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Abstract

INTRODUCTION: Neighborhood disadvantage has been shown to impact health and

cognitive outcomes,whilemorphological similarity network (MSN) canelucidate struc-

tural morphological patterns underlying cognitive functions. We hypothesized MSNs

could provide cortical patterns linked with neighborhood disadvantage and cogni-

tive function, explaining the potential risk of cognitive impairment in disadvantaged

neighborhoods.

METHODS: For cognitively unimpaired participants from the Wisconsin Alzheimer’s

Disease Research Center or Wisconsin Registry for Alzheimer’s Prevention (n = 524),

and the Alzheimer’s Disease Neuroimaging Initiative (ADNI) cohort (n = 100), neigh-

borhood disadvantage was obtained using Area Deprivation Index (ADI) and its

association with cognitive performance and MSN features was analyzed using linear

regression andmediation analysis.

RESULTS: Neighborhood disadvantage was associated with worse cognitive perfor-

mance on memory, executive function, processing speed, and preclinical Alzheimer’s

tests on both datasets. Local morphological organization of predominantly the frontal

and temporal regions showed association trends with ADI.

DISCUSSION: Morphological patterns associated with ADI, in-part, may explain the

risk for poor cognitive functioning in a neighborhood disadvantaged population.
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Highlights

∙ Social determinants of health such as neighborhood context can be studied using

ADI.

∙ High neighborhood disadvantage was related to worse performance on category

fluency, implicit learning speed, story recall memory and pre-clinical Alzheimer’s

cognitive composite.

∙ In this exploratory study, using morphological brain networks that indicate similar-

ity in distribution of cortical thickness between regions, we observed that centrality

of predominantly frontal and temporal regions wasmarginally linkedwith neighbor-

hood disadvantage status and also partially mediated its association with preclinical

Alzheimer’s composite test.

∙ There is a potential role for considering neighborhood status in early screening of

cognitive impairment and dementia.

1 BACKGROUND

Health authorities including the US Department of Health and Human

Services and theWorld Health Organization have emphasized the role

of social determinants of health (SDOH), including the neighborhood

environment where people are born, live, learn, work, play, worship,

and age, as a factor playing a role in cognitive and health outcomes.1–3

The Area Deprivation Index (ADI) is a validated measure of neighbor-

hood disadvantage for the United States which includes factors for the

theoretical domains of income, education, employment, and housing

quality measured within a discrete geographic area.4

SDOH focused studies have reported associations of neigh-

borhood disadvantage with cognitive decline,5 whole brain and

hippocampal atrophy,6, 7 cortical thinning,8 as well as Alzheimer’s

neuropathology,9, 10 supporting the notion of neighborhood disad-

vantage as a risk factor for cognitive decline and neurodegeneration

in Alzheimer’s disease (AD). Neuroimaging studies investigating

the link between brain patterns, poor cognitive performance, and

neighborhood disadvantage,3, 6–8 have been restricted to traditional

region level cortical markers. Investigating advanced imaging mark-

ers which can elucidate the morphological patterns between brain

regions may be especially important, given that the neural mech-

anisms underlying cognitive functioning are complex and typically

involve an interplay of several brain regions and an interregional

network pattern. Thus, in the context of examining associations of

neighborhood disadvantage with neurocognitive brain patterns,

there exists an opportunity to go beyond individual regional mea-

sures (e.g., volume, cortical thickness) and explore the interrelated

morphological patterns in the brain associated with neighborhood

disadvantage.

Recently, morphological similarity networks (MSN) have emerged

as a promising alternative to study the cortical organization and inter

regional morphological patterns in the brain. MSNs can elucidate the

coordinated patterns or similarity in distribution of cortical thickness

between brain regions, which are represented in the form of a graph.11

Network measures computed using graph theoretical techniques can

furtherquantify the local andglobal topological characteristics or orga-

nization of the network, thereby providing network level insights into

complex cognitive mechanisms. Our study is based on the hypoth-

esis that MSN may capture the potential effects of neighborhood

disadvantage via ADI on inter regional cortical patterns and thereby

partially explain the risk of poor cognitive functioning in later life. Our

approach leverages the ADI as a geographical measure of neighbor-

hood disadvantage to investigate its association with morphological

network patterns and cognitive function. Specifically, we sought to

explore the following cross-sectional investigations in a cognitively

unimpaired cohort from two independent cohorts. First, we exam-

ined association of ADI category with (i) cognitive test scores and

(ii) MSN measures, and subsequently, we investigated (iii) how signifi-

cantly associated MSN measures mediated associations between ADI

category and cognitive function.

2 METHODS

2.1 Study participants

The primary datasets in this study consisted of participants who were

enrolled in two large longitudinal studies of AD, namely the Wis-

consin Registry for Alzheimer’s Prevention (WRAP)12 study and the
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Wisconsin Alzheimer’s Disease Research Center (WADRC) clinical,

which together amount to more than 2500 participants (henceforth

referred as UW cohort). Both studies determine cognitive status after

each visit using National Insititute on Aging–Alzheimer’s Association

(NIA-AA) criteria for mild cognitive impairment (MCI) and dementia.

Inclusion criteria for these parent studies included (a) fluency in spo-

ken English; (b) adequate visual and auditory acuity to complete study

tasks; (c) absence of major psychiatric illness expected to interfere

with study participation; and non-demented at cognitive baseline for

WRAP participants. Among these, n= 1529 participants who had com-

pleted neuroimaging and were cognitively unimpaired were selected

for potential inclusion in this study. Some individuals could not be

included due to (missing T1-weighted magnetic resonance imaging

(MRI) (n = 86); impairment at baseline cognitive assessment (n = 90);

missing cognitive assessment closest to MRI (n = 72); difference of

more than6months betweenneurocognitive assessment closest to the

MRI used in this study (n = 128), leaving n = 1213 eligible for consid-

eration. From that set, we selected only participants in the two top and

twobottomdeciles ofADI as explained in Section-2.2,which resulted in

537participants for further analysis. TheUniversity ofWisconsin Insti-

tutional Review Board approved all study procedures and informed

written consent was provided by all participants. Additionally, we

considered another independent cohort of cognitively unimpaired par-

ticipants from the ADNI dataset, to assess the reproducibility of our

analysis. This secondary dataset consisted of n = 100 participants,

containing information on ADI (state and national ranks), cognitive

assessment andMRI scans within 6months of cognitive assessment.

2.2 Neighborhood disadvantage

Neighborhood disadvantage was measured by the ADI which is

curated, distributed, and validated at the Census block group level

by University of Wisconsin Center for Health Disparities Research

via the Neighborhood Atlas.4, 13 ADI is constructed using 17 area-

level indicators of poverty, employment, education, andhousing quality

from the 2015 American Community Survey.14 The ADI scores were

determined for individual census block group areas and based on

statewide distributions were ranked into relative deciles. Individuals

were geocoded to their respective census block group and assigned

an ADI score using the most recently reported residential address.

The complete list of ADI indicators and detailed method on determi-

nation of ADI for WADRC and WRAP cohorts for the current study

cohort has been previously described.8 A higher ADI indicates greater

statewide neighborhood disadvantage, whereas lower ADI indicates

lower neighborhood disadvantage statewide. Among the ADI state

ranks distributed in deciles from 1 to 10, for the UW cohort we con-

sidered individuals from the two lowest (1,2) and two highest (9,10)

deciles, based on findings from previous studies which show strongest

adversehealtheffects of neighborhood level factors at thehighest level

of disadvantage.6, 8–10 ADI national ranks indicating neighborhood dis-

advantage at nationwide level are represented as percentiles ranging

from 1 to 100, with 100 indicating highest level of disadvantage. With

RESEARCH INCONTEXT

1. Systematic review: Our literature search involved neu-

roimaging studies on neighborhood disadvantage defined

using Area Deprivation Index (ADI) using PubMed and

Google Scholar. Previous neuroimaging studies demon-

strated association of ADI with longitudinal cognitive

decline and regional structural brain markers. However,

no prior study has evaluated the cross-sectional whole

brain morphological network markers associated with

cognitive functioning by neighborhooddisadvantage con-

text, usingmultiple cohorts.

2. Interpretation: Our findings indicate high neighborhood

disadvantage status are linkedwithworse cognitive func-

tioning and show a trend towards disrupted morpho-

logical patterns of predominantly frontal and temporal

regions. Results demonstrate potential role of neighbor-

hood status in early screening and risk assessment for

dementia.

3. Future directions: Future hypothesis driven studies

investigating the impact of duration and timing of

exposure to neighborhood disadvantage, along with

longitudinal whole brain network markers, could pro-

vide additional potential evidence for causal association

between neighborhood disadvantage, neurodegenera-

tion, and cognitive decline.

the UW cohort, we evaluated the impact of neighborhood disadvan-

tage on cognition and brain morphology using the above-mentioned

deciles for ADI state rank as well as the complete percentile spectrum

for national rank, ofwhich the latter ensured the entire cohort could be

utilized. The histogram plots of state and national ADI ranks are shown

in Figure S1 of supplementary materials. For ADNI dataset, we consid-

ered the ADI national rank, as it comprises a multisite cohort with a

nationwide population distribution.

2.3 Cognitive assessment

At each visit, participants in the WRAP study completed a compre-

hensive cognitive battery including six tests in total that evaluated

memory, executive function, processing spend, and language abil-

ity. Likewise, Wisconsin Alzheimer’s Disease Research Center (ADRC

participants completed the comprehensiveNational Alzheimer’s Coor-

dinating Center’s Uniform Data Set (UDS) battery.15 Leveraging tests

that overlap in the two cohorts along with published crosswalks map-

ping same-domain tests to each other,16 we have made use of several

individual cognitive tests and composite scores created from those

tests. Individual cognitive test scores for this cross-sectional study

included the Rey Auditory Verbal Learning Test learning trials 1–5

score (RAVLT-L), Category fluency (CF) test (animal names) score, time
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F IGURE 1 Methodical pipeline framework for investigating the associations between neighborhood disadvantagemeasured using ADI,
features fromMSNs and cognitive performance. Using (A) preprocessed T1w scans, (B) cortical thickness was computed for 68 cortical brain
parcellations from the (C) Desikan–Killiany atlas. (D) JSSEwas applied between distributions of cortical thickness values of parcellated brain
region, in a pairwisemanner to construct the (E)MSN graphmetrics, followed by computation of (F) local and global network features using graph
theoretical techniques. (G) Statistical analysis using linear regression was performed to obtain association of ADI with cognitive scores andMSN
features, along with an assessment of themediating role ofMSN features. ADI, Area Deprivation Index; JSSE, Jenson Shannon similarity estimate;
MSNs, morphological similarity networks.

to completion on Trail-Making Test, (TMTt, part B), WAIS-R Digit sym-

bol test (WAIS-DS) and Story Memory Delayed Recall (SM-DR) score

consisting of a cross-walked score between the Wechsler Memory

Scale–Revised Logical Memory delayed recall and Craft Story delayed

recall.17 We also calculated a modified Preclinical Alzheimer’s Cog-

nitive Composite (mPACC) using the following three tests: RAVLT-L,

TMTt, and LMIIA.16 This composite was designed to resemble the

PACC described by Donohue et al.18 Composite scores may demon-

strate less intraindividual variation in performance compared to indi-

vidual tests, providing higher sensitivity in detecting exceedingly early

cognitive changes related to AD.14, 19

In the ADNI dataset, cognitive assessment of participants was also

done using the UDS battery. We considered the cognitive tests scores

common in both the UW and ADNI dataset, which included- 1–5 score

RAVLT-L, CF test (animal names) score, time to completion on TMTt,

part B, SM-DR, MMSE, and the mPACC composite score was con-

structed as per ADNI guidelines using normalized scores from TMTt,

SM-DR andMMSE.

2.4 MRI acquisition and processing

UW cohort: High-resolution T1-weightedMRI scans were acquired on

3.0T GE MR750 Scanners using an 8 or 32 channel head coil and a

spoiled gradient echo scanning sequence with repetition time = 6.68–

8.16 ms, echo time = 2.94–3.18 ms, inversion time = 400–450 ms,

flip angle 11-12◦, and slice thickness of 1×1×1 mm. All struc-

tural T1w images underwent surface-based analysis using Compu-

tation Anatomy Toolbox 12 (CAT12, http://www.neuro.uni-jena.de/

cat/) based on Statistical Parametric Mapping 12, which employs a

projection-based thickness approach to compute cortical thickness.20

The complete analysis pipeline for this study is illustrated in Figure 1.

Initially, all T1w imageswere preprocessed as per the standard prepro-

cessing pipeline of CAT12, involving correction of bias field inhomo-

geneities, segmentation of gray matter (GM), white matter (WM) and

cerebrospinal fluid (CSF), and normalization to theMontrealNeurolog-

ical Institute (MNI) template. A fully automated projection approach

was implemented for the reconstruction of central surface and com-

putation of cortical thickness, which was measured as the distance

between the inner surface (GM/WM boundary) and outer surface

(GM/CSF boundary/pial surface) of the GM.21 Cortical thickness maps

were smoothed using a Gaussian kernel with 12-mm full width at

half maximum. Images that produced erroneous cortical reconstruc-

tions and surface estimates in CAT12 were excluded from further

analysis (n = 13). Thus, the total no. of participants containing com-

plete and good quality of imaging, cognitive, and ADI data for the

UW cohort comprised of (n = 524, gender = 343 (66%) female, 181

(34%) male; age = 62.96 ± 8.37), which were considered for further

http://www.neuro.uni-jena.de/cat/
http://www.neuro.uni-jena.de/cat/
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TABLE 1 Detailed demographic characteristics of the total population included for analysis in this study fromUWand ADNI cohorts, with UW
cohort comprising of population living in least (ADI state rank decile-1,2) and highest (ADI state rank decile-9,10) disadvantaged neighborhoods.

Variables UWcohort

UW: Samples with

low_ADI

UW: Samples

with high_ADI ADNI cohort

Sample size 524 450 (85.9%) 74 (14.1) 100

Female, N (%) 343 (65%) 287 (63.7%) 56 (75.7%)* 59 (59%)

Age (years: mean± SD) 62.96± 8.37 62.97± 8.26 62.93± 9.11 72.71± 9,69

Education (years: mean± SD) 16.45± 2.43 16.63± 2.38 15.33± 2.45* 16.78± 2.22

APOE e4 positive 37.8% 38% 37.8% 48%

Parental dementia history 32% 29.7% 46%** 54%

Primary race (%within each sample)

(White / Black or African American / Hispanic /Asian)

88 / 11 / 1.3 / 0.0 91 / 7.5 / 1.5 / 0.0 69 / 31 / 0 / 0 * 59/ 26 / 14 / 8

Cognitive score (mPACC) 0.04± 1.12 0.11± 1.06 −0.43± 1.35* 0.05± 1.95

Number of exposures to cognitive tests (practice effect):

(median (min-max))

0 (0–7) 0 (0–7) 1 (0–6) 7 (0–19)

Absolute time betweenMRI scan and cognitive

test(months)

2.0± 1.7 2.1± 1.7 1.6± 1.5 1.1± 4.1

Note: ADNI cohort comprise of total population with entire percentile spectrum of the ADI national rank. Difference in characteristics between least and

highest neighborhood disadvantaged population was tested using Student’s t-test and chi-squared test for gender.

Abbreviation: ADI, Area Deprivation Index; ADNI, Alzheimer’s Disease Neuroimaging Initiative; APOE, apolipoprotein E; mPACC, modified Preclinical

Alzheimer’s Cognitive Composite; UW, Wisconsin Registry for Alzheimer’s Prevention study and the Wisconsin Alzheimer’s Disease Research Center

cohorts.

*p< 0.005.

**p< 0.001.

statistical analysis. Table 1 indicates their detailed demographic infor-

mation containing sociodemographic characteristics, including age,

sex, race/ethnicity, parental dementia history, and educational level of

the selected participants.

ADNI cohort: T1-weighted MRI scans of participants (n = 100,

(age=72.71±9.69, gender (M:F)=40:60) acquiredwithin 6–8months

of their cognitive assessment were considered for analysis. Acquisi-

tion details for this ADNI cohort are provided on previous publication

of ADNI study.22 Detailed demographic information of this cohort

is given in Table 1. Data were preprocessed, and cortical thickness

was computed in the same manner as given above, and subsequently

morphological networks were constructed for both UW and ADNI as

mentioned in the next section.

2.5 Construction of MSNs

Networks are graph structures, composed of nodes and edges. We

constructed MSNs for each subject individually, where nodes denote

brain regions, whiles edges indicate the interregional similarity in

cortical thickness. Nodes of the MSN were defined using the parcel-

lations from the Desikan–Killiany surface atlas,23 which consisted of

68 left and right hemispheric regions of interest (ROIs) of the cerebral

cortex.

Edges indicating morphological similarity between ROIs were esti-

mated using Jensen–Shannon divergence similarity estimate (JSSE).24

Firstly, the vertex wise cortical thickness values were extracted for

each ROI, followed by a kernel density estimation to obtain the proba-

bility density function.Using this resultant probability density function,

a probability distribution function (PDF) was obtained for each ROI.

Given two PDFs P and Q for a pair of ROIs, JSSE is computed as the

average ofKulback–LeiblerDivergence (KLD) betweenP andM,where

M is the average of P and Q. The formulation for KLD based JSSE is

given as follows:

JS(P ∥ Q) = 0.5 (KLD(P ∥ M) + KLD(Q ∥ M));M (i) = 0.5(P (i) + Q (i)

Where, KLD between two probability distributions P and Q is

calculated as -

KLD(P ∥ Q) =
∑

i

P(i) log
P(i)
Q(i)

In this study, JSSE was used in the following manner, as a similarity

measure-

JSSE = 1 −
√
JS(P ∥ Q)

Unlike the asymmetric KLD measure, JSSE is a symmetric metric,

with values in the range of 0 to 1, making it a more reliable measure

to characterize the morphological similarity between ROIs.25 Higher

JSSEvalue indicates that the cortical thickness distributionof twoROIs

are closer and signifies higher similarity. Thus, the morphological net-

work based on JSSE between 68 brain regions resulted into a 68 × 68

symmetric JSSE graphmetric for each participant.
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2.6 Network measures

Graph theoretical techniques to characterize the local andglobal topol-

ogy of the MSN were implemented on each participant’s symmetric

JSSE graph metric using the GRETNA toolbox.26 To avoid the thresh-

old selection bias, a sparsity-based threshold selection technique was

employed, where sparsity was defined as the ratio of the number of

actual edges divided by the maximum possible number of edges in a

graph. A set of binary adjacencymatrices were obtained in the sparsity

range from 0.05 to 0.5 at an interval of 0.05. This sparsity range was

selected as networks tend to be more fragmented and not fully con-

nected at lower sparsity thresholds, while at higher thresholds they are

less random and more likely to maintain small world architecture.27, 28

The local and global network measures were calculated at each spar-

sity level andwere integrated by calculating their area under the curve

for further statistical analysis.

For each subject, using graph theoretical measures four local and

four global features were computed, which characterized network

integration and segregation respectively. Local features such as clus-

tering coefficient (CC), degree centrality (DC), betweenness centrality

(BC) and local efficiency (LE) were computed for each of the 68 nodes

of the Desikan–Killiany atlas. Global features such as small world-

ness (SW), global efficiency (GE), assortativity (AST) and characteristic

path length (CPL) were computed for the entire graph. To determine

whether the MSNs were non randomly organized, all global measures

were independently normalizedby the correspondingmeanof100 ran-

domly generated networks.26 The detail description of global and local

MSN features is provided in Table S1 of supplementarymaterials.

2.7 Statistical analysis

Statistical analyses were performed using the R software (version

4.1.3) and the PROCESSmacro library in Python29 was used formedia-

tion analysis. The sample characteristics for bothUWandADNI cohort

were evaluated using a student’s t-test as shown in Table 1. Linear

regression models were fit to understand the association of neighbor-

hood disadvantage separately with cognitive scores andMSN features

as illustrated in Figure 1(G). For ADI state rank in UW cohort, ADI

deciles were coded into two level categorical variables (0 as decile 1,2

and 1 as decile 9,10), while ADI national ranks were considered as con-

tinuous variables forUWandADNI cohort. For eachof the six cognitive

outcomes of interest, we examined the linear regressionmodels (at sig-

nificance level p< 0.005) as: (i) Cognitive outcome ∼ ADI+ covariates;

where ADI was the independent variable of interest and covariates

included age, gender, years of education and practice (i.e., number of

prior completions for that outcome). In addition, for each of the global

and local network measures, we examined models of network mea-

sure with bootstrapped statistics (iterations n = 10,000, significance

level of p < 0.005) as: (ii.a) MSNglobal(n= 4) ∼ ADI + covariates, (ii.b)

MSNlocal(n= 4x68) ∼ ADI + covariates; where covariates included age,

gender (Female-0, Male-1) and years of education. We also evaluated

the association of average cortical thickness of 68 regionswithADI and

aforementioned covariates using similar regression model. For (i) and

(ii), we report the coefficients, p-value and confidence intervals (CIs)

obtained from the bootstrap statistics to assess the direction and sig-

nificance of associations, Lastly, (iii) Mediation analysis was conducted

to evaluate a hypothesized causal pathway between neighborhood

disadvantage and cognitive function via morphological organization

which was ascertained through MSN features. For mediation analy-

sis, we considered MSN features that were statistically significant in

regression models (iia,b). We obtained the regression parameter esti-

mates for pathways of mediation model and quantified the indirect

effect of MSN features on relationship between ADI and cognitive

function using product of coefficients method.29 To assess statistical

significance of the indirect mediating effect, a non-parametric boot-

strapping (iterations = 10,000) approach was implemented, and 95%

CIs along with beta coefficients, were considered at significance level

of p< 0.05.

3 RESULTS

3.1 Participant demographics

The detailed demographic characteristics of total study population

of UW cohort, and by state level of neighborhood disadvantage

(Low_ADI and High_ADI), as well as for the entire ADNI cohort are

provided in Table 1. The total study population comprised of 65%

females with average years of education as 16.45 ± 2.43. Of the total

sample size, 450 participants (85.9%) lived in least disadvantaged (ADI

decile = 1,2) neighborhoods, whereas 74 participants (14%) lived in

a highly disadvantaged (ADI decile = 9,10) neighborhood, relative

to their state of residence, with the low neighborhood disadvantage

group showing significantly higher education level and cognition.

The majority of total as well as ADI based sub samples of the study

cohort consisted of white individuals, with the high neighborhood

disadvantaged sample containing relatively more African American

individuals compared to other sub samples as depicted in Table 1. On

average, the time between cognitive examination andMRI scanning for

all participants was less than 3months, and the participants from least

and highest disadvantaged neighborhood did not significantly differ

on practice effect (number of attempts) during cognitive examination.

The ADNI cohort had similar distribution as UW cohort on gender,

years of education and primary race, had showed higher percentage

on apolipoprotein E (APOE) positivity, parental dementia history and

exposures to cognitive tests. The detailed demographic information

on UW cohort considered for ADI national rank analysis is provided in

Table S2 of the supplementarymaterials.

3.2 Neighborhood disadvantage and association
with cognitive performance

In UW cohort, neighborhood level disadvantage was negatively asso-

ciated with five of six cognitive test scores. Participants from highly

disadvantaged neighborhoods tended to have lower average scores
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TABLE 2 Results of regressionmodels for (A) UWand (B) ADNI cohorts assessing association of neighborhood disadvantage (for ADI= high)
with cognitive test scores, using age, gender (coded asmale-1, female-0), education(years), and practice effect on cognitive test as covariates.

(A) UW cohort

Test ADI Age Gender Education Practice

mPACC −0.47 (0.13)d −0.05 (0.005)d −0.49 (0.09)d 0.12 (0.02)d 0.10 (0.02)d

TMTt 18.47 (4.38)d 1.70 (0.19)d 1.46 (3.13)ns −2.98 (0.63)d −2.97 (0.78)d

SM-DR −1.66 (0.51)c −0.07 (0.02)c −0.79 (0.38)a 0.34 (0.07)d 0.01 (0.09)ns

RAVLT −1.83 (1.09)ns −0.40 (0.05)d −6.10 (0.81)d 0.85 (0.16)d 1.20 (0.19)d

CF −1.58(0.69)a −0.16 (0.03)d 0.41 (0.51)ns 0.37 (0.10)d 0.25 (0.13)a

WAIS-DS −3.63 (1.35)b −0.62 (0.06)d −2.95 (0.96)c 0.55 (0.20)c 0.47 (0.23)a

(B) ADNI cohort

Test ADI Age Gender Education Practice

mPACC −0.009 (0.007)ns −0.06 (0.02)a −0.46 (0.38)ns 0.27 (0.08)b 0.10 (0.05)a

TMTt 0.33 (0.15)d 1.16 (0.53)d −2.26 (7.59)ns −2.80 (1.69)d −0.84 (1.04)d

SM-DR −0.003 (0.01)ns −0.07 (0.05)ns −2.00 (0.76)a 0.50 (0.16)b 0.27 (0.10)b

RAVLT 0.006 (0.04)ns −0.23 (0.17)ns −6.80 (2.46)a 1.69 (0.54)b 0.07 (0.33)b

CF −0.008 (0.02)ns −0.04 (0.07)ns 0.28 (1.11)ns 0.32 (0.24)ns 0.01 (0.15)ns

MMSE 0.0003 (0.005)ns −0.01 (0.02)ns 0.10 (0.28)ns 0.10 (0.06)ns 0.006 (0.03)ns

Note: Results represented as β-coefficients (Standard Error).
Abbreviations: ADI, Area Deprivation Index; ADNI, Alzheimer’s Disease Neuroimaging Initiative; CF, category fluency, MMSE, Mini-Mental State Examina-

tion;mPACC,modified Preclinical Alzheimer’s CognitiveComposite, RAVLT, ReyAuditoryVerbal Learning Test; SM-DR, StoryMemoryDelayedRecall; TMTt,

time to completion on Trail-Making Test;WAIS-DS,Wechsler Adult Intelligence Scale-Digit Symbol.
ap< 0.05.
bp< 0.01.
cp< 0.005.
dp< 0.001.

across all cognitive tests. Of the six cognitive test scores, ADI showed

significant associationwith five tests:mPACC (β=−0.47, p<0.001), CF

(β=−1.58,p=0.023), TMTt (β=18.47,p<0.001),WAIS-DS (β=−3.68,
p = 0.007), and SM-DR (β = −1.66, p < 0.005) after controlling for age,

sex, education, and practice as shown in Table 2. On TMTt and SM-DR

scores, neighborhood disadvantage had a more robust relationship as

indicated through the large magnitude of their effect sizes (β coeffi-

cient) aswell as p-value< 0.001. The distribution of all cognitive scores

across the low and high ADI deciles for the UW cohort are shown in

supplementarymaterial (Figure S2).The ADI national rank also showed

similar association with cognitive performance particularly for RAVLT

(β=−0.032,p=0.022), TMTt (β=0.162,p=0.005), SM-DR (β=−0.020,
p = 0.002), and the mPACC tests (β = −0.006,p = 0.001), as shown

in Table S3 of supplementary material. In the ADNI dataset, high ADI

national rank showed significant (p < 0.05) association only with poor

reaction time on TMTt tests (β= 0.336, p= 0.028), as shown in Table 2.

3.3 Neighborhood disadvantage and association
with cortical MSN features

In the UW cohort, among the 68 cortical regions, centrality of left

fusiform (β = −3.75, p = 0.002), and right supramarginal region

(β=−1.32, p= 0.002)was negatively relatedwith ADI state rank, while

centrality of left bankssts (β= 1.33, p= 0.003), CC (β= 0.02, p= 0.002)

and LE (β = 0.02, p = 0.005) of right parstriangularis showed a positive

associationwithADI, as shown in Table 3 and Figure 2A.Neighborhood

disadvantage (at state and national level) showed common associa-

tion trends for regions of the frontal, temporal and parietal region, as

shown in Table S4 andFigure S3 of supplementarymaterial. The above-

mentioned brain regions that showed significant association of their

MSN featureswithADIdidnot showany significant (p<0.005) associa-

tionwithADIwith respect to their average cortical thickness, as shown

in Tables S5 of supplementarymaterial.

In ADNI cohort, ADI national rank showed significant negative asso-

ciation trend (p ≤ 0.005) with centrality of right lateral orbitofrontal

(β = −0.16, p = 0.003), entorhinal (β = -0.16, p = 0.005), and left

pars opercularis region (β = -0.14, p = 0.002), positive association was

seen with centrality of left rostral anterior cingulate region (β = 0.05,

p = 0.005), as shown in Figure 2B. In the ADNI cohort neighborhood

disadvantagewas prominently associatedwithmorphological patterns

of the frontal regions, and the association trend for one temporal

region was similar to that seen in the UW cohort. Global network fea-

tures did not yield significant association with state or national ADI, in

both UWand ADNI cohort.

3.4 Mediating effect of MSN on neighborhood
disadvantage and cognitive function

We evaluated mediation models, specifically for the local MSN fea-

tures that showed an association with neighborhood disadvantage,
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TABLE 3 Results of regressionmodels on bootstrap analysis on (A) UWand (B) ADNI cohorts, providing associations between neighborhood
disadvantage (ADI state and national) and localMSN features, with age, gender (coded asmale-1, female-0), education (years) as covariates.

(A) UW cohort

ADI Age Gender Education

MSN features Coefficient (CI low, CI high) Coefficient (CI low, CI high) Coefficient (CI low, CI high) Coefficient (CI low, CI high)

BC_l_fusiform −3.75c (−5.97,−1.45) 0.18c (0.05, 0.31) 2.89b (0.65, 5.17) −0.2ns (−0.70, 0.26)

DC_r_supramarginal −1.32c (−2.17,−0.47) −3.54E–03ns (−0.04, 0.03) 0.45ns (−0.10, 0.97) −0.06ns (−0.16, 0.04)

DC_l_bankssts 1.33c (0.44, 2.17) 0.02ns (−0.02, 0.05) −0.37ns (−1.06, 0.30) −0.05ns (−0.18, 0.08)

CC_r_parstriangularis 0.02c (0.01, 0.03) −1.86E–04ns (0.00, 0.00) 8.69E–04ns (−0.01, 0.01) −7.12E–04ns (0.00, 0.00)

LE_r_parstriangularis 0.02c (0.01, 0.03) −4.30E–04ns (0.00, 0.00) 2.83E–03ns (−0.01, 0.01) −5.31E–04ns (0.00, 0.00)

(B) ADNI cohort

MSN features ADI Age Gender Education

BC_l_parsopercularis −0.14c (−0.24,−0.05) −0.01 ns (−0.23, 0.24) −2.23 ns (−6.93, 2.95) −0.5 ns (−1.50, 0.52)

BC_r_lateralorbitofrontal −0.16c (−0.29,−0.05) −0.03 ns (−0.27, 0.22) −0.82 ns (−7.44, 5.47) −0.16 ns (−2.56, 1.65)

BC_r_entorhinal −0.16c (−0.27,−0.05) −0.12 ns (−0.58, 0.29) −0.64 ns (−7.62, 6.67) 0.49 ns (−1.06, 2.37)

DC_l_

rostralanteriorcingulate

0.05c (0.01, 0.08) 0.04 ns (−0.06, 0.13) −0.78 ns (−2.66, 1.12) −0.08 ns (−0.51, 0.34)

Note: Results represented as β-coefficients (Standard Error) for eachMSN feature.

Abbreviations: ADI, Area Deprivation Index; ADNI, Alzheimer’s Disease Neuroimaging Initiative; CI, confidence interval; MSNs, morphological similarity

networks; UW,Wisconsin Registry for Alzheimer’s Prevention study and theWisconsin Alzheimer’s Disease Research Center cohorts.
nsnon-significant.
ap< 0.05.
bp< 0.01.
cp< 0.005.
dp< 0.001.

F IGURE 2 Illustration of cortical brain regions whose local network features showed significant association with neighborhood disadvantage
after controlling for age, gender, and education (years) as covariates using (A) UWand (B) ADNI cohort. ADI, Area Deprivation Index; ADNI,
Alzheimer’s Disease Neuroimaging Initiative; UW,Wisconsin Registry for Alzheimer’s Prevention study and theWisconsin Alzheimer’s Disease
Research Center cohorts.

to assess their involvement in cognitive functions. In the UW cohort,

for the ADI state rank-based assessment, centrality of left bankssts

showed a marginal partially mediating effect with the mPACC test

score. Figure 3 represents the complete parameter estimates for the

mediation effect, indicating that neighborhood disadvantage had a

partial mediating effect through increased centrality of left bankssts

region on the mPACC test score, which can capture early signs of

AD dementia. For ADI national rank-based assessment, no significant

mediation effect was found by any of the local MSN features, in both

UWand ADNI cohort.
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F IGURE 3 (A) Hypothetical model for mediation on the effect of neighborhood level disadvantage on cognitive function via morphological
network patterns. (B) Result of mediationmodel illustrating the indirect effect of centrality of left bankssts region on the association between ADI
and performance onmPACC scores. 95% confidence interval constructed using nonparametric bootstrapping are indicated as [low, high]. ADI,
Area Deprivation Index; mPACC, modified Preclinical Alzheimer’s Cognitive Composite.

4 DISCUSSION

In this exploratory study, we conducted a cross-sectional analysis

on neuroimaging data derived from two extensive cohorts from

Wisconsin’s ADRD research and the ADNI dataset in order to inves-

tigate the associations of neighborhood disadvantage status with

cognitive performance and MSNs. We observed that living in a highly

disadvantaged neighborhood was associated with worse cognitive

function and also showedmarginal cortical disorganization of the brain

indicated through the local MSN features. Specifically, morphological

patterns predominantly of the frontal and temporal region played

a major role in driving this association, with temporal morphology

depicting a marginal, partial mediating link between heightened

neighborhood disadvantage and lower performance on the mPACC

test.

High neighborhood disadvantage assessed using either ADI state or

national rank was associated with worse scores on TMTt, CF, WAIS-

DS, RAVLT tests, and on the mPACC composite score, which also

is sensitive to cognitive dysfunction in early AD. TMTt, RAVLT, and

WAIS-DS tests evaluate executive function, attention and process-

ing speed, which are shown to diminish in the initial stages of both

biomarker-defined AD and cerebral small vessel disease.30 On the

other hand, CF and SM-DR tests assess semantic and episodic mem-

ory function respectively, which are found to be impaired in early AD

and MCI.31, 32 Across both UW and ADNI cohorts, the high reaction

time on TMTt test was found to be commonly associated with both

ADI state and national rank, providing a consistent evidence of poor

processing speed to be linked with high neighborhood disadvantage

status. The lower performance in these cognitive domains may signal

risk for possible progression to dementia-AD or vascular dementia,

but additional study, including longitudinal follow-up is needed. The

cognitive outcomes observed in this study align most closely with pre-

vious research33–36 examining health outcomes with neighborhood

disadvantage, which have also shown more robust associations when

considering categorical indicators of neighborhood disadvantage.

Existing neuroimaging studies on SDOH have shown neighborhood

disadvantage to be associated with brain atrophy6, 7 and longitudinal

cortical thinning8 upon analysis of specific AD related regions. How-

ever, they do not report evidence for any significant association with

cortical thickness at a cross-sectional level. In our analysis, with the pri-

mary UW dataset frontal, temporal and supramarginal region yielded

anassociational trendwith respect to theirmorphological patterns, but

not in terms of their average cortical thickness as shown in Table S5 in

supplementary material. This could probably imply that an advanced

signature of cortical thinning is probably more sensitive to risk fac-

tors such as ADI, when assessed in a longitudinal manner, while at a

cross-sectional level, cortical patterns may resonate higher with ADI

related risk of cognitive impairment. Building up on this finding, our

investigation of morphological networks was based on the rationale

that complex cognitivemechanisms typically involve an interplay of dif-

ferent brain regions, rather than a singular regional dominance, which

can be effectively ascertained through network analysis. Hence, we

chooseMSN over other conventional methods as it captures the inter-

relatedmorphological patterns and its disruption thatmay precede the

gross effect of regional cortical thinning and provide deeper insights

into the neurobiological impact of clinical cognitive impairment arising

fromSDOHbased risk factors. Even thoughMSN is a sparsely explored

method in the literature, studies37, 38 have indicated its potential as

an early marker of cognitive impairment, showing morphological dis-

ruption linked with brain functionality and similar to the alterations of

white matter connectomes. Moreover, in concordance to our findings,

recent studies have also reported a variable trend in cortical disorgani-

zation, at global as well as local level in mild cognitive impairment and

AD, usingmorphological networks.39, 40

In our analysis of the UW cohort, assessment of neighborhood

disadvantage using both ADI state and national rank demonstrated
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a common associational trend with inferior frontal regions which

are typically involved in language, motor, and executive function41, 42

and with supramarginal gyrus involved in phonological and emotional

processing,43, 44 whereas temporal involvement was seen in fusiform,

bankssts, and superior temporal region, both of which are related to

facial perception and recognition.45 These frontal, temporal and pari-

etal regions showed variable associational trend with ADI, possibly

indicating their compensatory involvement, adjusting to the cortical

disorganization related to neighborhood disadvantaged status. These

regions are often implicated in mild cognitive impairment46 and stages

of dementia, implying that theirmorphological alterationsmaypossibly

impact the risk of cognitive impairment in neighborhood disadvan-

taged population. Among the significant morphological patterns that

were associated with ADI state rank in UW cohort, only the cen-

trality of left bankssts region showed a marginal, partial mediating

effect in the association of high neighborhood disadvantage with the

mPACC scores. Presence of AD pathology in bankssts region has been

shown in early stages of the disease impacting memory and executive

functioning.47 The marginal mediating effect might indicate that early

signs of AD associated with disadvantaged neighborhood may be par-

tially influenced by morphological patterns or cortical disorganization

of bankssts region. However, further controlled studies are needed to

effectively evaluate and add more confidence to the directionality of

these associations.

The findings from our secondary ADNI cohort varied in terms of

regional morphological associations with ADI, with a dominant frontal

involvement, along with that of the entorhinal region, which is known

to be involved in memory formation and retrieval and shows early

impairment in AD.48 ADNI cohort showed association of ADI with par-

sopercularis of the inferior frontal gyrus, which was also seen in UW

cohort, that is, involved in language processing, while the additional

regions- rostral anterior cingulate and lateral orbitofrontal region are

found to be involved in impulse control, social conduct and decision-

making.49 Both UW and ADNI cohort demonstrated a negative asso-

ciation of ADI with morphological patterns of temporal regions, while

a variability was seen for frontal associations, which may have arisen

due to imbalanced distribution of ADI in ADNI cohort or due to the

inherently variable functional role of these regions and their interac-

tive patterns, which are captured through network level analysis. Such

variability reported in MCI and AD related studies on morphological

networks,39, 40 possibly portray the progressive and dynamic nature of

brainmorphology linkedwith different stages of cognitive impairment.

Our finding of an association trend of ADI with brain regions that are

specifically involved in cognitive impairment encourages future stud-

ies to further reproduce these associations and their directional trends

on cohorts withmore balanced ADI distribution.

Our study did have a few limitations that must be acknowledged

when interpreting the outcomes of this study. Notably, the study

cohort comprised predominantly of white individuals with high lev-

els of education and relatively lower disadvantaged status, raising the

need for acquiring and curating a well distributed ADI cohort for this

research as shown in Table 1. A follow-on study is needed in more

demographically and socioeconomically diverse cohorts. In interpret-

ing the role of neighborhood disadvantage on cognitive functioning, it

is essential to consider the temporal nature of extended exposure to

neighborhood disadvantage and the onset of neurodegeneration and

cognitive decline. Although our analysis was based on the assessment

of neighborhood disadvantage at participant’s most recent residen-

tial address, ongoing efforts aim to construct residential histories and

explore the effects of duration and timing of exposure. It is also impor-

tant to investigate specific structure inequities that underlie high ADI

neighborhoods, including discriminatory zoning policies like redlin-

ing, to further understand the root causes of the associations noted

herein and to better identify potential interventions towards improved

population brain health. Additionally, a hypothesis driven approach

pertaining to limited brain regions may be warranted in evaluating

the impact of SDOH factors like neighborhood disadvantage on brain

health in unimpaired individuals. This approach could provide statisti-

cal robustness to the associations and better interpretability, while our

exploratory analysis could have introduced larger statistical compar-

isons, impacting the significance level of our findings. Nevertheless, we

report the trend level associations of ADI withMSN features observed

at moderately high effect size, encompassing the frontal and temporal

regions, which are known to be associated with cognitive functioning.

Lastly, in our empirical assessment of impact of ADI on brain morphol-

ogy, even though the UW cohort demonstrated a reasonable overlap

in association of both the national and state ADI with MSN features,

its findings varied in comparison to the ADNI cohort. This could possi-

bly be due to the different sample sizes and distribution of ADI across

both cohorts. Hence, it raises the need for constructing datasets with

more balanced ADI distribution as well as a standardized approach

for performing multisite assessments of ADI, which could facilitate

future studies in attaining reproducible findings towards neurobio-

logical mechanisms linked with SDOH and to enhance its utility in

predictivemodels of clinical cognitive impairment.

Expanding upon existing literature, this exploratory study advances

our understanding of the assessment of neighborhood disadvantage

and its association with cortical organization and cognitive function

in several ways: (1) presenting preliminary evidence of a marginal

association between neighborhood-level disadvantage and cortical

networks related to cognitive function, on two independent cohorts;

(2) highlightingnetwork level signatures indicating thepatternsofmor-

phological alterations in frontal and temporal regions linkedwithhighly

disadvantaged neighborhood; (3) utilizing a validated and comprehen-

sive multidimensional construct of neighborhood disadvantage, and

explored the association on both state and national ADI, rather than a

single construct measure, and lastly (4) the geographic tools employed

in this study have been extensively utilized to determine the rela-

tive ADI decile of every Census block group across the United States

including Puerto Rico and are publicly accessible through the neigh-

borhood atlas, facilitating interdisciplinary research in this domain. A

potential future scope of the study involving investigating the impact

of duration and timing of exposure to neighborhood disadvantage

across the life-course, along with longitudinal assessment of ADI with

imaging and cognitive markers, could provide stronger evidence for a

potential directional association between neighborhood disadvantage,



SAFAI ET AL. 11 of 12

neurodegeneration, and cognitive decline. Moreover, policy initia-

tives aimed at enhancing community infrastructure may offer valuable

opportunities to directly examine causal pathways between neigh-

borhood disadvantage, neurodegeneration, and cognitive decline in

middle- to older-age cohorts.

In conclusion, this cross-sectional exploratory study highlights the

potential role of SDOH such as neighborhood disadvantage by ADI in

later life cognitive impairment as well as themorphology of frontal and

temporal regions of the brain. The morphological trends indicative of

cortical disorganization and the poor cognitive performance observed

among individuals residing in the most disadvantaged neighborhoods

suggest the need for heightened clinical awareness, potentially also

including regular screening within this vulnerable population for early

signs of MCI or dementia. By delving deeper into the biological

pathways of neighborhood disadvantage and cognitive impairment,

clinicians, researchers, andpolicymakers stand togain valuable insights

for early screening of MCI and targeted strategies for prevention of

ADRD.
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Additional supporting information can be found online in the Support-

ing Information section at the end of this article.
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