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Research

Midlife Residential Greenness and Late-Life Cognitive Decline among Nurses’
Health Study Participants
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BACKGROUND: Midlife residential exposure to greenspace may slow cognitive decline by increasing opportunities for physical activity and social con-
nection, restoring attention, or reducing stress or adverse environmental exposures. However, prospective studies on the association between green-
ness and cognitive decline are sparse.

OBJECTIVE: We investigated the prospective association between greenness at midlife and cognitive decline later in life. We explored effect measure
modification by apolipoprotein E (APOE)-¢4 carrier status, neighborhood socioeconomic status (NSES), and rural/urban regions.

METHODS: The Nurses’ Health Study (N =121,700) started in 1976 with married female nurses, 30-55 years of age, located across 11 US states. We
examined 16,962 nurses who were enrolled in a substudy starting in 1995-2001 (mean age =74 y) through 2008. We assessed average summer resi-
dential greenness in a 270-m buffer using Landsat Normalized Difference Vegetation Index data from 1986—1994. Starting in 1995-2001, participants
underwent up to four repeated measures of five cognitive tests. A global composite score was calculated as the average of all z-scores for each task to
evaluate overall cognition. We used linear mixed models to evaluate the association of average greenness exposure at midlife with cognitive decline
in later life, adjusted for age, education, NSES, and depression.

REsuLTs: In adjusted models, higher midlife greenness exposure [per interquartile range (IQR): 0.18] was associated with a 0.004-unit (95% CI:
0.001, 0.006) slower annual rate of cognitive decline. For comparison, we found that 1 year of age is related to a —0.006 mean annual difference for
global cognition in the full sample; thus, higher midlife greenness appeared equivalent to slowing cognitive decline by ~8 months. In analysis
exploring gene—environment interactions, we found that among APOE-¢4 carriers, an IQR increase in greenness was associated with a rate of decline
that was slower by 0.01 units of global composite score (95% CI: 0.0004, 0.02). This association was attenuated among APOE-e4 noncarriers. We
did not observe associations between greenness and baseline or annual rate of cognitive decline of verbal memory.

Discussion: Higher midlife greenness exposure is associated with slower cognitive decline later in life. Future research is necessary to confirm these

findings. https://doi.org/10.1289/EHP13588

Introduction

Literature has suggested that Alzheimer’s disease and related de-
mentia (ADRD), the seventh leading cause of death in the United
States,' may begin >20 y before the onset of identifiable symp-
toms.>™* Cognitive decline is a fundamental aspect of dementia’
and can be considered a spectrum from cognitive health to demen-
tia; thus research that examines novel risk factors predicting cogni-
tive decline is a powerful approach to understanding dementia
prevention. An increasing number of studies have suggested
inverse associations between exposure to residential greenness, or
natural vegetation around the home, and cognitive function in
adulthood.®’ The hypothesized mechanisms through which green-
ness may be beneficial for cognition are attention restoration,
reduction of stress® and air pollution,!° and increased physical
activity'! and social connection.'> However, the majority of studies
are cross-sectional, and the evidence for a longitudinal association
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between residential greenness and cognition and cognitive decline
remains scarce.>!?

Research has shown that reducing midlife (45—-65 years of age)
risk factors may help to delay or prevent ADRD.!# For example,
midlife vascular risk factors are strongly associated with later-life
cognitive decline! and late-life dementia.'® A recent meta-
analysis showed that midlife modifiable risk factors could signifi-
cantly increase the dementia risk by 41%-78%, including psycho-
logical stress and physical exercise.!” A 2020 report on dementia
prevention highlighted physical activity and social contact in mid-
life as potential preventive factors of dementia.!* Greenness expo-
sure has been associated with reduction of vascular risk factors,
psychological stress,'® and increase of physical exercise and social
contact'® and, thus, represents a novel and modifiable exposure at
midlife that can be critical to slow the development of ADRD.

In addition, there is interest in exploring gene—environment
interactions, that is, situations in which genetic effects connected
to a phenotype are dependent upon variability in the environment,
or when genes modify sensitivity to particular environmental fea-
tures.?® The &4 allele is a polymorphism in the apolipoprotein E
(APOE) gene, and a strong risk factor for dementia.?' There are no
known ways for APOE-¢4 carriers to reduce dementia risk. Thus it
is critical to explore effect modification by APOE-¢4 in prevention
research, to help identify potential interventions that might be par-
ticularly important for carriers.??23 Previous work has shown sig-
nificant variation in the effect of the €4 allele on cognition across
neighborhoods with different levels of social disorder,*2> green-
ness,?° and built environment.?” However, studies that evaluate
variation in the association between greenness and cognitive
decline by APOE €4 allele are scarce.

In this study we use prospective data from a US-based nation-
wide cohort to assess the association between residential greenness

132(7) July 2024


https://orcid.org/0000-0001-5240-7898
https://doi.org/10.1289/EHP13588
https://orcid.org/0000-0001-5240-7898
mailto:jimenezm@bu.edu
https://doi.org/10.1289/EHP13588
http://ehp.niehs.nih.gov/accessibility/
mailto:ehpsubmissions@niehs.nih.gov
https://doi.org/10.1289/EHP13588

at midlife with cognition at baseline and cognitive decline over
time. We hypothesized that midlife greenness could restore atten-
tion, reduce stress and air pollution, promote physical activity or
social engagement, thereby slowing down cognitive decline later
in life. Epidemiological studies indicate that greenness may have
health effects that are especially beneficial for socioeconomically
disadvantaged groups, who usually have lower access to affordable
alternative health-promoting resources.?® This potential of green-
ness exposure to mitigate health inequalities is known as the “equi-
genesis hypothesis.”?%3° With the aim to determine which groups
would benefit most from greater midlife greenness exposure, we
stratified the life course model by the presence of an APOE €4 al-
lele, neighborhood socioeconomic status (NSES), and urbanicity
(urban vs. rural).

Methods

Population

We used data from the Nurses” Health Study (NHS; N = 121,700),
which started in 1976 with female registered nurses, 30-55 years
of age, located across 11 US states. All addresses have been geo-
coded since 1986, and participants now live in every state in the
United States. Participants have completed questionnaires every
2 y on medical history and health-related behaviors, with a follow-
up of >90%.3! This study was approved by the institutional review
board of Brigham and Women’s Hospital and Boston University
(Boston, MA). Women gave informed consent to participate at the
time of their cognitive assessment.

Study Participants

From 1995 to 2001, participants >70 years of age with no history
of stroke were invited to participate in a telephone-based study of
cognitive function. Among eligible women (N =22,715), 92% par-
ticipated in the first cognitive interview. Three follow-up cognitive
assessments were administered at ~ 2-y intervals from 1995 to
2008 (median time between the first and fourth interview = 6.6 y;
Figure S1), and participation rate remained high (>90%) over
time.2? For the present analyses, we excluded participants with
missing data on educational attainment, residential addresses, or
baseline cognitive function, leading to a sample of 17,070 women.
Because of differences in the availability of follow-up cognitive
assessments, our analytical sample included 16,962 women with at
least one cognitive assessment.

Exposure: Greenness at Midlife

We used the normalized difference vegetation index (NDVI), a
satellite-based metric, to estimate the amount of vegetation sur-
rounding participants’ residential addresses from 1986 [age:
mean =+ standard deviation (SD)=61+2.5 y] to 1994 (age: 69 +
2.5 y). NDVI is the most widely used satellite-derived indicator
of the quantity of green vegetation on the ground and has been
used as a marker for exposure to greenness in many previous
epidemiological studies.'®'3? For this study, we used Land
Remote-Sensing Satellite System (Landsat) 5 data at a 30-m re-
solution from July for each year because NDVI reaches its max-
imum and highest level of geographic variation during the
height of the summer in most areas. In sensitivity analysis, we
used the annual average NDVI to account for seasonal varia-
tion. Using all longitudinal greenness exposure data collected at
midlife, from 1986 to the most updated available data before
the first cognitive assessment, we estimated the cumulative av-
erage summer NDVI value at a 270-m buffer for the main analy-
sis and at a 1,230-m buffer for the sensitivity analyses around
each participant’s home based on prior work within the NHS
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cohorts.>* Greenness exposure incorporated changes in partici-
pants’ residential addresses throughout time. We examined
NDVI in 270- and 1,230-m buffers to evaluate both the immedi-
ate area around residences and the walkable area as potential
relevant geographic contexts.>* These buffers have also been
used in previous epidemiological studies using NHS data,
which allow for the comparison of results.3!**> NDVI ranges
between —1 and 1, with higher values indicating higher expo-
sure to green vegetation at midlife. Greenness exposure was
assessed as a continuous interquartile range (IQR).

Outcome: Cognitive Assessment in Late Life

Assessment of cognitive function via validated telephone interviews
has been previously described in detail, > and within this cohort.?33¢
Initially, we administered the Telephone Interview of Cognitive
Status (TICS),?” a telephone adaptation of the Mini-Mental State
Exam (MMSE), and five more cognitive tests: a) delayed recall of
the TICS 10-word list, East Boston Memory Test (EBMT)—b) im-
mediate and ¢) delayed recalls, d) category fluency (animal naming
test), and e) digit span backward.?®3° Because our cognitive tests
are scaled differently from each other, we used z-scores to create
composite measures. A global composite score was calculated as
the average of all z-scores to evaluate overall cognitive functioning.
A composite verbal memory score was also derived by averaging
z-scores of the immediate and delayed recalls of the EBMT and the
TICS 10-word list component. Our primary results are based on the
global composite score, but we also evaluated the verbal memory
score as a secondary outcome, given that it is strongly associated
with Alzheimer’s dementia in particular. Previous research has con-
firmed the validity and reliability of the telephone cognitive inter-
view compared with in-person examinations.*® Previous work in
the same cohort has established high validity (r=0.81 comparing
the global composite score from telephone interviews to in-person
exams) and high reliability (»=0.70 for two administrations of the
TICS to our participants, 31 d apart) of our telephone method of
assessing cognitive function in highly educated, high-functioning
subjects.*~#? The average time in years of follow-up from baseline
greenness exposure (i.e., 1986) to the last cognitive assessment
was22y.

Covariates

Potential confounders were selected based on previous knowl-
edge and on a directed acyclic graph (Figure $2).4344
Demographic variables included age in years at first cognitive
assessment (continuous), participant’s education level (bachelor’s
degree, master’s or doctorate degree) and husband’s education
level (some high school, high school graduate, college graduate,
or graduate school graduate), and marital status (married, yes/
no). NSES measures included the 1990 median income and me-
dian home value based on the US Census tract of the 1990
addresses. Mental health was measured in 1992 using the Short
Form (SF-36) Mental Health Index (<52, poor mental health;
>52, better mental health). Antidepressant use was assessed
using the most updated available data before the first cognitive
assessment. Further, health factors also measured in 1992
included physical activity (mean energy expended in vigorous,
moderate, and light exercise) and body mass index (BMI). Air
pollution was quantified in 1994 as residential address-level
12-month average particulate matter <2.5 um in aerodynamic di-
ameter (PM, s5) predicted from a spatiotemporal generalized addi-
tive mixed model.*> Social engagement was assessed in 1992
with the Berkman-Syme Social Network Index (SNI),*¢ a multi-
dimensional measure that has been widely used in prior
research.*” This index assesses four distinct dimensions of social
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networks: a) marital status (married/partnered, separated/
divorced, widowed); b) number of close relatives and close
friends, separately (0, 1-2, 3-5, 6-9, >10); ¢) frequency of reli-
gious activities (>1/wk, 1/wk, 1/month-1/y, never); and d) fre-
quency of activities with community organizations (>11 h/wk,
6-10 h/wk, 3-5 h/wk, 1-2 h/wk, no community activities).*” We
imputed missing values to the modal category or the median
value when they represented <10% of the sample, otherwise a
“missing” category was created.??

Statistical Analysis

We used linear mixed models to evaluate the association of average
greenness exposure at midlife with cognitive decline in later life.
The models included an intercept that represents the mean cogni-
tive level at baseline and a slope parameter that represents the
mean annual rate of cognitive decline over time. All models
included a random intercept and random slope to account for inter-
individual variability. For each outcome of interest (global com-
posite and verbal memory score), we ran several regression models
where covariates were added in a hierarchical fashion, beginning
with a minimally adjusted model and concluding in a fully adjusted
model. Model A adjusted for age. Model B further included
individual SES. Model C further added NSES. Last, model D
included mental health and antidepressant use. To assess potential
deviations from linearity for associations with all cognition meas-
urements, we fit generalized additive models for continuous expo-
sures and natural splines with 3-4 knots based on the Akaike
information criterion.® In supplementary analyses, we applied a
more stringent definition of participants with the highest greenness
exposure (90th percentile) vs. participants with the lowest green-
ness exposure (10th percentile) to assess potential differences in
cognitive decline trajectories between these groups. Further, to
examine shorter-term effects, we assessed the association between
greenness exposure in the immediate year prior to the first cogni-
tive assessment (vs. up to 9 y prior) and subsequent cognitive func-
tion. In sensitivity analyses, we further excluded participants in
the lowest 10% of the distribution of cognitive performance at
baseline (n=1,484), participants who had just moved to the
address for <2 y (n=3,017), and participants who had changed
their address during the follow-up period (n =3,374).

To examine factors that could modify the longitudinal associ-
ation between midlife greenness exposure and subsequent cogni-
tive function, we evaluated effect modification by stratifying
models based on: a) NSES (tertiles: low, medium, high), ) US
Census tract population density (number per square kilometers;
tertiles: low, medium, high; N =16,759) as a measure of urban
vs. rural, and ¢) APOE-e4 status (carriers, noncarriers). We also
included interaction terms to formally test the interaction between
each of the hypothesized effect modifiers and greenness for each
cognitive outcome. To obtain APOE-e4 status (carrier/noncar-
rier) data, blood samples were collected from participants in
1989-1990 (N =9,927, 59% of our sample). Participants who had
not provided blood samples were invited to provide buccal cell
samples in 2002-2004 (N =7,035, 41% of our sample). Genomic
DNA was extracted using the ReturPureGene DNA Isolation Kit
from Qiagen #158489 (Gentra Systems), further information can
be found in previous studies.”* The health status of included
women was better than those without genotype data.>* Finally, we
conducted a sensitivity analysis that restricted the sample to
women without any APOE-¢2 allele (further excluding N = 1,257,
15% of participants with genotype data).

Greenness has been associated with decreased levels of air pollu-
tion,'-32 and increased levels of physical activity, social connection,
and mental health.'® We used a causal mediation framework*3-° to
determine whether the effect of greenness (at midlife) on cognition
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and cognitive decline over time was mediated through pathways rep-
resented by air pollution, physical activity, social connection, and
mental health (all measured between 1992 and 1994, before the initial
cognitive interview). We used the “mediation” package in R, which
incorporates estimates from the mediator and outcome models to esti-
mate natural direct and indirect effects.’! Mediation analysis requires
the assumptions that there are no unmeasured exposure—outcome,
mediator—outcome, or exposure—mediator confounders and no
mediator—outcome confounders affected by exposure.>? Although
these assumptions are not verifiable, we believe ours are reasona-
ble because we have included major confounders in our mediation
analyses. We used 100 Monte Carlo draws for nonparametric boot-
strap confidence intervals (CIs). Data management was performed
in SAS (version 9.4; SAS Institute, Inc.) and data analyses were
conducted using R software (version 4.1.3; R Development Core
Team). We used the hlme function of the lecmm R package (version
1.7.8) for linear mixed models.>3

Results

Among the 16,962 women included in the study sample, the aver-
age age at the first cognitive interview was 74.2+2.3 y (Table
1). US Census tract median income was higher in the areas with
highest greenness exposure (347,718 +$17,990) vs. the lowest
greenness exposure ($42,731 + $16,452; Table 1), whereas areas
with higher greenness had lower neighborhood home value
($133,738 + $84,842), compared with areas with less greenness
($159,422 + $113,200). The average global cognitive score over
follow-up was higher for women who lived in areas with the
highest greenness exposure across midlife than for women who
lived in areas with the lowest greenness exposure (e.g., 0.02 +
0.57 vs. —0.07 + 0.61). Baseline characteristics were similar between
participants recruited for the substudy of cognitive function and those
in the analytic sample (Table S1).

Baseline Cognitive Function

Table 2 shows the estimates for the fixed effects for greenness
(IQR: 0.18) in association with baseline cognitive function.
Analyses showed a consistent relationship between higher mid-
life greenness exposure (per IQR) and higher baseline cognition
that was robust to adjustment for individual- and neighborhood-
level covariates. In midlife, participants with higher exposure to
greenness had higher baseline cognitive function later in life than
participants with lower greenness exposure at midlife (Table 2).
In models adjusted for age, individual SES, and NSES, partici-
pants with higher greenness exposure (per IQR) in the 270-m
area around their homes had a 0.03 higher standard units global
composite cognitive score at baseline (95% CI: 0.01, 0.04; Table
2). In the fully adjusted model, further adjustment for depression
and antidepressant use, slightly attenuated the association (0.02;
95% CI: 0.01, 0.04; Table 2), although the CIs were the same as
in the estimate from the previous model. Results were consistent
after adjustment for physical activity and BMI (Table S2), for the
1,230-m buffer (Table S3), and using annual average NDVI
(Table S4). To help interpret this estimate, we find that 1 year of
age is related to a —0.05-unit mean difference in cognition at
baseline; thus, more greenness appeared equivalent to higher cog-
nition at baseline corresponding to an age of 10 months younger.
Estimates were similar for verbal memory at baseline, but the CIs
included the null. Natural splines analysis suggested that the
association between exposure to greenness and cognitive function
did not deviate from linearity (Figure S3). Results were consist-
ent for the association between greenness exposure in the imme-
diate year prior to the first cognitive assessment and baseline
cognitive function (Table S5), as well as excluding participants
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Table 1. Characteristics of women in the cognitive function substudy of the US-based nationwide Nurses’ Health Study by quintile of greenness [normalized

difference vegetation index (NDVI), 1986-1994] at midlife (N = 16,962).

Quintile for greenness

Total sample Q1 (n=3,388) Q2 (n=13,400) Q3 (n=3,387) Q4 (n=3,394) Q5 (n=3,393)

Total sample characteristics (n=16,962) IQR: <1.96 IQR: 1.96-2.45 IQR: 2.46-2.81 IQR: 2.81-3.15 IQR: >3.15
Age, mean (y) 74.23 £2.29 74.61 +£2.34 74.37+2.31 74.15+2.24 74.06 +2.26 73.94 £2.25
Participant’s education [n (%)]

Registered nursing degree 13,166 (77.62) 2,490 (73.49) 2,713 (79.79) 2,703 (79.81) 2,661 (78.40) 2,599 (76.60)

Bachelor’s degree 2,802 (16.52) 688 (20.15) 507 (14.85) 479 (14.03) 525 (15.38) 603 (17.66)

Master’s or doctoral degree 994 (5.86) 210 (6.15) 180 (5.27) 205 (6.00) 208 (6.09) 191 (5.59)
Husband’s education [n (%)]

Less than high school 272 (1.60) 46 (1.36) 62 (1.82) 31(0.92) 59 (1.73) 74 (2.18)

Some high school 871 (5.14) 176 (5.16) 186 (5.45) 169 (4.95) 162 (4.75) 178 (5.21)

High school graduate 5,840 (34.43) 1,174 (34.39) 1,211 (35.47) 1,229 (36.00) 1,112 (32.57) 1,114 (32.63)

College graduate 3,762 (22.18) 723 (21.18) 732 (21.44) 747 (21.88) 820 (24.02) 740 (21.68)

Graduate school 2,733 (16.11) 549 (16.08) 473 (13.85) 522 (15.29) 589 (17.25) 600 (17.57)

Missing [n (%)] 3,484 720 736 689 652 687
Marital status, married [n (%)]

Yes 12,072 (71.17) 2,354 (68.95) 2,345 (68.69) 2,400 (70.30) 2,518 (73.76) 2,455 (71.91)

No 4,890 (28.83) 1,034 (30.51) 1,055 (31.02) 987 (29.14) 876 (25.81) 938 (27.64)
Low mental health score [n (%)]

Yes 654 (3.86) 132 (3.87) 139 (4.07) 131 (3.84) 133 (3.90) 119 (3.49)

No 16,308 (96.14) 3,256 (96.10) 3,261 (95.91) 3,256 (96.13) 3,261 (96.08) 3,274 (96.49)
Antidepressant use [ (%)]

Yes 968 (5.71) 201 (5.89) 216 (6.33) 175 (5.13) 201 (5.89) 175 (5.13)
No 15,994 (94.29) 3,187 (94.06) 3,184 (93.64) 3,212 (94.83) 3,193 (94.07) 3,218 (94.84)
Physical activity, mean (MET-h/wk) 16.08 +16.20 15.95 +16.69 15.88+16.33 15.44+15.23 16.13+16.1 17.02 +16.57

BMI (kg /m?) [1 (%)]
<22 3,217 (18.96) 683 (20.17) 608 (17.88) 657 (19.39) 620 (18.26) 649 (19.13)
22-24.9 4,286 (25.27) 885 (26.14) 819 (24.09) 833 (24.58) 850 (25.04) 899 (26.50)
25-29.9 6,503 (38.34) 1,274 (37.63) 1,374 (40.41) 1,308 (38.60) 1,296 (38.17) 1,251 (36.87)
>30 2,957 (17.43) 544 (16.07) 599 (17.62) 591 (17.44) 629 (18.53) 594 (17.51)
APOE-¢4 carriers (at least one allele) [n (%)]

Yes 1,942 (11.45) 327 (9.58) 403 (11.80) 394 (11.54) 395 (11.57) 423 (12.39)
No 15,020 (88.55) 3,061 (90.34) 2,997 (88.14) 2,993 (88.36) 2,999 (88.36) 2,970 (87.53)
US Census tract median income 43,787 + 15,949 42,731 +16,452 40,855+ 15,076 42,533+ 13,846 45,131 £15259 47,718 + 17,990
US Census tract home value 125,122 + 85,882 159,422 + 113,200 108,961 +78,522 106,758 62,517 116,947 +70,061 133,738 + 84,842

Population density (n/km?) 1,302.87 +£2,790.52 2,748 +£5,320 1,497 +£2,053 1,100+ 1,021 790 +1,374 392+524
Average global cognition composite -0.02+0.59 —0.07+£0.61 -0.06+0.6 —0.01+0.58 0+£0.58 0.02+0.57

score over follow-up

Note: Values are expressed as mean + SD, unless otherwise specified. Quintiles of greenness are based on cumulative average summer NDVI value at a 270-m buffer. APOE, apolipo-
protein E; BMI, body mass index; MET, metabolic equivalent of task; Q, quintile; SD, standard deviation.

in the lowest 10% of the distribution of cognitive performance
(Table S6). Further, results remained consistent and strengthened
after excluding participants who had just moved to the address
for <2 y and those who had changed their address during the
follow-up period (Table S7).

Table 2. Association between midlife exposure to residential greenness
[normalized difference vegetation index (NDVI), 1986-1994] and baseline
cognitive function (1995-2001) among women in the Nurses’ Health Study
(n=16,962).

Mean difference in baseline
cognitive function per IQR

Models® increase in NDVI (95% CI)

Global cognition
Age-adjusted
Plus socioeconomic indicators
Plus neighborhood socioeconomic indicators
Plus depression + antidepressant use
Verbal memory
Age-adjusted
Plus socioeconomic indicators
Plus neighborhood socioeconomic indicators
Plus depression + antidepressant use

0.02 (0.01, 0.04)
0.03 (0.01, 0.04)
0.03 (0.01, 0.04)
0.02 (0.01, 0.04)

0.01 (-0.01, 0.02)
0.01 (-0.01, 0.02)
0.01 (-0.01, 0.02)
0.01 (-=0.004, 0.02)

Note: Participants average age ranged from 61 to 69 y at midlife exposure to residential
greenness and cognitive function was assessed at age >70 y. CI, confidence interval;
IQR, interquartile range.

“Linear mixed models were used, including an intercept that represents the mean cogni-
tive level at baseline. All models include the same sample size N =16,962.
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Cognitive Decline

We observed that exposure to greenness at midlife was associated
with slower annual rates of cognitive decline based on the global
composite in models adjusted for age and individual socioeco-
nomic indicators (Table 3). In the fully adjusted model, we found
that higher midlife greenness exposure (per IQR) was associated
with an annual rate of decline that was slower by 0.004 units of the
global composite score (95% CI: 0.001, 0.006; Table 3). We found
that 1 year of age (in a model without controlling for greenness)
was related to a —0.006-unit mean annual difference for global
cognition; thus, more greenness appeared equivalent to slowing
cognitive aging by ~ 8 months. Although participants in general
experienced cognitive decline over time, those with higher midlife
greenness exposure (90th percentile) had a slower decline than par-
ticipants with lower midlife greenness exposure (10th percentile)
(Figure S4, Excel Tables S2 and S3). Results were consistent for
the 1,230-m bufter (Table S8) and for annual average NDVI (Table
S9). We did not observe associations between average greenness
and verbal memory decline (Table 3; Tables S8 and S9). Results
were consistent for the association between greenness exposure in
the immediate year prior to the first cognitive assessment and an-
nual rate of decline of the global composite score (Table S10), as
well as for excluding participants in the lowest 10% of the distribu-
tion of cognitive performance (Table S11). Of note, results of the
association between greenness exposure in the immediate year
prior to the first cognitive assessment and annual rate of decline of
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Table 3. Longitudinal association between midlife exposure to residential
greenness [normalized difference vegetation index (NDVI), 1986-1994] and
cognitive decline (1995-2008) among women in the Nurses’ Health Study
(n=16,962).

Mean difference in slope of
cognitive decline per IQR

Models® increase in NDVI (95% CI)

Global cognition
Age-adjusted
Plus socioeconomic indicators
Plus neighborhood socioeconomic indicators
Plus depression + antidepressant use
Verbal memory
Age-adjusted
Plus socioeconomic indicators
Plus neighborhood socioeconomic indicators
Plus depression + antidepressant use

0.004 (0.001, 0.006)
0.004 (0.001, 0.006)
0.004 (0.001, 0.006)
0.004 (0.001, 0.006)

0.003 (—0.00007, 0.006)
0.003 (—0.00004, 0.006)
0.003 (—0.00005, 0.006)
0.003 (=0.00009, 0.006)

Note: Participants average age ranged from 61 to 69 y at midlife exposure to residential
greenness and cognitive function was assessed at age >70 y. CI, confidence interval;
IQR, interquartile range.

“Linear mixed models were used, including an intercept that represents the mean cogni-
tive level at baseline and a slope parameter that represents the mean annual rate of cog-
nitive decline over time. All models include the same sample size N = 16,962.

the verbal memory score were significant (Table S10). Results of
the association between midlife exposure to greenness and cogni-
tive decline slightly attenuated after excluding participants who
had just moved to the address for <2 y and those who had changed
their address during the follow-up (Table S12).

Stratified Analyses

In low NSES, participants with higher greenness exposure (per
IQR) had a 0.03 higher baseline global composite score (95% CI:

0.01, 0.05; Figure 1; Table S13) and an annual slope of decline that
was slower by 0.006 units of the global composite score (95% CI:
0.001, 0.01; Figure 1; Table S13). We did not observe associations
between greenness and cognitive function and cognitive decline in
neighborhoods with medium SES. We did observe that in high
NSES, participants with higher greenness exposure had an annual
slope of decline that was slower by 0.005 units of the global com-
posite score (95% CI: 0.001, 0.009; Figure 1; Table S13). In neigh-
borhoods with medium and high population density, higher midlife
greenness exposure was associated with a 0.03 and 0.05 higher
baseline global composite scores, respectively (95% CI: 0.004,
0.05;95% CI: 0.02, 0.07; Figure 1; Table S13). We did not observe
associations between greenness and cognitive decline in any of the
population density strata. Finally, among participants who did not
carry the APOE-¢4 allele, higher midlife greenness exposure was
associated with a 0.03 higher baseline global composite score
(95% CI: 0.02, 0.04; Figure 1; Table S13) and an annual slope of
decline that was slower by 0.004 units of the global composite
score (95% CI: 0.001, 0.01; Figure 1; Table S13). Among partici-
pants who did carry the APOE €4 allele, higher greenness exposure
was associated with an annual slope of decline that was slower by
0.01 units of the global composite score (95% CI: 0.0004, 0.02;
Figure 1; Table S13). Results from a sensitivity analysis that re-
stricted the sample to women without any APOE-¢2 allele were
attenuated, and overall results remained consistent except that the
Clincluded the null for cognitive decline among APOE ¢4 carriers
(Table S14).

Mediation Analyses

Estimates of the proportion of the association between greenness at
midlife and cognition and cognitive decline that might be mediated
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Figure 1. Association of midlife exposure to residential greenness [normalized difference vegetation index (NDVI), 1986-1994] with baseline cognitive func-
tion and cognitive decline of global cognition (1995-2008), stratified by NSES, population density, and apolipoprotein E €4 (apoE-e4) carriers, the Nurses’
Health Study (n=16,962). Linear mixed models were used, including an intercept that represents the mean cognitive level at baseline and a slope parameter
that represents the mean annual rate of cognitive decline over time. Numeric data for effect estimates are shown in Table S13. Sample sizes were as follows:
low NSES N =5,657; medium NSES N =5,649; high NSES N =5,656; low population density N =5,595; medium population density N =5,580; high popula-
tion density N =5,584; ApoE-e4 noncarriers N =15,027; and ApoE-e4 carriers N =1,935. Interaction p-values for baseline cognitive function are as follows:
ApoE4 p=0.90, NSES p=0.38, and population density p =0.73. Interaction p-values for cognitive decline are as follows: ApoE4 p <0.001, NSES p =0.49,
and population density p =0.19. Note: CI, confidence interval; NSES, neighborhood socioeconomic status; Pop_Density, population density.
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Table 4. Estimated proportion of association between midlife exposure to
residential greenness [normalized difference vegetation index (NDVI),
1986—1994] and baseline cognitive function (1995-2001) explained by
physical activity, air pollution exposure, social engagement, and mental
health (n=16,962).

Proportion of association Proportion of association
of cumulative average of cumulative average
greenness and global greenness and verbal
cognition explained by memory explained by

Mediator mediator (95% CI) mediator (95% CI)
Total physical activity 0.02 (=0.01, 0.06) 0.04 (-0.17, 1.36)
Air pollution —0.01 (=0.16, 0.08) —0.03 (—4.02, 0.50)
Social engagement 0.00 (-=0.01, 0.01) 0.00 (—=0.04, 0.04)
Mental health 0.18 (0.07, 0.29) 0.33 (—0.445, 1.16)

Note: Participants average age ranged from 61 to 69 y at midlife exposure to residential
greenness and cognitive function was assessed at age 70+ years. Mediation analyses
assume that there is no unmeasured exposure—outcome confounding, no unmeasured
mediator—outcome confounding, no unmeasured exposure—mediator confounding, and
no mediator—outcome confounder affected by exposure. CI, confidence interval.

by other factors (considering that the mediation analyses assump-
tions hold) were statistically significant for mental health (Table
4). Mental health was estimated to explain 18% (95% CI: 7%, 29%)
of the association between greenness at midlife and cognitive func-
tion at baseline assessed by the global composite score (Table 4).
Further, mental health was also estimated to explain 24% (95% CTI:
9%, 50%) of the association between greenness at midlife and cog-
nitive decline in the global composite score over time (Table 5).
However, mental health did not mediate the association between
greenness and verbal memory either at baseline or over time. The
results did not suggest mediation of the association between green-
ness and cognitive function and cognitive decline by any other of
the investigated mediators (Tables 4 and 5).

Discussion

In this large prospective study of women, we assessed exposure
to greenness up to 9 y prior to the first cognitive assessment, with
cognitive function and cognitive decline based on a battery of
five cognitive tests repeated up to four times over an average of
6 y. Results suggested that higher average exposure to greenness
at midlife was associated with higher levels of baseline cognitive
function and a slower annual rate of cognitive decline, based on
global cognition scores, but not on verbal memory. This study
indicates that greenness at midlife may offer cognitive benefits
later in life to those with high residential exposure and that the
association between greenness and cognitive function may differ
by NSES, population density, and APOE-e4 status.

Table 5. Estimated proportion of association between midlife exposure to
residential greenness [normalized difference vegetation index (NDVI),
1986-1994] and cognitive decline (1995-2008) explained by physical
activity, air pollution exposure, social engagement, and mental health.

Proportion of association
of cumulative average
greenness and global
cognitive decline
explained by mediator
(95% CI)

0.02 (-0.01, 0.05)

Proportion of association
of cumulative average
greenness and verbal
memory explained by
mediator (95% CI)

0.05 (-=0.20, 0.46)

Mediator

Total physical activity

Air pollution —0.01 (-0.50, 0.15) 1.10 (-0.91, 2.62)
Social engagement 0.00 (—=0.01, 0.01) 0.01 (=0.14, 0.17)
Mental health 0.24 (0.09, 0.50) 0.46 (—3.22, 4.26)

Note: Participants average age ranged from 61 to 69 y at midlife exposure to residential
greenness and cognitive function was assessed at age >70 y. Mediation analyses assume
that there is no unmeasured exposure—outcome confounding, no unmeasured mediator—
outcome confounding, no unmeasured exposure-mediator confounding, and no media-
tor—outcome confounder affected by exposure. CI, confidence interval.
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Prior studies—characterized by smaller samples, shorter
follow-up, and/or cross-sectional measures—have found modest
associations between greenness and dementia outcomes, some
similar to, as well as lower than, those in the present study.33-34-3%
An analysis based on three waves of data from the Whitehall 11
cohort, providing a 10-y follow-up of 6,506 participants from the
UK found that higher residential surrounding greenness was asso-
ciated with slower cognitive decline over a 10-y follow-up among
women, but not among men.’® A recent analysis of female nurses
in the NHS II found that increasing greenspace was associated with
higher scores of overall cognition and psychomotor speed/atten-
tion but not with learning/working memory.>* A review of 22 stud-
ies of outdoor greenness exposure and brain health measures
(including cognitive function and clinical diagnosis of cognitive
impairment/dementia) related to ADRD suggested positive green-
ness—brain health associations but stated that the methods and
cohorts were limited and heterogeneous.>”

Our study adds to the current literature by using a larger ana-
lytical sample, longer follow-up, and longitudinal measures for
both greenness and cognitive decline. The association between
greenness at midlife and cognitive function later in life was stron-
ger among participants living in neighborhoods with low SES,
high population density, and among participants with an APOE-
€4 allele. Our results for participants living in neighborhoods
with low SES and APOE-€4 status are similar to those of a study
of the Lothian Birth Cohort that examined the association
between lifetime availability of public parks and cognitive aging
and found that the association was strongest for women and par-
ticipants in the lowest socioeconomic groups, with the exception
that the association was strongest for participants without an
APOE-¢4 allele.”® A cross-sectional study of older adults in the
United States did not observe an association between neighbor-
hood built environment (such as walking destination density) and
cognition among APOE-g4 carriers.?’” Several studies have
shown that the best known genetic risk factor for Alzheimer’s de-
mentia, the APOE-¢e4 allele, may have a stronger association
with ADRD in women than in men.* Considering the latter, our
results may suggest that among women with higher risk of
ADRD, as indicated by the presence of the APOE-e4 allele,
greenness could potentially have a greater protective impact on
cognitive decline. Our finding for participants living in neighbor-
hoods with lower SES is consistent with the theory of equigenic
environments, which suggests that greenness might be important
to reduce socioeconomic health inequalities.*® The stronger asso-
ciations between greenness and higher cognitive function among
participants living in neighborhoods with high population den-
sity, compared with low population density, may indicate that
policies to increase urban greenness may have sustainable cogni-
tive health benefits. Our results show that the equigenesis hypoth-
esis of greenness held for baseline cognitive function where we
saw a beneficial association of greenness for participants living in
areas of low SES but did not observe a beneficial association of
greenness for participants living in areas of high SES. However,
we did not see evidence supporting the equigenesis hypothesis
for cognitive decline, where participants living in areas of low
NSES had a similar beneficial association from greenness com-
pared with participants living in areas of high NSES. We also
observed evidence of the equigenesis hypothesis for cognitive
decline among participants with a genetic predisposition, given
that APOE-€4 carriers had a 3-fold magnitude of slower cogni-
tive decline by greenness exposure, compared with noncarriers.

We evaluated several potential mediators on the association
between greenness and cognitive function and cognitive decline.
Our results on mental health as a potential mediator are in line
with a previous study that found that greenness may be associated
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with cognitive function through depression.>> However, our

results expand previous literature by showing that greenness may
be associated with cognitive function, as well as cognitive
decline, through mental health. Greenness has been consistently
linked to lower levels of depression.®° In addition, depression has
been documented to be an important modifiable risk factor of de-
mentia.®°2 Our results strengthen the evidence of greenness as
key environmental factor to reduce depressive symptoms and
thus dementia risk. However, in our study we did not find evi-
dence that the association between greenness and cognitive func-
tion and cognitive decline could be explained by physical
activity, air pollution, or social engagement. These results align
with a previous study that evaluated these as potential mediators
between green space and cognitive function.?3

Several limitations of this study should be noted. First, NDVI
does not allow us to differentiate different types of vegetation that
might be driving the beneficial aspects of greenness on cognitive
health. Further, we did not have information on amenities, safety,
aesthetics, access, or participant’s use of greenness. We measured
greenness around participant’s residential addresses, and thus we
do not have information on greenness exposure in other locations
(e.g., work). We also have no information on their exposure to
greenness earlier in life, which may have a larger impact on cog-
nitive health than later life.?®%* Our study population was pre-
dominantly white and of high education level, and thus we
acknowledge selection bias may exist and that this study may not
be generalizable to populations with different demographic com-
positions, especially given the importance of education in demen-
tia development.®* We acknowledge that it is potentially possible
that reverse causation explains some of the effects observed.
However, we think this would be attenuated owing to the nature
of the longitudinal design of the NHS, and the clear temporal
order of exposure at midlife, up to 9 y before the first cognitive
assessment, and longitudinal change in the outcome later in life
after this first cognitive assessment.® Further, the richness of the
NHS data allowed for a more detailed consideration of potential
bias from a variety of health-related factors; for example, results
were adjusted for numerous health indicators and health behav-
iors, including depression, BMI, and physical activity. In addi-
tion, we were able to assess potential reverse causation through
sensitivity analyses, excluding participants in the lowest 10% of
the distribution of cognitive performance at baseline, and our
results were consistent. Finally, we did not measure dementia
incidence in our cohort. However, cognitive decline assesses the
continuum from healthy cognition through dementia, and it is an
important and powerful phenotype.%®

Our study has several strengths. Chief among them are the pro-
spective findings relating greenness exposure up to 9 y prior to the
first cognitive assessment in later life, and the assessment of cogni-
tive decline based on a battery of cognitive tests was repeated up to
four times. Second, this study applied objective satellite data to
capture objective metrics of greenness exposure across time.
Third, we have time-varying information on a number of important
confounders, including socioeconomic indicators, NSES, depres-
sion, and antidepressant use. To our knowledge, no prior studies
have examined effect modification by APOE-g4 carrier status, and
our findings suggest that the protective association between resi-
dential greenspace at midlife and cognitive decline later in life was
observed among participants who carried the APOE-¢4 allele, who
may be at higher risk of ADRD.

The latest report of the Lancet Commission on Dementia
Prevention, Intervention, and Care observed that ~40% of world-
wide dementias could be prevented by addressing modifiable risk
factors.'* The effect estimates in our study are comparable to those
from other modifiable risk factors examined in this cohort. For
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example, the size of the association between midlife greenness ex-
posure and baseline global cognitive score (0.03; 95% CI: 0.01,
0.04) was half the size compared with previous studies that
observed associations of physical activity and baseline cognitive
function (0.06; 95% CI: 0.03, 0.09).67 When evaluating cognitive
decline, the association between midlife greenness exposure and
cognitive decline (0.004; 95% CI: 0.001, 0.006) was slightly less
than half and in the opposite direction compared with previous
studies on the association of cognitive decline with air pollution
[2-y decline on global cognition score was 0.02 (95% CI: —0.03 to
—0.008)],1° and fasting glucose among nondiabetic nurses was
—0.01 (95% CI: —0.04 t0 0.01).%8

Conclusion

This study’s findings may inform further longitudinal analyses on
greenness in midlife as a potential sensitive period of exposure to
slow the progression of cognitive decline later in life. Furthermore,
this study suggested that high residential greenness at midlife may
offer protective benefits for maintaining cognitive function and
preventing cognitive decline later in life.
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