neighborhood-level disadvantage (blue
lines, n = 582) and 20%most disadvantage (red lines, n = 19). Participants from themost highly disadvantaged neighborhoods exhibited significantly steeper
decline in PACC-R and TMT-B than participants from less disadvantaged neighborhoods, but showed no difference in decline of StoryMemory Delayed Recall
(SM-D) or Rey Auditory Verbal Learning Test, total trials 1–5 (RAVLT-L). Unadjusted p values for age2:neighborhood disadvantage interaction terms are
displayed on plots for each cognitive test: ns p > 0.05, *p < 0.05, ***p < 0.001.
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performance (−1.67 [−3.82 to −0.08], p = 0.031) via change in
cortical thickness in the AD signature meta-ROI.

To determine whether mediation results were sensitive to the
timing of structural and cognitive data collection, we reran me-
diation analyses limiting the baseline MRI scan and baseline
cognitive testing to within 1 year of each other. The results were
similar, with neighborhood-level disadvantage having a consis-
tent, but nonsignificant indirect effect (β [95% CI]) for decline
in PACC-R (−0.011 [−0.028 to 0], p = 0.056) and RAVLT-L
(−0.141 [−0.365 to 0], p = 0.056), and a significant indirect
effect for decline in TMT-B (−0.50 [−1.08 to −0.08], p = 0.011).

Discussion
Using longitudinal neuroimaging data derived from 2 large AD
cohort studies, we observed an association between high

neighborhood-level disadvantage and accelerated decline in
cortical thickness in AD signature regions. This association
remained significant in propensity score–matched samples
controlling for racial and demographic differences between
participants with varying neighborhood-level disadvantage.
Previous studies, including one from the WRAP and WADRC
cohorts (see Hunt et al.6), have demonstrated cross-sectional
associations between neighborhood-level disadvantage and
measures of hippocampal and total cortical volume.6,7 In-
terestingly, we did not observe significant baseline differences
in cortical thickness between participants with different levels
of neighborhood disadvantage, with the exception of those
from the 3rd disadvantage quintile, which may be explained by
the younger average age, or relatively fewer cardiovascular risk
factors of the study cohort. The present longitudinal findings
provide even stronger evidence that high neighborhood-level
disadvantage is associated with a degenerative process. The
temporal nature of the association between neighborhood-level

Table 4 Results of Mixed-Effects Regression Models of Association Between Neighborhood-Level Disadvantage and
Longitudinal Cognitive Performance

PACC-R composite RAVLT-L TMT-B SM-D

20% Most
neighborhood
disadvantage

−0.56 (0.13) −0.45 (0.14) −4.69 (1.67) −4.48 (1.81) −20.94
(4.38)

−13.90
(4.76)

−2.05 (0.70) −1.80 (0.77)

p < 0.001a p = 0.002b p = 0.005b p = 0.02c p < 0.001a p = 0.004b p = 0.004b p = 0.02c

Age at visit
(mean centered)

−0.03 (0.003) −0.03 (0.003) −0.37 (0.04) −0.37 (0.04) −1.17 (0.12) −1.15 (0.11) −0.01 (0.02) −0.01 (0.02)

p < 0.001a p < 0.001a p < 0.001a p < 0.001a p < 0.001a p < 0.001a p = 0.46 p = 0.47

Age at visit
(mean centered)2

−0.001
(0.0002)

−0.001
(0.0002)

−0.01
(0.003)

−0.01
(0.003)

−0.03 (0.01) −0.02 (0.01) −0.003
(0.001)

−0.003
(0.001)

p < 0.001a p < 0.001a p < 0.001a p < 0.001a p < 0.001a p = 0.001a p = 0.02c p = 0.02c

Male sex −0.42 (0.05) −0.42 (0.05) −6.40 (0.61) −6.40 (0.61) −4.04 (1.46) −4.04 (1.45) −1.54 (0.25) −1.55 (0.25)

p < 0.001a p < 0.001a p < 0.001a p < 0.001a p = 0.01b p = 0.01b p < 0.001a p < 0.001a

Years of education
completed

0.06 (0.01) 0.06 (0.01) 0.60 (0.11) 0.60 (0.11) 0.71 (0.25) 0.70 (0.25) 0.29 (0.05) 0.29 (0.05)

p < 0.001a p < 0.001a p < 0.001a p < 0.001a p = 0.01b p = 0.01b p < 0.001a p < 0.001a

Practice effect 0.10 (0.01) 0.10 (0.01) 1.03 (0.10) 1.03 (0.10) 1.52 (0.26) 1.52 (0.26) 0.16 (0.06) 0.16 (0.06)

p < 0.001a p < 0.001a p < 0.001a p < 0.001a p < 0.001a p < 0.001a p = 0.005b p = 0.01b

Age: neighborhood
disadvantage

−0.02 (0.01) −0.01 (0.01) 0.10 (0.19) 0.12 (0.20) −1.86 (0.53) −1.66 (0.53) −0.03 (0.08) 0.004 (0.09)

p = 0.30 p = 0.66 p = 0.59 p = 0.55 p < 0.001a p = 0.002b p = 0.71 p = 0.97

Age2: neighborhood
disadvantage

NA −0.002
(0.001)

N/A −0.004
(0.01)

NA −0.14 (0.04) NA −0.004 (0.01)

p = 0.04c p = 0.77 p < 0.001a p = 0.45

Abbreviations: PACC-R = Preclinical Alzheimer’s Cognitive Composite–Revised; RAVLT-L = Rey Auditory Verbal Learning Test, total trials 1–5; SM-D = Story
Memory Delayed Recall; TMT-B = Trail-Making Test, part B.
Presented as unstandardized β coefficient estimate (standard error) for each model. Relative neighborhood-level disadvantage based on statewide Area
Deprivation Index distributions. N (participants) = 601, n (observations) = 2,637 for all models.
a p < 0.001.
b p < 0.01.
c p < 0.05.
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disadvantage and brain structure is important to establish, as a
number of previous studies have demonstrated associations be-
tween socioeconomic contextual factors and brain structure
during development.40,41 Since childhood socioeconomic context
predicts adult socioeconomic context, the association between
neighborhood-level disadvantage and altered brain structure in
middle and older age may reflect both developmental and de-
generative processes. Incorporating life-course data in future re-
search on neighborhood-level disadvantage and brain structure
will help clarify this point.

High neighborhood-level disadvantage was also associated with
significantly lower baseline scores on PACC-R and all of its
component subtests, and with significant longitudinal decline
on the PACC-R, which was driven primarily by decline in the
TMT-B subtest (table 4). TMT-B assesses executive function
and processing speed, which have previously been shown to
decline in the earliest stages of both biomarker-designated
AD35,42 and cerebral small vessel disease.43 Worsening per-
formance in these cognitive domains may be indicative of a
generally declining cognitive trajectory via either of the 2 major
pathways towards dementia (AD or vascular). Furthermore,

significant nonlinear effects (age2 * neighborhood-level disad-
vantage) suggested that neighborhood-level disadvantage was
associated with an acceleration of cognitive decline during the
aging process.

As with the structural outcomes, propensity score–matched
analyses suggested that the association between neighborhood-
level disadvantage and cognitive decline was not being solely
driven by demographic differences, although the strength of the
associations was reduced when demographic characteristics
were more similar between disadvantage groups. Likewise, we
observed significantly higher intraindividual variability in
TMT-B in the 20% most disadvantage group, which was at-
tenuated in the demographic-, age-, and education-matched
subsample but could reflect other unmeasured cognitive, be-
havioral, or health-related differences between the 2 groups. It
is also worth noting that while our findings are consistent with
the interpretation that neighborhood-level disadvantage is as-
sociated with a process of cognitive decline, we cannot rule out
the possibility that differences in longitudinal cognitive per-
formance also reflect situational, behavioral, or stress-related
factors linked to living in more highly disadvantaged areas.

Figure 3 Mediation Testing of the Association Between Neighborhood-Level Disadvantage and Per-Year Change in Cog-
nitive Performance via Per-Year Change in Cortical Thickness

(A) A hypothetical model formediation of the effect of neighborhood-level disadvantage on cognitive decline via thinning in Alzheimer disease (AD) signature
cortical regions. Separate mediation models were tested for the Preclinical Alzheimer’s Cognitive Composite–Revised (PACC-R) (B) and for component
subtests Trail-Making Test, part B (TMT-B) (C), StoryMemory Delayed Recall (SM-D) (D), and Rey Auditory Verbal Learning Test, total trials 1–5 (RAVLT-L) (E). For
eachmediationmodel, parameter estimates for total (blue), direct (red), and indirect (green) are displayed. 95% Confidence intervals were constructed using
nonparametric percentile bootstrapping (10,000 iterations). The loss of cortical thickness in AD signature regions significantly mediated the effect of
neighborhood-level disadvantage on the declining performance on PACC-R, subtests TMT-B and RAVLT-L, but not subtest SM-D. Significance testing of
mediation model parameters: ns p > 0.1, #p < 0.1; *p < 0.05; **p < 0.01.
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A growing and dynamic literature on the association between
neighborhood socioeconomic context, cognitive function, and
cognitive decline has yielded intriguing results.8‐10,12‐16,44‐46

Various studies have demonstrated cross-sectional9,12,45,46 or
longitudinal8,10,44 associations between neighborhood context
and cognitive function or decline independent of individual-
level socioeconomic factors. Still others have demonstrated
cross-sectional but not longitudinal associations9,14,15 or asso-
ciations that vary by individual-level wealth16 or race.9 The
cognitive findings in the present study are most concordant
with previous studies that more closely share methodology,
particularly in using neighborhood-level disadvantage as a
categorical variable designating the highest risk groups8‐10,12

rather than a continuous variable.13‐15 The more robust asso-
ciations of categorical indicators of neighborhood-level disad-
vantage with cognitive decline are consistent with studies of
other health outcomes20,32,47 in which negative effects are only
observed at the highest levels of disadvantage.

Cortical thinning partially mediated the association between
neighborhood-level disadvantage and cognitive decline (figure
3), where greater atrophy was associated with greater cognitive
decline. This provides evidence that the previously described
associations between neighborhood-level disadvantage and
brain structure6,7 or cognition8,9,12,46 may occur along the same
mechanistic pathway. While it makes intuitive sense that these
structural and cognitive correlates would share a common
causal pathway, a limited number of studies have formally
tested these mediating relationships for other dementia risk
factors like educational attainment and cardiovascular risk,48,49

and none to our knowledge has done so for neighborhood-level
disadvantage. The results of the present mediation analyses
support a plausible theoretical pathway by which high
neighborhood-level disadvantage is associated with accelerated
cognitive decline via degeneration in AD-related cortical areas,
although another interpretation is that living in highly advan-
taged neighborhoods is associated with increased cognitive
resilience to neurodegenerative processes (a.k.a. cognitive re-
serve). Teasing apart the relative importance of having “excess”
advantage vs lacking advantage has implications for translating
findings into clinical practice and policy. Relatedly, the associ-
ation between high neighborhood-level disadvantage and lower
baseline cognitive performance, but not cortical thickness,
suggests that other factors (neurobiological, cognitive pro-
cesses, education quality, health behaviors, or others) might
mediate the association between neighborhood-level disad-
vantage and memory and executive function in earlier life.

Neighborhoods are complex entities encompassing environ-
mental exposures, economic and educational opportunities, social
interactions, and access to health care. Our findings controlling
for education are consistent with previous evidence of
neighborhood-level disadvantage as an SDOH that is at least
partially distinct from individual-level factors,8,10,11 though studies
integrating complementary social, economic, environmental,
lifestyle, and cognitivemeasures are needed to confirm (or refute)
this interpretation. Some possible pathways connecting

neighborhood-level disadvantage, neurodegeneration, and cog-
nitive decline include exposure to air pollution,50 access to healthy
food51 or recreational opportunities,52 or stressful life events.53

Another interesting possibility that warrants attention is whether
historical and institutional practices, such as exclusionary zoning
policy for certain racial groups (i.e., redlining), lent unique
characteristics (infrastructure, health care resources, food op-
tions) to the neighborhoods to which these groups were
confined.

Several limitations should be considered in the interpretation of
this study. Study participants were predominantly non-
Hispanic, White, and highly educated residents of the mid-
western United States. A small proportion (3.2% of the total
sample) of participants in the longitudinal cohort lived in the
20% most disadvantaged neighborhoods, a notable limitation
that should be considered in the interpretation of the findings,
for example through the introduction of selection bias. The
high neighborhood-level disadvantage group was also highly
educated (mean years 15.4), indicating that our study pop-
ulation likely represents a more relatively advantaged subset of
the general population. Finally, the treatment of sex as a binary
variable in the present study may not capture the dispropor-
tionate burden of social disadvantage faced by individuals with
nonbinary gender identities, an important topic for future re-
search. Together, the noted limitations underscore that repli-
cability in diverse geographic and demographic settings is
critical to establish any caveats and to test generalizability of the
findings and the importance of carefully considered re-
cruitment and retention practices within underrepresented
communities for longitudinal studies of ADRD.54 This is par-
ticularly pertinent given that previous studies have found var-
iable relationships between neighborhood-level disadvantage,
cognition, and cognitive decline in middle to older age.8‐16

In interpreting the present findings, the temporal ordering of
exposure to neighborhood-level disadvantage and initiation of
neurodegeneration and cognitive decline should also be
considered. While efforts are currently underway to construct
residential histories and identify the effect of duration and
timing of exposure to neighborhood-level disadvantage, the
present analyses measured neighborhood-level disadvantage
at a single timepoint, based on participants’ most recent res-
idential address. The longitudinal analyses described here
offer stronger evidence for a directional association between
neighborhood-level disadvantage, neurodegeneration, and
cognitive decline, though causal inference is still limited by the
observational study design and the possibility that changes in
participant brain structure or cognition preceded residence at
their current documented address. Policy changes focused on
improving community infrastructure may provide “natural
experiments” to test causal pathways between neighborhood-
level disadvantage, neurodegeneration, and cognitive decline
in middle to older cohorts more directly.

The present study used a geographically specified measure of
area socioeconomic context along with longitudinal
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neuroimaging and cognitive testing data to assess whether high
neighborhood-level disadvantage is associated with cognitive
decline and neurodegeneration in an established, unimpaired
cohort. In our study cohort of middle- to older-aged cognitively
unimpaired adults, neighborhood-level disadvantage was lon-
gitudinally associated with cortical thinning and cognitive de-
cline after controlling for sex, educational attainment, and racial
identification. Accelerated decline inTMT-B, a test of executive
function and processing speed, was particularly prominent, and
was statistically mediated by cortical thinning in AD signature
regions. Previous studies of neighborhood disadvantage and
brain structure7,16 or cognitive function8‐10,12‐16 in middle-aged
and elderly adults have been strengthened by diverse study
populations,8,13‐16,46 exploration of relevant biological
mediators,6,7 and nuanced analysis of the complex interplay
among race, individual-level socioeconomic status, and
neighborhood-level socioeconomic context.8,15,16

In building on this literature, the current study expands on
previous studies of neighborhood-level disadvantage, brain
structure, and cognitive function in several meaningful ways: it
(1) provides preliminary evidence for an association between
neighborhood-level disadvantage and longitudinal neuro-
degeneration (cortical thinning); (2) links structural and
functional decline in the same study cohort; (3) improves on
the geographic specificity of the exposure variable bymeasuring
neighborhood disadvantage at the Census block group, rather
than Census tract, level; and (4) uses an extensively validated
multidimensional construct of disadvantage (ADI) rather than
relying on single construct measures. Future research on
neighborhood-level disadvantage, neurodegeneration, and de-
mentia may benefit from a multidisciplinary approach in-
corporating fields such as neuroimaging, neuropsychology,
health geography, epidemiology, biostatistics, neurobiology,
and social equity. The geographical tools used in the present
study have been applied to determine the relative ADI decile of
every Census block group across the United States and Puerto
Rico and are publicly available through the Neighborhood
Atlas,22 helping enable this type of interdisciplinary science.

This study emphasizes the importance of understanding
SDOH as fundamental contributing factors in the etiology of
ADRD. The longitudinal structural degeneration and cogni-
tive decline observed in individuals from the most disadvan-
taged neighborhoods suggests that increased clinical vigilance
for early signs of dementia may be particularly important in
this vulnerable population. Further elucidation of the social
and biological pathways linking neighborhood-level disad-
vantage, neurodegeneration, and cognitive decline may aid
clinicians, researchers, and policymakers in identifying effec-
tive avenues for prevention and intervention in ADRD.
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