
Original Investigation | Environmental Health

Associations of Greenness, Parks, and Blue Space With Neurodegenerative
Disease Hospitalizations Among Older US Adults
Jochem O. Klompmaker, PhD; Francine Laden, ScD; Matthew H. E. M. Browning, PhD; Francesca Dominici, PhD; Marcia P. Jimenez, PhD; S. Scott Ogletree, PhD;
Alessandro Rigolon, PhD; Antonella Zanobetti, PhD; Jaime E. Hart, ScD; Peter James, ScD

Abstract

IMPORTANCE Exposure to natural environments has been associated with health outcomes related
to neurological diseases. However, the few studies that have examined associations of natural
environments with neurological diseases report mixed findings.

OBJECTIVE To evaluate associations of natural environments with hospital admissions for
Alzheimer disease and related dementias (ADRD) and Parkinson disease (PD) among older adults in
the US.

DESIGN, SETTING, AND PARTICIPANTS This open cohort study included fee-for-service Medicare
beneficiaries aged 65 years or older who lived in the contiguous US from January 1, 2000, to
December 31, 2016. Beneficiaries entered the cohort on January 1, 2000, or January 1 of the year
after enrollment. Data from US Medicare enrollment and Medicare Provider Analysis and Review
files, which contain information about individual-level covariates and all hospital admissions for
Medicare fee-for-service beneficiaries, were analyzed between January 2021 and September 2022.

EXPOSURES Differences in IQRs for zip code–level greenness (normalized difference vegetation
index [NDVI]), percentage park cover, and percentage blue space cover (surface water; �1.0% vs
<1.0%).

MAIN OUTCOMES AND MEASURES The main outcome was first hospitalizations with a primary or
secondary discharge diagnosis of ADRD or PD. To examine associations of exposures to natural
environments with ADRD and PD hospitalization, we used Cox-equivalent Poisson models.

RESULTS We included 61 662 472 and 61 673 367 Medicare beneficiaries in the ADRD and PD
cohorts, respectively. For both cohorts, 55.2% of beneficiaries were women. Most beneficiaries in
both cohorts were White (84.4%), were not eligible for Medicaid (87.6%), and were aged 65 to 74
years (76.6%) at study entry. We observed 7 737 609 and 1 168 940 first ADRD and PD
hospitalizations, respectively. After adjustment for potential individual- and area-level confounders
(eg, Medicaid eligibility and zip code–level median household income), NDVI was negatively
associated with ADRD hospitalization (hazard ratio [HR], 0.95 [95% CI, 0.94-0.96], per IQR
increase). We found no evidence of an association of percentage park and blue space cover with
ADRD hospitalization. In contrast, NDVI (HR, 0.94 [95% CI, 0.93-0.95], per IQR increase),
percentage park cover (HR, 0.97 [95% CI, 0.97-0.98], per IQR increase), and blue space cover
(HR, 0.97 [95% CI, 0.96-0.98], �1.0% vs <1.0%) were associated with a decrease in PD
hospitalizations. Patterns of effect modification by demographics differed between exposures.
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Abstract (continued)

CONCLUSIONS AND RELEVANCE The findings of this cohort study suggest that some natural
environments are associated with a decreased risk of ADRD and PD hospitalization.
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Introduction

Neurological disorders are the leading cause of disability and the second leading cause of death
worldwide.1 The most prevalent neurological diseases in the US are Alzheimer disease and related
dementias (ADRD) and Parkinson disease (PD).2,3 The estimated direct cost of ADRD and PD in the
US is around $321 and $25 billion per year, respectively.2,4 The prevalence of neurological diseases
will likely continue to increase due to lengthening life expectancy.1 No cures exist for ADRD or PD, so
it is important to identify modifiable risk factors.

Environmental exposures may affect the risk and/or exacerbate symptoms of ADRD and PD.5,6

Air pollution has been linked to ADRD and PD incidence7,8; less is known about effects of natural
environments, which may impact ADRD and PD incidence or symptoms through several
mechanisms. Natural environments, such as forests, parks, street trees, and rivers, can help reduce
stress and restore attention, provide settings for physical activity and social interactions, and may
reduce exposure to air pollution, extreme heat, and noise.9,10 These exposures may also protect
against several neurological-related outcomes such as cognitive decline, stroke, and
neurodegenerative disease mortality.11-14 Studies have examined associations of green space with
ADRD and PD incidence but reported mixed findings.15-17

We aimed to evaluate the associations of 3 natural environment measures (greenness, park
cover, and blue space cover) with first ADRD and PD hospital admissions in a cohort of Medicare
beneficiaries (approximately 61.7 million individuals). ADRD and PD hospital admissions differ from
disease onset, and potential associations with first ADRD and PD hospitalizations should be
interpreted as a measure of accelerated or slower disease progression or increased or decreased
susceptibility.8,18,19 As some studies suggest that associations of natural environments with health
outcomes are greater in urban areas, we specifically evaluated associations in urban zip codes
(�1000 persons/square mile). Additionally, we assessed if associations were modified by
demographics.

Methods

The protocol for this cohort study was approved by the Human Subjects Committee of the Harvard
T. H. Chan School of Public Health. This study was deemed exempt from informed consent
requirements because previously collected administrative data were used. The study followed the
Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) reporting
guideline.

Study Population
Medicare is the US federal government’s health insurance program for younger individuals with
disability and for individuals aged 65 years or older. We included all fee-for-service Medicare
beneficiaries who lived in the contiguous US from January 1, 2000, through December 31, 2016, and
were aged 65 years or older. Data were obtained from the Medicare enrollment and Medicare
Provider Analysis and Review files. Beneficiaries entered the cohort on January 1, 2000, or on
January 1 of the year after enrollment. They were followed until first hospital admission for the
outcome of interest or until they were censored, reached the end of follow-up (December 31, 2016),
or died, whichever occurred first. Separate cohorts for ADRD and PD hospitalizations were created.
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Outcome Definition
Hospital admissions were defined by International Classification of Diseases, Ninth Edition (ICD-9)
codes from 2000 through the third quarter of 2015. From the fourth quarter of 2015 onward,
International Statistical Classification of Diseases, Tenth Revision (ICD-10) codes were used. We used
ICD codes specified by the Chronic Conditions Data Warehouse to define ADRD hospitalization.20 We
looked at first hospital admissions with a primary or secondary discharge diagnosis of ADRD or PD.
The eMethods in Supplement 1 lists the ICD-9 and ICD-10 codes used to define ADRD and PD.

Exposure Assessment
As we only had information about the residential zip code of each beneficiary, we calculated zip code–
level exposures. Detailed information about the exposures can be found in the eMethods in Supple-
ment 1. We calculated the normalized difference vegetation index (NDVI) by using images from Landsat
7-8 (US Geological Survey) with 30-m2 resolution. The NDVI is an indicator of greenness calculated as
the ratio between red and near-infrared values.21 The NDVI ranges from −1 to 1, with larger values indi-
cating higher levels of live vegetation and negative values corresponding to water. After setting nega-
tive values to 0, the spatially weighted mean summer NDVI (June 1 to August 31) was calculated for each
zip code in the US for each year from 2000 to 2016 (eFigure 1 in Supplement 1).

Park exposure was based on the US Geological Survey Protected Areas Database of the US version
2.1. All land types likely to be known and used by the general public for outdoor recreation were se-
lected to create a park cover data set. We calculated the percentage park cover for each zip code.

Blue space was based on the Joint Research Centre Global Surface Water data set.22 This data
set contains information about the location and temporal distribution of surface water, based on
Landsat images from 1984 to 2018. As zip codes are used for postal delivery services, adjacent water
bodies are not always included in zip code boundaries. Therefore, we calculated spatially weighted
mean blue space values for zip codes and 1000-m buffers around their perimeter. Given the limited
variability of the distribution of percentage blue space cover, we used a binary blue space cover
indicator (dichotomized at 1.0%). To determine the sensitivity of our results to this cut point, we also
evaluated 5.0% as a cut point.

Covariates
Detailed information on covariates is located in the eMethods in Supplement 1. Briefly, we obtained
data on age, sex, race and ethnicity (Black, White, other [including American Indian or Alaska Native,
Asian, Hispanic, and other race or ethnicity], or unknown race or ethnicity), Medicaid eligibility (a
proxy for low socioeconomic status [SES]), year of entry, and zip code of residence for all Medicare
beneficiaries. Race and ethnicity information of Medicare beneficiaries is generally obtained from the
US Social Security Administration, which collects data at the time of application for a Social Security
Number.23 We included several zip code–level covariates from the US Census and the American
Community Survey and county-level smoking status from the nationwide Behavioral Risk Factor
Surveillance System. Further, we used the 4 US Census regions and 9 divisions (eFigure 2 in
Supplement 1) to adjust for regional differences not accounted for by other variables. Previous
studies reported regional differences in ADRD and PD prevalence that may be related to differences
in the recognition of symptoms and willingness to document the disease.24,25 We also linked other
environmental exposures including zip code–level particulate matter less than 2.5 μm (PM2.5),
nitrogen dioxide (NO2), and meteorological factors (maximum daily temperature, specific humidity,
and precipitation).

Statistical Analysis
Data were analyzed between January 2021 and September 2022. To examine associations of each
exposure with first ADRD and PD hospitalizations, we used a Cox-equivalent reparameterized
Poisson approach (described in detail elsewhere19). First, we aggregated beneficiaries who lived
within the same zip code in each year by the following: sex, 2-year age categories at study entry, race
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and ethnicity, Medicaid eligibility, and year of follow-up. Next, we fitted quasi-Poisson models with
count of first ADRD or PD hospitalizations as the dependent variable and total person-time of
beneficiaries as the offset. This model is mathematically equivalent to a time-varying Cox
proportional hazards model under an Anderson-Gill representation but is more computationally
efficient. We applied an m-out-n bootstrap method using zip code units to calculate statistically
robust CIs.

We examined associations in the full population and in the subset of urban zip codes (zip code
population density �1000 persons/square mile). We fitted models with increasing degrees of
covariate adjustment to evaluate the impact of potential confounders. In our main model, we
included all 3 types of natural environment exposures simultaneously and adjusted for the following:
calendar year, region, US Census zip code–level covariates, county-level smoking status, an offset for
total person-time, and strata for all possible combinations of age, sex, race and ethnicity, Medicaid
eligibility, and follow-up year to allow for flexible strata-specific baseline rates. We included race and
ethnicity in our models as a proxy for life experiences of racism and marginalization.26 The shape of
the exposure-response curves for greenness and park cover was examined using natural splines with
2 to 3 degrees of freedom. We performed stratified analyses by sex, age, race and ethnicity, Medicaid
eligibility, region, and neighborhood SES measures (median household income, median home value,
and percentage of the population below the poverty level). Hazard ratios (HRs) for NDVI and
percentage park cover are expressed per IQR difference. Hazard ratios of blue space cover (�1.0%)
are given compared with the reference category (<1.0% blue space cover).

For sensitivity analyses, we ran single-exposure models, modeled the alternative blue space cut
point (5.0%), and additionally adjusted for PM2.5, NO2, and meteorological factors. Further, we ran
models with adjustment for US Census division instead of region. We excluded individuals who had
their first hospital admission within the first year of their follow-up and all records in 2000 to
eliminate potential prevalent cases. To assess the impact of increasing natural environment
exposures, we estimated the total number of hospital admissions avoided among this population in 1
year if, hypothetically, zip code NDVI and park cover increased by 0.5 IQR and blue space cover would
be 1.0% or greater (eMethods in Supplement 1).

Beneficiaries with missing data in any variables included in the main model were removed from
the cohort (approximately 2.1%). R software version 3.6.1 (R Project for Statistical Computing) was
used for analyses, and analyses were conducted on the Harvard Research Computing Environment
supported by the Institute for Quantitative Social Science at Harvard University. Two-sided P < .05
was considered statistically significant.

Results

The ADRD and PD cohorts included 61 662 472 and 61 673 367 Medicare beneficiaries, respectively.
For both cohorts, 55.2% of beneficiaries were women and 44.8% were men; 8.8% were Black,
84.4% were White, and 6.8% were of another racial or ethnic minority group or were of unknown
race or ethnicity. In addition, most beneficiaries in both cohorts were not eligible for Medicaid
(87.6%) and were aged 65 to 74 years (76.6%) at study entry (Table 1). In the full cohort, we
observed 7 737 609 first ADRD hospital admissions in 451 389 159 person-years and 1 168 940 first
PD hospital admissions in 465 039 445 person-years. In the urban ADRD and PD cohorts, we
observed 3 876 310 first ADRD hospital admissions in 211 928 582 person-years and 574 742 first PD
hospital admissions in 218 823 939 person-years. Maps of ADRD and PD hospitalizations per
100 000 person-years are shown in eFigure 3 in Supplement 1. In the full cohort, the median (IQR)
NDVI was 0.52 (0.27), the median percentage park cover was 7.4 (15.8), and 40.8% had blue space
cover (�1.0%). In the urban cohort, the median NDVI was lower, while the median park cover was
higher than in the full cohort (eTables 1 and 2 in Supplement 1). Percentage park cover was negatively
correlated with NDVI in the full cohort (Spearman ρ = −0.23) (eFigure 4 in Supplement 1) and was
not correlated with NDVI in the urban cohort (Spearman ρ = 0.03).
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Associations in the Full Cohort
Exposure-response curves showed generally linear associations for percentage park cover and NDVI
(eFigure 5 in Supplement 1). The NDVI was associated with a decrease in ADRD hospitalizations after
adjustment for potential confounders (HR, 0.95 [95% CI, 0.94-0.96], per IQR increase) (Table 2). We
found no evidence of an association of percentage park cover and blue space cover (�1.0%) with
ADRD hospitalization. All 3 exposures were associated with a decrease in PD hospitalizations after

Table 1. Descriptive Statistics of All US Medicare Fee-for-Service Beneficiaries Included in the Alzheimer Disease
and Related Dementias Cohort From 2000 Through 2016

Demographic at study entry Values
Total No. of beneficiaries 61 662 472

Individual-level covariate, No. (%)

Sex

Female 34 010 915 (55.2)

Male 27 651 557 (44.8)

Age, y

65-74 47 237 464 (76.6)

75-84 10 583 080 (17.2)

≥85 3 841 928 (6.2)

Race and ethnicity

Black 5 421 282 (8.8)

White 52 044 489 (84.4)

Othera 4 196 701 (6.8)

Medicaid eligibility

Not eligible 53 991 858 (87.6)

Eligible 7 670 614 (12.4)

US region

Northeast 12 354 729 (20.0)

South 23 483 516 (38.1)

Midwest 14 656 222 (23.8)

West 11 168 005 (18.1)

Zip code–level covariate, median (IQR)b

Natural environment measures

NDVI 0.52 (0.36-0.63)

Park cover, % 7.8 (2.2-18.0)

Blue space cover (1000-m buffer), % 0.5 (0.1-3.4)

Aggregated data with ≥1.0% blue space cover, % 41.4

US Census covariates and American Community Survey

Population density (persons/square mile) 608.2 (84.3-3096.3)

Median home value ($1000) 144.0 (92.2-239.5)

Median household income ($1000) 46.7 (36.6-61.9)

With less than a high school degree, % 24.3 (15.1-36.4)

Below the poverty level, % 8.5 (5.4-13.4)

Owner-occupied housing units, % 71.5 (58.8-80.6)

Black race, % 3.9 (0.8-14.5)

Hispanic ethnicity, % 5.3 (1.8-16)

BRFSS covariate

Ever smoked, % 46.2 (41.5-50.5)

Other environmental exposures

Summer temperature, °C 29.8 (27.3-32.5)

Summer specific humidity, g of water vapor/kg of dry air 12.0 (10.4-14.4)

Summer total precipitation (daily total), mm 3.1 (1.9-4.2)

PM2.5, μg/m3 9.7 (7.8-11.8)

NO2, ppb 16.6 (10.9-24.8)

Abbreviations: BRFSS, Behavioral Risk Factor
Surveillance System; NDVI, normalized difference
vegetation index; NO2, nitrogen dioxide; PM2.5,
particulate matter <2.5 μm.
a Includes American Indian or Alaska Native, Asian,

Hispanic, and other or unknown race or ethnicity.
b Descriptive statistics of the zip code–level covariates

are given for the strata (aggregated data for 2000-
2016 based on zip code, year, sex, race and ethnicity,
Medicaid eligibility, 2-year categories of age at study
entry and year of follow-up). Descriptive statistics of
the zip code–level covariates for the Parkinson
Disease cohort are shown in eTable 1 in
Supplement 1.
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adjustment for potential confounders. Associations of the exposures with ADRD and PD
hospitalizations in minimally adjusted models were generally similar to associations in fully adjusted
models (eFigure 6 in Supplement 1).

Patterns of effect modification by individual demographics and region differed between
exposures (Figure 1). For Black individuals, we observed no evidence of associations of percentage
park cover with ADRD and PD hospitalization, whereas we observed protective associations of NDVI

Table 2. Hazard Ratios of NDVI, Percentage Park Cover, and Blue Space Cover of 1.0% or Greater
With Hospitalization for ADRD and PDa

Exposure

ADRD hospitalization PD hospitalization

Full cohort Urban cohort Full cohort Urban cohort
NDVI 0.95 (0.94-0.96) 0.99 (0.98-1.01) 0.94 (0.93-0.95) 0.95 (0.93-0.97)

Park cover, % 0.99 (0.99-1.00) 0.99 (0.98-1.00) 0.97 (0.97-0.98) 0.99 (0.98-1.00)

Blue space cover ≥1.0%, % 0.99 (0.99-1.00) 1.00 (0.99-1.01) 0.97 (0.96-0.98) 0.98 (0.97-1.00)

Abbreviations: ADRD, Alzheimer disease and related dementias; NDVI, normalized difference vegetation index; PD,
Parkinson disease.
a Data are presented as hazard ratio (95% CI). Associations of NDVI (0.27) and percentage park cover (15.9) are expressed

per IQR increase of the full cohort. Associations of blue space cover (�1.0%) are given compared with the reference
category (<1.0% blue space cover). Models are described in the Statistical Analysis section.

Figure 1. Associations of Normalized Difference Vegetation Index (NDVI), Percentage Park Cover, and Blue Space Cover (≥1.0%) With Hospitalization
for Alzheimer Disease and Related Dementias (ADRD) and Parkinson Disease (PD) in the Full Medicare Cohort in Stratified Analyses
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A, Associations of normalized difference vegetation index (NDVI) are expressed per IQR
increase of the full cohort (0.27). B, Associations of percentage park cover are expressed
per IQR increase of the full cohort (15.9). C, Associations of blue space cover (�1.0%)
are given compared to the reference category (<1.0% blue space cover). Models included
NDVI, percentage park cover, and percentage blue space cover and were adjusted for

calendar year, region, US Census covariates, percentage ever smoked, an offset for total
person-time, and strata for all possible combinations of sex, race and ethnicity, Medicaid
eligibility, age at study entry (2-year categories), and follow-up year. HR indicates
hazard ratio.
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with ADRD (HR, 0.92 [95% CI, 0.90-0.94] per IQR increase) and PD (HR, 0.88 [95% CI, 0.85-0.91]
per IQR increase) hospitalizations. In the South, NDVI and blue space cover (�1.0%) were positively
associated, while percentage park cover was negatively associated with both outcomes. Further, the
protective associations of NDVI with both outcomes were greatest among Medicaid-eligible
individuals, whereas protective associations of blue space cover (�1.0%) were only observed for
noneligible individuals (PD HR, 0.96 [95% CI, 0.95-0.97], �1.0% vs <1.0%). Patterns of effect
modification by neighborhood SES also differed between exposures (Figure 2). For PD
hospitalization, associations of percentage park cover were greatest in low-SES zip codes, while
associations of NDVI were greatest in mid- and high-SES zip codes.

Associations in the Urban Cohort
We found no evidence for associations of NDVI, percentage park cover, and blue space cover
(�1.0%) with ADRD hospitalization in the urban cohort (Table 2). Both NDVI and blue space cover
(�1.0%) were associated with a decrease in PD hospitalizations. Similar to what we observed in the

Figure 2. Associations of Normalized Difference Vegetation Index (NDVI), Percentage Park Cover, and Blue Space Cover (≥1.0%) With Hospitalization for Alzheimer
Disease and Related Dementias (ADRD) and Parkinson Disease (PD) in the Full Medicare Cohort in Stratified Analyses by Neighborhood Socioeconomic Status
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A, Associations of normalized difference vegetation index (NDVI) are expressed per IQR
increase of the full cohort (0.27). B, Associations of percentage park cover are expressed
per IQR increase of the full cohort (15.9). C, Associations of blue space cover (�1.0%)
are given compared to the reference category (<1.0% blue space cover). Models included
NDVI, percentage park cover, and percentage blue space cover and were adjusted for
calendar year, region, US Census covariates, percentage ever smoked, an offset for total
person-time, and strata for all possible combinations of sex, race and ethnicity, Medicaid
eligibility, age at study entry (2-year categories), and follow-up year.

Income indicates median household income, home value denotes median home value,
and poverty is the percentage below the poverty level. To define strata, we used the
following quantiles (q33.3, q66.7) for the ADRD cohort: median household income
($1000): 40.0, 55.6; median home value ($1000): 107.3, 195.6; and percentage below
the poverty level: 6.4, 11.4. For the PD cohort, we used the following quantiles:
household income ($1000): 40.0, 55.7; median home value ($1000): 107.6, 196.0; and
percentage below the poverty level: 6.4, 11.4.
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full cohort, patterns of effect modification by individual demographics, region (eFigure 7 in
Supplement 1), and neighborhood SES (eFigure 8 in Supplement 1) differed between exposures. We
observed protective associations of percentage park cover with PD hospitalization for Medicaid-
eligible individuals, individuals of unknown or other race or ethnicity, and individuals living in low-SES
neighborhoods. Associations of blue space cover (�1.0%), on the other hand, were positive for
Medicaid-eligible individuals, individuals of unknown or other race or ethnicity, and individuals living
in high-poverty neighborhoods. We also observed protective associations of percentage park cover
in the South but not in other regions. Associations of NDVI were null (PD hospitalization) or weakly
positive (ADRD hospitalization) in the South and protective elsewhere.

Sensitivity Analysis
Associations of our sensitivity analyses are shown in eTables 3 and 4 in Supplement 1. Associations of
all 3 environmental exposures generally attenuated after adjustment for air pollutants or
meteorological indicators. Assuming that modeling assumptions are correct, that the associations we
have observed are true, and that hypothetically, zip code NDVI and park cover increased by 0.5 IQR
and blue space cover increased to 1.0% or greater in all zip codes, we would expect 15 424 fewer
ADRD hospital admissions and 3982 fewer PD hospital admissions each year (eTable 5 in
Supplement 1).

Discussion

The results of this cohort study suggest protective associations of greenness, percentage park cover,
and blue space cover (�1.0%) with PD hospitalization and of greenness with ADRD hospitalization
in the full and urban cohorts. In line with our study, Yu et al16 recently observed protective
associations of greenness with PD incidence in a cohort of Chinese urban individuals aged older than
18 years. Yuchi et al15 found protective associations of greenness with PD incidence in a cohort of 45-
to 85-year-old urban Canadians. Previous studies that evaluated associations of green space with
ADRD incidence have reported mixed findings. Yuchi et al15 found indications of a protective effect
of greenness on non-Alzheimer dementia incidence, but reported positive associations with
Alzheimer disease incidence. Slawsky et al17 found protective associations of green space with
incident vascular dementia and mixed pathologies in a cohort of Americans aged 75 years;
associations with incident all-cause dementia and Alzheimer disease showed nonlinear trends.
Differences in associations could be due to variations in study population, covariate adjustment,
exposure assessment, and outcome definition.

We observed that associations of greenness with ADRD and PD attenuated but remained after
adjustment for air pollutants. Associations of percentage park cover with PD hospitalization were
close to 0 after adjustment for air pollutants. Air pollutants could be potential confounders, but
attenuations could also indicate potential mediation effects. Other potential pathways could be
stress reduction, attention restoration, increased physical activity, and social interactions. Physical
activity and social interactions have been shown to be beneficial for cognitive function, dementia,
and PD.27-30 Studies also linked natural environments to a reduced risk of depression,31-33 which has
also been associated with an increased risk of ADRD and PD.34,35 Moreover, studies have linked
natural environments to a reduced risk of cardiometabolic diseases,36-38 which are important risk
factors for ADRD.39 The protective association of NDVI, but not of park and blue space cover, with
ADRD hospitalization could be due to greater associations of NDVI with pathways that affect ADRD,
such as air pollution.

We did not observe greater associations in the urban cohort than the full cohort. This
contradicts a review showing that associations of green space with health were typically greater in
urban areas, though this review did not include neurodegenerative health outcomes.40 Differences
in associations between the urban and full populations and between other strata could indicate
differences in susceptibility to these exposures. However, these differences could also be due to
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variations in exposure levels, measurement error, or differences in ADRD and PD patterns of
diagnosis. Studies reported differences in symptom recognition and willingness to document and
diagnose the disease based on patient cultural and/or physician practice norms.24,25 As no cures exist
for either disease, some individuals (and physicians) may not see the added value of obtaining a
diagnosis. Different state policies, such as elder services funding and community outreach, could also
affect ADRD and PD diagnosis rates.24

Patterns of effect modification by SES and race differed between exposures. In urban areas,
associations of park cover, but not greenness or blue space, were generally greater for individuals
from lower-SES neighborhoods, including Medicaid-eligible individuals and individuals living in
low-SES neighborhoods. This could be because greenness and blue space in higher-SES
neighborhoods may represent higher qualities of natural environments than in low-SES
neighborhoods (eg, greenness on vacant lots, blue space close to harbors/air pollution sources) or
because individuals from low-SES neighborhoods tend to use parks more often than other
individuals.41 Also, we used a relatively coarse race indicator, which may have affected the stratified
analyses.

A major strength of this study is the large study population and assessment of greenness, park
cover, and blue space for each zip code in the contiguous US. All 3 exposures were included
simultaneously to estimate associations independent of the other exposures. Medicare data include
a fairly representative cohort of older adults in the US.

Limitations
A limitation of this study is that we only had information on hospital records for fee-for-service
beneficiaries; we may have missed some hospitalizations for beneficiaries who switched to managed
care plans and back. We note that ADRD and PD have an insidious disease onset and neither requires
hospital admission for diagnosis and treatment. Hospital admissions likely occur at more advanced
disease stages. Hence, we did not evaluate associations with true onset of ADRD or PD but rather first
hospital admission, which can be interpreted as accelerated disease progression (exacerbation of
symptoms). However, our findings are consistent with existing studies of natural environments with
ADRD and PD incidence. As we lacked information about the exact residential address of each
beneficiary, we assessed zip code–level exposures, which likely resulted in measurement error. We
did not have park cover and blue space cover data temporally matched for every year of follow-up.
Hence, we assumed that the spatial distribution did not differ over time. As most parks (protected
areas) and blue spaces do not change rapidly over time,42 we believe this is a reasonable assumption.
No information about the quality and safety of parks, greenness, and blue spaces was available. We
adjusted for only 1 individual-level SES measure (Medicaid eligibility) and no lifestyle factors, which
may have resulted in an overestimation of the observed associations. However, models were
adjusted for county-level smoking status and 8 zip code–level SES measures that are likely related to
individual SES.

Conclusions

The findings of this cohort study suggest that exposure to some natural environments may be
protective for ADRD and PD hospitalization. As life expectancy increases globally, policy makers
should consider interventions of natural environments to prevent ADRD and PD.
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