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Abstract

INTRODUCTION: We examined whether a combined measure of neighborhood

greenspace and neighborhood median income was associated with white matter

hyperintensity (WMH) and ventricle size changes.

METHODS: The sample included 1260 cognitively normal ≥ 65-year-olds with two

magnetic resonance images (MRI; ≈ 5 years apart). WMH and ventricular size were

graded from 0 (least) to 9 (most) abnormal (worsening = increase of ≥1 grade from

initial to follow-up MRI scans). The four-category neighborhood greenspace–income

measure was based on median neighborhood greenspace and income values at ini-

tial MRI. Multivariable logistic regression tested associations between neighborhood

greenspace–income andMRImeasures (worsening vs. not).

RESULTS: White matter grade worsening was more likely for those in lower

greenspace–lower income neighborhoods than higher greenspace–higher income

neighborhoods (odds ratio= 1.73; 95% confidence interval= 1.19–2.51).
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DISCUSSION: The combination of lower neighborhood income and lower greenspace

may be a risk factor for worsening white matter grade onMRI. However, findings need

to be replicated inmore diverse cohorts.

KEYWORDS

built environment, green space, magnetic resonance imaging, neighborhood, socioeconomic
status

HIGHLIGHTS

∙ Population-based cohort of older adults (≥ 65 years) with greenspace andMRI data

∙ Combinedmeasure of neighborhood greenspace and neighborhood income at initial

MRI

∙ MRI outcomes includedwhite matter hyperintensities (WMH) and ventricular size

∙ Longitudinal change inMRI outcomesmeasured approximately 5 years apart

∙ Worsening WMH over time more likely for lower greenspace-lower income

neighborhoods

1 BACKGROUND

Social determinants of health (SDOH), the “conditions in the places

where people live, learn, work, and play that affect a wide range

of health and quality-of-life risks and outcomes,”1 are associated

with the modifiable risk factors (e.g., hypertension, depression,

physical inactivity) responsible for 40% of dementias.2–6 Targeting

SDOH through individual-, community-, and policy-level interven-

tions could reduce these risk factors, thus improving brain health

and reducing risk of Alzheimer’s disease and related dementias

(ADRD).7

Residential neighborhoods, a SDOH, become increasingly impor-

tant with age and the associated shrinking social networks, retirement,

reduced driving ormobility, andmedical issues.8,9 Depression, physical

inactivity, and diabetes increase dementia risk and are associated with

neighborhood exposures in older adults.10–12 Neighborhood socioeco-

nomic status (NSES) is a neighborhood exposure studied frequently,

with moderate evidence for associations with ADRD outcomes.13 For

instance, middle- to older-age adults in the most disadvantaged neigh-

borhoods demonstrated cortical thinning in Alzheimer’s disease (AD)

regions of interest (ROI) and greater longitudinal cognitive decline,14

and 4.1% lower hippocampal volume.15

Built environments (physical residential, work, and school environ-

ments) influence behaviors and environmental exposures related to

brain health and ADRD. Specifically, neighborhood greenspaces such

as parks and tree canopy have been beneficially associated with mod-

ifiable risk factors (e.g., physical activity and diabetes) and reduced

ADRD risk and cognitive impairment.16–18 While evidence is accumu-

lating for associations between neighborhood greenspaces and better

brain health,19 most studies of older adults have focused on cogni-

tive outcomes. Cognitive test results can vary by factors unrelated to

underlying neurological conditions, such as differences in education,

racialized/ethnic group, primary language, and health status.20 Studies

using biomarkers such as brainmagnetic resonance imaging (MRI) may

provide less biased evidence for associations between greenspace and

brain health.

Limited studies have investigated associations between greenspace

and MRI outcomes.21–27 Living in greener areas has been associated

with greater cortical thickness in AD ROI22–24 and living in more

forested areas has been associated with greater amygdala integrity.25

In addition, greater neighborhood greenspace has been associated

with greater gray matter volume (e.g., left middle frontal lobe and

temporal pole),27 and borderline positively associated with ventricle

grade.21 Despite growing evidence, prior studies were cross-sectional

and lacked consideration of interactions between greenspace and

NSES.

Research is needed on the independent and combined influence

of greenspace and NSES on health. Understanding this interaction

is crucial to inform interventions targeting disadvantaged neighbor-

hoods. Our study examined associations of a combined neighborhood

greenspace and NSES measure with 5-year change in white matter

and ventricle grade amongolder adults. Ventricular enlargement (brain

atrophy) and white matter hyperintensities (e.g., demyelination and

axonal degeneration), as evidencedbywhitematter andventricle grade

scores, are brain health markers that predict dementia risk and cor-

relate with symptomatic/neuropathological ADRD and later stages of

disease.28–31 Thus, these MRI biomarkers are tied to future ADRD

risk and ADRD prevention. We hypothesized that individuals in neigh-

borhoods with less greenspace and lower NSES would have greater

worsening of thesemeasures over time.
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RESEARCH INCONTEXT

1. Systematic review: The authors reviewed PubMed and

Web of Science for published articles on associations

between neighborhood greenspaces and neighborhood

socioeconomic status (NSES) with brain imaging out-

comes. The pertinent citations are cited.

2. Interpretation: This study adds to the extant literature by

investigating associations between a combined measure

of neighborhood greenspace and NSES and longitudi-

nal change in magnetic resonance imaging (MRI) out-

comes among older adults. Our findings suggest that the

combination of lower neighborhood income and lower

greenspacemaybeanovel risk factor forworseningwhite

matter grade onMRI.

3. Future directions: These preliminary findings point to

avenues for future research, including studies that focus

on minoritized groups and neighborhoods, use mixed

methods, and investigate the impact of greenspace qual-

ity, time spent in greenspaces, and refinedNSESmeasures

on longitudinal brain imaging outcomes.

2 METHODS

2.1 Sample

The population-based Cardiovascular Health Study (CHS) recruited

≥ 65-year-olds from Forsyth County, North Carolina; Sacramento

County, California; Pittsburgh, Pennsylvania; andWashington County,

Maryland. Most (n = 5201) were enrolled in 1989 and 1990, with

687 predominantly Black participants enrolled in 1992 and 1993

using the same recruitmentmethods.32 Annual clinic visits (until 1999)

assessed comorbidities, risk factors, and subclinical cardiovascular

disease. Detailed CHS procedures are elsewhere and participants

provided informed consent.33 We restricted to participants with (1)

neighborhood measures at initial MRI, (2) two MRIs (1991–1994

and 1997–1999), and (3) no cognitive impairment/dementia at initial

MRI (i.e., dementia International Classification of Disease 9th Edition

codes from hospital/outpatient visits, dementia medications, cognitive

screening suggested significant decline, or proxy respondent due to

cognitive difficulty).

2.2 MRIs

Sites used standardized MRI protocols, with three sites using 1.5T

GE or Picker scanners and one using a 0.35T Toshiba scanner.34–37

Neuroradiologists blinded to diagnosis assessed ventricular size from

T1-weighted images and white matter hyperintensity (WMH) bur-

den from spin-density weighted axial images (graded 0 [least] to 9

[most] abnormal). Side-by-side reads by two raters provided ventri-

cle and white matter grade change measures between initial and

follow-up scans (intrareader reliability: κ = 0.69; inter-reader reliabil-

ity: κ=0.3637). Fewhad longitudinal change in scores of>1point; thus,

we dichotomized change as worsening (> 0) or not (≤0; 2 had white

matter grade improvement, 14 had ventricle grade improvement).

2.3 Neighborhood characteristics

Proportion greenspace and forest cover (deciduous, evergreen, or

mixed) were derived for 1-km circular buffers around residences using

the National Land Cover Database (NLCD; 1992, 2001).38 Using satel-

lite imagery, the NLCD classifies land and surface uses/types (e.g.,

developed land and forest).39 Annual measures were calculated from

a linear interpolation of NLCD values between 1992 and 2001; we

carried the 1992 value backward for earlier years. Global greenspace

was based on all land types corresponding to vegetation, andmeasures

accounted for address changes during follow-up.

Neighborhood median household income and population density

(people/km2) for the 1-km buffers were derived from the Longitudinal

Tract Database (1990, 2000).40 Weighted average values were calcu-

lated for each buffer based on proportion of Census tract covered.

Annual neighborhood income and population density were calculated

from a linear interpolation of 1990 and 2000 values. We used neigh-

borhood greenspace, income, and population density values from the

initial MRI.

The primary exposure was a neighborhood typology based on

greenspace and neighborhood income. This was determined a priori

to be consistent with definitions used by fields (e.g., urban planning)

that influenceneighborhoodenvironments andunderstand themholis-

tically. Neighborhood typologies consider intersecting and defining

traits of neighborhoods recognized by researchers and lay people (e.g.,

“minority urban”).41,42 To this end, we dichotomized at the medians

(greenspace:≤37%vs.>37%;neighborhood income:≤$56,267%vs.>

$56,267%) to create our four-category neighborhood typology: lower

greenspace–lower income, lower greenspace–higher income, higher

greenspace–lower income, and higher greenspace–higher income (ref-

erence). Lacking available standardized (and clinically significant) cut

points, we chose median cut points to maximum sample size in each

category.

2.4 Participant characteristics

Baseline demographics included age (initial MRI), sex, self-identified

racialized group (White, Black, American Indian/Alaska Native,

Asian/Pacific Islander, other), self-identified Hispanic ethnicity,

participant’s income (wages, retirement savings, etc.; 8-category

measure grouped by tertile: < $12,000/year, $12–$24,999/year, ≥

$25,000/year), education (< high school degree, high school degree,

some college/vocational school, college degree or beyond), andmarital

status (married vs. never/divorced/separated). For multivariable
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analyses, categorical/dummy variables were created for racialized

groups (non-White vs. White; did not consider Hispanic/Latino

ethnicity due to small sample) and education (higher and lower edu-

cation vs. high school degree). Apolipoprotein E (APOE) genotype

was dichotomized as carrier (≥ 1 ε4 allele) versus non-carrier (no ε4
alleles).43

Health variables includedbodymass index (kg/m2), total kilocalories

(kcal) of self-reported physical activity/week,44 blocks walked/week,

and smoking status (current, former, never) from visit closest to ini-

tial MRI (time between visit and MRI: mean = 92 days; standard

deviation [SD] = 91), as well as pack-years smoked at baseline.

Comorbidities from visit closest to initial MRI included hypertension

(≥ 140 mmg systolic, ≥ 90 mm diastolic, or self-reported diagno-

sis plus anti-hypertensive use), depressive symptoms (10-item Center

for Epidemiological Studies Depression scale45), self-reported/treated

arthritis, and diabetes (high glucose or medication use). Participant-

reported cardiovascular disease (cardiac bypass, congestive heart

failure, heart attack, coronary heart disease, angina) and cerebrovas-

cular disease (stroke, transient ischemic attack) at initial MRI were

confirmed via medical record adjudication.46,47 The modified Mini-

Mental State Examination (3MSE)measured global cognition (0 [worst]

to 100 [best]).

2.5 Analyses

We describe characteristics (e.g., means and SDs) for the total sample

and stratified by neighborhood greenspace–income categories. Unad-

justed linear or logistic regression tested differences in participant

characteristics by greenspace–income group. Statistical significance

included P< 0.05.

Multivariable logistic regression using generalized estimating

equations (clustering by US Census tract) tested associations between

dichotomized neighborhood greenspace and neighborhood income

variables (separately) and dichotomous measures of worsening white

matter and ventricle grade from initial to follow-up MRI. These analy-

ses determined if neighborhood greenspace and neighborhood income

were independently associated with the MRI outcomes. Models first

controlled for demographics (age, sex, race, income, education, marital

status), population density, site, and time between initial and follow-

up MRI (a priori confounders). We then additionally controlled for

health behaviors (ever smoked, physical activity/week), comorbidities

(hypertension, arthritis, diabetes, cardiovascular and cerebrovascular

disease), and baseline ventricle or white matter grade (depending on

model). Models described above were repeated replacing the indi-

vidual neighborhood variables with the four-category neighborhood

greenspace–income measure. A neighborhood greenspace × neigh-

borhood income interaction term was tested in fully adjusted

models.

Given the importance of racialization as a social determinant of

ADRD,48 we attempted to subset multivariable models to assess

whether exposures had a stronger influence on MRI outcomes among

Black participants. Models did not converge due to insufficient sam-

F IGURE 1 Sample size flow diagram. CHS, Cardiovascular Health
Study;MRI, magnetic resonance imaging

ple size and running models without clustering was ill advised. Thus,

race-stratified analyses are future priorities.

As a first sensitivity analysis, we omitted race from multivari-

able analyses to examine whether this social construct and marker

of experienced discrimination was a significant confounder. Second,

we examined separate associations for both exposures measured

in quartiles, which assessed differing cut points (i.e., quartiles vs.

dichotomized at median). Third, focusing on the four-category neigh-

borhood greenspace–income measure, we additionally controlled for

≥ 1 APOE ε4 allele because APOE genotype may vary geographically49

and has been associated with our MRI outcomes.50 Fourth, we

removed participants in the top 5%highest or lowest population densi-

ties to assess impact of extreme population densities (i.e., lack of over-

lap of more extreme population densities between lower greenspace–

lower income and higher greenspace–higher income). Fifth, we created

a composite NSES measure (mean of z score–standardized Census

tract measures of median household income, percentage with ≤ high

school degree, percentage with ≥ 4-year college degree, and per-

centage living in poverty) to examine whether fully adjusted models

using a neighborhood greenspace–NSES measure provided similar

findings to the neighborhood greenspace–income measure. The de-

identified data precluded linking participants’ addresses to established

NSES measures (e.g., Area Deprivation Index [ADI]). Post hoc analyses

included percentage forest × neighborhood income (both continuous)

interaction terms in fully adjustedmodels to assess whethermore spe-

cific greenspace (i.e., percentage forest) interacted with neighborhood

income.

3 RESULTS

At initial MRI, participants (n = 1260, Figure 1) were on average

75 years old (SD = 4.4), 57% were women, 12% were Black, 88%

were White (0.3% were American Indian/Alaska Native, Asian/Pacific
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TABLE 1 Participant characteristics by neighborhood greenspace-neighborhood income groups.

Neighborhood greenspace–neighborhood income category

Characteristica (from initial MRI) Total

Lower

greenspace,

lower income

Lower

greenspace,

higher incomed

Higher

greenspace,

lower incomed

Higher

greenspace,

higher incomed

Sample, n 1260 393 240 236 391

Age, mean (SD) 74.6 (4.4) 74.8 (4.6) 74.7 (4.5) 74.5 (4.6) 74.4 (4.2)

Female, n (%) 720 (57.1%) 222 (56.5%) 132 (55.0%) 134 (56.8%) 232 (59.3%)

Racialized groupe, n (%)

White 1108 (87.9%) 311 (79.1%)c 221 (92.1%) 205 (86.9%)c 371 (94.9%)

Black 148 (11.8%) 82 (20.9%)c 18 (7.5%) 29 (12.3%)c 19 (4.9%)

American Indian/Alaska Native 1 (0.1%) 0 (0.0%)c 0 (0.0%) 1 (0.4%)c 0 (0.0%)

Asian/Pacific Islander 1 (0.1%) 0 (0.0%)c 1 (0.4%) 0 (0.0%)c 0 (0.0%)

Other 2 (0.2%) 0 (0.0%)c 0 (0.0%) 1 (0.4%)c 1 (0.3%)

Hispanic ethnicity, n (%) 16 (1.3%) 9 (2.3%)c 1 (0.4%) 1 (0.4%) 5 (1.3%)

Married, n (%) 907 (72.0%) 268 (68.2%) 190 (79.2%)c 169 (71.6%) 280 (71.8%)

Income, n (%)

<$12,000/year 226 (19.1%) 76 (20.7%) 27 (12.3%)c 45 (20.2%) 78 (20.9%)

$12,000–24,999/year 434 (36.7%) 131 (35.6%) 70 (32.0%)c 89 (39.9%) 144 (38.6%)

$≥25,000/year 523 (44.2%) 161 (43.8%) 122 (55.7%)c 89 (39.9%) 151 (40.5%)

Education, n (%)

<High school degree 288 (22.9%) 91 (23.2%)c 33 (13.8%)c 60 (25.4%) 104 (26.6%)

High school degree 359 (28.5%) 99 (25.2%)c 65 (27.1%)c 87 (36.9%) 108 (27.6%)

Some college/vocational school 302 (24.0%) 90 (22.9%)c 74 (30.8%)c 44 (18.6%) 94 (24.0%)

≥College degree 311 (24.7%) 113 (28.8%)c 58 (28.3%)c 45 (19.1%) 85 (21.7%)

≥1 APOE ε4 allele, n (%) 274 (23.6%) 90 (25.4%) 48 (21.4%) 58 (25.6%) 78 (21.9%)

Time betweenMRIs, mean (SD) 5.00 (0.76) 4.88 (0.78)c 4.93 (0.84) 5.14 (0.71) 5.05 (0.71)

Percent greenspace, mean (SD) 40.4 (28.2) 16.6 (10.1)c 17.2 (10.9)c 58.8 (17.6)c 67.4 (19.2)

Percent forest, mean (SD) 20.1 (19.3) 10.6 (9.7)c 8.4 (9.7)c 30.5 (20.3) 30.5 (21.4)

Population densityb, mean (SD) 1394 (1296) 2509 (1354)c 1761 (918)c 709 (737)c 453 (495)

Neighborhood income, mean (SD) 59101 (20007) 43373 (9064)c 74299 (15701) 47849 (28357)c 72374 (19701)

Abbreviations: APOE, apolipoprotein E;MRI, magnetic resonance imaging; SD, standard deviation.
aMissing data: Hispanic (n= 2), married (n= 1), income (n= 77), APOE (n= 99).
bPeople/km2.
cSignificantly different than “higher greenspace, higher income” group, P< 0.05.
dGreenspace dichotomized at median of 37%, neighborhoodmedian household income dichotomized at median of $56,267/year.
eBlack, American Indian/Alaska Native, Asian/Pacific Islander, and those self-identifying as Other were combined for statistical comparison to White

participants due to small sample sizes.

Islander, or other), and 1% were Hispanic (Table 1). Forty-nine percent

had at least some college education. On average, participants lived in

neighborhoods with 40% greenspace (SD= 28%). Mean time between

MRIs was 5 years (SD = 0.76). Compared to higher greenspace–

higher income neighborhoods, lower greenspace–lower income and

higher greenspace–lower income neighborhoods included more par-

ticipants of Black or other racialized group. Participant counts in each

neighborhood greenspace–income category varied by site (Table S1 in

supporting information). No distinct patterns emerged in participant

distribution by quartile of neighborhood greenspace and neighbor-

hood income, except that in the lowest neighborhood income quartile,

more participants represented the bottom two greenspace quartiles

(Table S2 in supporting information).

At initial MRI, mean white matter grade score was 1.87 (SD = 1.46)

and mean ventricle grade score was 3.31 (SD = 1.21; Table 2). Mean

increase from initial to follow-up MRI was 0.35 (SD = 0.59) for white

matter grade and 0.31 (SD = 0.51) for ventricle grade. Thirty per-

cent experienced worsening white matter grade and 31% experienced

worsening ventricle grade.

Tables 3 and 4 provide multivariable findings. Neighborhood

greenspace was not associated with either MRI outcome (although

estimates in hypothesized direction; Table 3), whereas living in lower
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TABLE 2 Participant health status by neighborhood greenspace–neighborhood income groups.

Neighborhood greenspace-neighborhood income category

Characteristica (from initial MRI) TotalN= 1260

Lower

greenspace,

lower incomeb

Lower

greenspace,

higher incomeb

Higher

greenspace,

lower incomeb

Higher

greenspace,

higher incomeb

Bodymass index (kg/m2), mean (SD) 26.6 (4.2) 26.5 (4.2) 26.4 (4.1) 26.8 (4.0) 26.7 (4.2)

Hypertension, n (%) 628 (49.9%) 210 (53.4%) 109 (45.4%) 121 (51.3%) 188 (48.2%)

kcals of PA/week, mean (SD) 1746.8 (1931.7) 1708.2 (1895.2) 1860.2 (1792.1) 1743.0 (2083.9) 1718.0 (1960.2)

Blocks walked per week, mean (SD) 23.5 (44.9) 21.7 (35.6) 31.8 (48.0)d 22.3 (56.1) 21.2 (43.3)

Ever smoked, n (%) 702 (55.7%) 231 (58.8%)d 135 (56.3%) 134 (56.8%) 202 (51.7%)

Smoking pack years, mean (SD) 15.6 (23.5) 16.9 (24.1) 14.4 (24.9) 17.2 (23.5) 13.9 (21.7)

Arthritis, n (%) 552 (49.8%) 188 (52.2%) 88 (45.8%) 96 (45.3%) 180 (52.3%)

10-itemCES-D scale, mean (SD) 4.6. (4.4) 4.7 (4.5) 4.3 (4.1) 4.9 (4.8) 4.5 (4.1)

Diabetes, n (%) 171 (13.9%) 58 (15.0%) 23 (9.8%) 38 (16.2%) 52 (13.8%)

Fasting glucose (mg/dL), mean (SD) 106.4 (33.2) 107.7 (37.2) 103.4 (33.3) 107.1 (31.3) 106.5 (30.1)

Cardiovascular disease, n (%) 241 (19.1%) 83 (21.1%) 35 (14.6%) 50 (21.2%) 73 (18.7%)

Stroke/TIA, n (%) 65 (5.2%) 15 (3.8%) 12 (5.0%) 12 (5.1%) 26 (6.7%)

3MSE, mean (SD) 92.9 (5.7) 92.1 (6.7)d 93.6 (4.9) 93.1 (5.2) 93.2 (5.3)

Initial MRImeasure, mean (SD)

Whitematter grade 1.87 (1.46) 1.81 (1.50) 1.96 (1.54) 1.85 (1.36) 1.88 (1.42)

Ventricle grade 3.31 (1.21) 3.42 (1.21) 3.36 (1.23) 3.14 (1.25) 3.28 (1.17)

Change from initial to follow-up

MRI, mean (SD)

Whitematter grade 0.35 (0.59) 0.39 (0.61) 0.30 (0.58) 0.33 (0.56) 0.35 (0.60)

Ventricle grade 0.31 (0.51) 0.29 (0.52) 0.26 (0.48)d 0.31 (0.50) 0.35 (0.52)

From initial to follow-upMRI, n (%)c

Worsening whitematter grade 379 (30.1%) 132 (33.6%) 62 (25.8%) 68 (28.8%) 117 (29.9%)

Worsening ventricle grade 389 (30.9%) 108 (27.5%)d 63 (26.3%)d 76 (32.2%) 142 (36.3%)

Abbreviations: 3MSE, modifiedMini-Mental State Examination; CES-D, Center for Epidemiologic Studies Depression Scale; kcal, kilocalories; MRI, magnetic

resonance imaging; PA, physical activity; SD, standard deviation; TIA, transient ischemic attack.
aMissing data: kcal (n= 3) pack years smoked (n= 37), fasting glucose (n= 6), hypertension (n= 1), arthritis (n= 152), diabetes (n= 25).
bGreenspace dichotomized at median of 37%; neighborhoodmedian household income dichotomized at median of $56,267/year.
cVersus no change or improvement from initial to follow-upMRI.
dSignificantly different than “higher greenspace, higher income” group, P< 0.05.

income neighborhoods was associated with greater odds of white

matter gradeworsening inminimally (odds ratio [OR]= 1.33, 95% con-

fidence interval [CI]=1.06–1.67) and fully adjustedmodels (OR=1.44;

95% CI = 1.12–1.85). Neighborhood income was not associated with

ventricle grade in any adjustedmodels.

Table S3 in supporting information provides unadjusted regres-

sion findings for the four-category neighborhood greenspace–income

measure. In minimally adjusted models (Table 5), compared to par-

ticipants in higher greenspace–higher income neighborhoods, those

in lower greenspace–lower income neighborhoods had greater odds

of white matter grade worsening (OR = 1.60, 95% CI = 1.12–2.30)

and those in lower greenspace–higher income neighborhoods had

lower odds of ventricle grade worsening (OR = 0.60, 95% CI: 0.38–

0.97). In fully adjusted models, only the association between lower

greenspace–lower income neighborhoods and white matter grade

worsening remained (OR = 1.73; 95% CI = 1.19–2.51). The neigh-

borhood greenspace × neighborhood income interaction terms were

not significant in the fully adjusted models for white matter grade

(P= 0.76) or ventricle grade worsening (P= 0.12). No other significant

associations were observed.

In sensitivity analyses, omitting race from multivariable models

produced similar findings (Tables S4–S6 in supporting information).

Dividing neighborhood greenspace into quartiles produced similar,

non-significant associations with the MRI outcomes (Table S7 in

supporting information). After dividing neighborhood income into

quartiles, only the lowest quartile was associated with white matter

grade worsening (Table S8 in supporting information). Additionally

controlling for ≥ 1 APOE ε4 allele and removing extreme popula-

tion densities resulted in little change in associations (Tables S9

and S10 in supporting information). Models using the neighbor-

hood greenspace–NSES measure provided similar findings as the

neighborhood greenspace–income measure. Last, neighborhood
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TABLE 3 Adjusted association between dichotomous neighborhood greenspace and dichotomousMRImeasures.

Partially adjustedmodelb Fully adjustedmodelc
MRI outcome (worsening from

initial to follow-upMRI)

Neighborhood percentage

greenspacea OR (95%CI) P-value OR (95%CI) P-value

Whitematter grade Lower (vs. higher) greenspace 1.31 (0.92–1.85) 0.13 1.36 (0.95–1.94) 0.09

Ventricle grade Lower (vs. higher) greenspace 0.72 (0.49–1.06) 0.19 0.90 (0.64–1.28) 0.58

Abbreviations: CI, confidence interval; MRI, magnetic resonance imaging; OR, odds ratio.
aDichotomized at median of 37%.
bControlling for age, sex, racialized group (non-White vs.White), marital status, income, education, population density, site/clinic, and time between first and

secondMRI.
cAdditionally controlling for diabetes, arthritis, hypertension, cardiovascular disease, cerebrovascular disease, ever smoked, kcals of physical activity/week,

bodymass index, and initial MRI grade onwhitematter or ventricle as appropriate.

TABLE 4 Adjusted association between neighborhoodmedian income and dichotomousMRImeasures.

Partially adjustedmodelb Fully adjustedmodelc
MRI outcome (worsening from

initial to follow-upMRI) Neighborhoodmedian incomea OR (95%CI) P-value OR (95%CI) P-value

Whitematter grade Lower (vs. higher) income 1.33 (1.06–1.67) 0.01 1.44 (1.12–1.85) 0.004

Ventricle grade Lower (vs. higher) income 0.88 (0.65–1.19) 0.39 0.80 (0.61–1.06) 0.12

Abbreviations: CI, confidence interval; MRI, magnetic resonance imaging; OR, odds ratio.
aDichotomized at median of $56,267/year.
bControlling for age, sex, racialized group (non-White vs.White), marital status, income, education, population density, site/clinic, and time between first and

secondMRI.
cAdditionally controlling for diabetes, arthritis, hypertension, cardiovascular disease, cerebrovascular disease, ever smoked, kcals of physical activity/week,

bodymass index, and initial MRI grade onwhitematter or ventricle as appropriate.

TABLE 5 Association between neighborhood greenspace–neighborhood incomemeasure and dichotomousMRI outcomes.

Partially adjustedmodelb Fully adjustedmodelcMRI outcome (worsening

from initial to follow-up

MRI)

Neighborhood

greenspace–neighborhood income

measurea OR (95%CI) P-value OR (95%CI) P-value

Whitematter grade Lower greenspace, lower income 1.60 (1.12–2.30) 0.01 1.73 (1.19–2.51) 0.004

Lower greenspace, higher income 1.11 (0.70–1.78) 0.65 1.17 (0.72–1.89) 0.53

Higher greenspace, lower income 1.08 (0.66–1.78) 0.75 1.16 (0.70–1.93) 0.57

Ventricle grade Lower greenspace, lower income 0.65 (0.41–1.01) 0.06 0.77 (0.51–1.16) 0.21

Lower greenspace, higher income 0.60 (0.38–0.97) 0.04 0.71 (0.45–1.12) 0.14

Higher greenspace, lower income 1.16 (0.70–1.94) 0.56 0.92 (0.56–1.52) 0.75

Abbreviations: CI, confidence interval; MRI, magnetic resonance imaging; OR, odds ratio.
aGreenspace dichotomized at median of 37%; neighborhood median household income dichotomized at median of $56,267/year; reference group = higher

greenspace-higher income neighborhood.
bControlling for age, sex, racialized group (non-White vs.White), marital status, income, education, population density, site/clinic, and time between first and

secondMRI (whitematter grademodel: n= 1180; ventricle grademodel: n= 1180).
cAdditionally controlling for diabetes, arthritis, hypertension, cardiovascular disease, cerebrovascular disease, ever smoked, kcals of physical activity/week,

bodymass index, and initial MRI whitematter and ventricle grades (whitematter grademodel: n= 1177; ventricle grademodel: n= 1177).

forest × neighborhood income interaction terms were not significant

in fully adjustedmodels (P> 0.05, data not shown).

4 DISCUSSION

Individuals in lower greenspace–lower income neighborhoods (vs.

higher greenspace–higher income) were more likely to experience

a 5-year white matter grade worsening after controlling for impor-

tant confounders including individual SES. Null associations for the

other neighborhood greenspace–income categories may suggest that

living in neighborhoods with either lower median incomes or less

greenspace alone is insufficient to be associated with worsening white

matter grade. Overall, the combined association of lower neighbor-

hood incomeand lower greenspacewithworseningwhitematter grade

should be verified in future studies.

While no known prior studies have examined combined effects

of neighborhood greenspace and NSES on MRI outcomes, studies

focused on these neighborhood factors individually inform our inter-

pretations. Cross-sectional studies found that greater neighborhood
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disadvantage was associated with cortical thinning in AD ROI and

lower hippocampal and total brain volumes in cognitively unimpaired

middle- to older-age adults.14,15 A previous CHS study found greater

neighborhood greenspace was borderline associated with lower ven-

tricle grade score.21 Greater neighborhood greenness was associated

with greater amygdala integrity25 and greater cortical thickness in

middle-age to older adults,22–24 and multiple gray and white matter

regional volumes among children and middle-age to older adults.26,27

These studies suggest beneficial associations for both greater NSES

and greenspace on structural brain health measures. While previous

studies used more specific brain imaging measures to potentially pin-

point causal relationships, their cross-sectional approach limits causal

inference. A unique strength of this study is the demonstration of asso-

ciations between neighborhood greenspace and NSES and subsequent

white matter gradeworsening.

We found no associations with worsening ventricle grade, although

a previous CHS study found a borderline association between greater

neighborhood greenspace and lower ventricle grade score.21 Devel-

opment of WMH and ventricular expansion were only moderately

associated in prior work, suggesting that mechanisms leading to their

development do not completely overlap.51 Causal mechanisms relat-

ing greenspace and neighborhood income to worsening white matter

need elucidation but could relate to factors previously associated with

neighborhood factors and WMH, including hypertension. If higher

greenspace–higher income neighborhoods protect against future

worsening of WMH, the benefit may eventually extend to reduce

stroke and dementia risk, given prior associations between WMH and

greater risk of these conditions.52 Studies with extended longitudinal

measurements could investigate neighborhood greenspace–NSES and

WMH associations as a mediating pathway to stroke and dementia

development.

Findings for lower income–lower greenspace neighborhoods could

represent a few scenarios. Those neighborhoods may be capturing

areas with lower quality greenspaces as may be found in low-income

neighborhoods. Preliminary studies suggest the importance of

greenspace type and quality. For example, having more tree canopy

(vs. open grassland) has been associated with lower odds of subjec-

tive cognitive complaints and greater odds of self-rated excellent

memory.53 Greenspace quality may be more important than quantity

and should be investigated using cohorts with greenspace quality data.

However, given frequent associations between NSES and both ADRD

risk factors (e.g., diabetes and hypertension) and outcomes such as

stroke and ADRD,14,15,54 poor greenspace quality is unlikely to be the

sole explanation for our findings for lower greenspace–lower income

neighborhoods. Another possibility is that higher greenspace–higher

income neighborhoods represent the most advantaged, and con-

versely, lower greenspace–lower income neighborhoods represent the

most disadvantaged neighborhoods. Considered separately, neighbor-

hood income but not greenspace was associated with worsening white

matter grade, suggesting that our neighborhood greenspace–income

variable may be a proxy capturing greater variation in NSES than

neighborhood income alone.55 Nonetheless, future work needs to

tease apart the relative importance of neighborhood greenspace

amount and quality and NSES to brain health changes over time in

older adults. This is important given the rapidly growing number of

studies demonstrating beneficial associations between greenspace

and brain health (e.g., 74% of 56 studies in a rapid review56), and the

limited number investigating potential causal pathways responsible

for observed beneficial associations (e.g., greater social and physical

activity and lower air pollution exposure).

Study strengths include the use of a population-based cohort, a

combined measure of neighborhood greenspace and NSES, and longi-

tudinal MRI. A number of limitations must be noted. Our greenspace

measure did not account for accumulated exposure over time/the

life course, which could be investigated using cohorts with residen-

tial history data. MRI outcomes were measured over two time points,

and more frequent outcome measurement might result in different

findings in future research.Wecouldnotexamineneighborhoodgreen-

ness (e.g., using normalized difference vegetation index) or greenspace

types such as parks versus tree canopy.While post hoc analyses evalu-

ated percentage forest, it could not be compared to other greenspace

types due to NLCD limitations, which will be important in future stud-

ies. In addition, we did not capture actual exposure such as hours

spent in greenspace/week. Althoughour sensitivity analyses compared

results using neighborhood income to a composite NSESmeasure con-

structed from four Census measures, new studies would benefit from

the use of established NSES indices like the ADI. Neighborhood type

(e.g., single family homes vs. retirement village) may relate to SES

and thus is important to incorporate in future studies. In this study,

we aimed to investigate whether living in neighborhoods differing

in amount of greenspace and median income at baseline are tem-

porally followed by longitudinal change in MRI outcomes, but future

studies might examine associations between changes in neighborhood

percentage greenspace and longitudinal change in MRI outcomes.

Inadequate statistical power may explain null findings for the neigh-

borhood greenspace × neighborhood income interaction term and for

the other neighborhood greenspace–income strata. However, power is

often limited to detect interactions and the importance of understand-

ing stratum-specific effects andnot simply focusing on interaction term

significance is increasingly emphasized.57 Although we accounted for

hypertension in our models, we lacked information on adequate con-

trol of hypertension through medication, which may impact change

in white matter grade. White matter and ventricle grade are use-

ful longitudinal measures of white matter damage and brain atrophy

but were the only two longitudinal brain imaging measures readily

available from CHS and were not measured quantitatively. Imaging

measures such as regional volumes (e.g., hippocampal volumes) as well

as cortical thickness and integrity of AD ROI may be fruitful, more

specific targets related to ADRD for future research. We restricted

to those with MRI and greenspace data, which may have resulted in

selection bias and limited generalizability. We know that CHS partici-

pants completing initial and follow-up MRIs differed from the overall

sample (e.g., had higher SES and less heart disease than those with

only initial MRI).37 Also, pooling data across the four CHS sites limits

an understanding of site-specific neighborhood characteristics related

to greenspace and NSES that may be associated with brain aging.
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Future studieswouldbenefit fromacity-specific investigationof neigh-

borhood greenspace–NSES and brain health associations, potentially

using mixed methods to incorporate residents’ perspectives that can

illuminate lived experiences and community resource needs.

A significant limitation is the sample’s lack of racial/ethnic diver-

sity. This limited examination of associations within specific groups,

which will be critical in other cohorts with sufficient sample sizes of

minoritized participants. Historic (e.g., redlining) and persistent struc-

tural inequities resulting in longstanding residential segregation have

led to poorer neighborhood environments, including greenspaces and

NSES, among minoritized individuals. Additional studies should ver-

ify the impacts of policies and structural factors on neighborhood and

ADRD-related outcome disparities between populations, as well as

determine key mediators on the causal pathway for neighborhood-

brain imaging associations (e.g., stress, physical activity, and social

isolation), particularly amongminoritized groups.

5 CONCLUSION

Living in neighborhoods with lower NSES and less greenspace may

be associated with greater white matter damage over time among

older adults, which may increase stroke and dementia risk. Provi-

sion of new greenspaces to neighborhoods with inadequate access or

poor-quality greenspaces may improve lifestyle behaviors and expo-

sures throughout the life course and subsequently reduce ADRD risk.

However, evidence remains limited that supports specific built environ-

ments, such as greenspaces, for ADRD prevention. While provision of

resources and high-quality greenspaces to historically disadvantaged

neighborhoods may be a strategy to help maintain brain health and

reduce disparities, our results are preliminary and must be replicated

before informing such policies. Findings and limitations from this study

provide avenues for future research, such as studies focusedonminori-

tized groups/neighborhoods, using mixed methods, and investigating

the impact of greenspace quality or established NSES measures on

longitudinal brain imaging outcomes.
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