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Natural environments have been linked to decreased risk of cardiovascular disease (CVD) and
respiratory disease (RSD) mortality. However, few cohort studies have looked at associations

of natural environments with CVD or RSD hospitalization. The aim of this study was to

evaluate these associations in a cohort of U.S. Medicare beneficiaries (~63 million individuals).
Our open cohort included all fee-for-service Medicare beneficiaries (2000-2016), aged =65,
living in the contiguous U.S. We assessed zip code-level park cover based on the United

States Geological Survey Protected Areas Database, average greenness (Normalized Difference
Vegetation Index, NDVI), and percent blue space cover based on Landsat satellite images. Cox-
equivalent Poisson models were used to estimate associations of the exposures with first CVD
and RSD hospitalization in the full cohort and among those living in urban zip codes (=1000
persons/mile?). NDVI was weakly negatively correlated with percent park cover (Spearman p =

- 0.23) and not correlated with percent blue space (Spearman p = 0.00). After adjustment for
potential confounders, percent park cover was not associated with CVD or RSD hospitalization in
the full or urban population. An IQR (0.27) increase in NDVI was negatively associated with CVD
(HR: 0.97, 95%CIl: 0.96, 0.97), but not with RSD hospitalization (HR: 0.99, 95%CI: 0.98, 1.00).
In urban zip codes, an IQR increase in NDVI was positively associated with RSD hospitalization
(HR: 1.02, 95%CIl: 1.00, 1.03). In stratified analyses, percent park cover was negatively associated
with CVD and RSD hospitalization for Medicaid eligible individuals and individuals living in
low socioeconomic status neighborhoods in the urban population. We observed no associations
of percent blue space cover with CVD or RSD hospitalization. This study suggests that natural
environments may benefit cardiorespiratory health; however, benefits may be limited to certain
contexts and certain health outcomes.

Keywords
Built environment; Cardiorespiratory health; Nature

1. Introduction

Numerous studies have reported potential beneficial health effects of exposure to natural
environments (Fong et al., 2018; Twohig-Bennett and Jones, 2018). Several potential
pathways underlying associations of natural environments to health have been suggested.
Natural environments may reduce exposure to harmful environmental exposures (e.g., air
pollution, noise), can be a resource for stress reduction and attention restoration, and can
encourage physical activity and social interactions (Fong et al., 2018; Markevych et al.,
2017). On the other hand, vegetation may adversely affect health by releasing pollen and
volatile organic compounds (VOCs) (Fan et al., 2020; Markevych et al., 2017).

Many measures of the natural environment have been used in epidemiologic studies. Most
studies focus on availability of greenness, measured by satellite-based vegetation indices
such as the Normalized Difference Vegetation Index (NDVI) (Labib et al., 2020). These
vegetation indices assess the quantity of green vegetation but do not differentiate vegetation
quality or green space type. Parks, agricultural lands, uncultivated lands, and private yards
are generally captured by vegetation indices but may differ in their impact on health. Parks,
for example, provide suitable spaces for physical activities and social gatherings and are
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publicly accessible, in contrast to agricultural or private lands. Exposure to blue space (e.g.
rivers, lakes, oceans) has received less attention in comparison to green space but can be
potentially helpful to de-stress, calm and relax (McDougall et al., 2020; White et al., 2020).

Exposure to green space has been linked to decreased risk of cardiovascular disease (CVD)
and respiratory disease (RSD) mortality in several large cohort studies (Bauwelinck et al.,
2021; Bereziartua et al., 2022; Crouse et al., 2017; Klompmaker et al., 2021; Vienneau et
al., 2017). Only a few cohort studies evaluated associations between greenness and CVD
incidence (Chen et al., 2020; Dalton and Jones, 2020; Ponjoan et al., 2022; Seo et al.,

2019). Chen et al. (2020), Dalton and Jones (2020), Ponjoan et al. (2022) and Seo et al.
(2019) observed negative associations between greenness and CVD incidence. To the best of
our knowledge, there are no cohort studies that have evaluated associations of green space
with RSD incidence in adults. Some cross-sectional studies reported a beneficial association
between residential greenness and RSD, such as asthma or COPD, in adults (Alcock et al.,
2017; Maas et al., 2009; Sarkar et al., 2019; Xiao et al., 2022). However, a study from China
observed positive associations between neighborhood greenness and COPD prevalence (Fan
et al., 2020). Evidence of associations between blue space exposure and CVD outcomes and
all-cause mortality is not consistent (Georgiou et al., 2021). A study in Spain observed an
increased risk between exposure to blue space and all-cause mortality (Nieuwenhuijsen et
al., 2018), whereas a study in Canada observed decreased risks between exposure to blue
space and all-cause, CVD and RSD mortality (Crouse et al., 2018).

Our aim was to evaluate associations of features of natural environments with first CVD

and RSD hospitalization in a cohort of all fee-for-service Medicare beneficiaries living in
the contiguous U.S. from 2000 through 2016 (~63 million individuals). We assessed percent
park cover, greenness and percent blue space cover for each zip code in the contiguous U.S.
As reviews reported stronger effects of natural environments in urban areas and among low
socioeconomic status (SES) individuals (Browning et al., 2022; Fong et al., 2018; Rigolon et
al., 2021), we also evaluated associations in beneficiaries living in urban zip codes (=1000
persons/mile2) and in different neighborhood SES (nSES) zip codes.

2. Methods

2.1. Study population

To create an open cohort, data were derived from the Medicare denominator and Medicare
Provider Analysis and Review (MEDPAR) files. Medicare is a national health insurance
program that provides health insurance for Americans aged 65 and older and for younger
people with disability status. Our cohort included all fee-for-service Medicare beneficiaries,
aged =65 years, living in the contiguous U.S. from January 1, 2000-December 31, 2016. For
each beneficiary, follow-up started on January 1st: 2000 or January 1st of the year following
entry into the cohort. Moving during follow-up was included in the analyses on an annual
time scale. Each beneficiary was followed until the first hospital admission for the outcome
of interest, censoring, end of the follow-up, or death.

Environ Pollut. Author manuscript; available in PMC 2023 June 02.
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2.2. Outcome definition

Hospital admissions for all Medicare fee-for-service beneficiaries from 2000 through 2016
were available in MEDPAR. From 2000 through the third quarter of 2015, the /nternational
Classification of Disease, Ninth Edition (1ICD-9) codes were used. From the fourth quarter
of 2015, ICD-10 (from the Tenth Edition) codes were used. We looked at first hospital
admission with a primary discharge diagnosis of CVD (ICD-9: 390-459, ICD-10: 100-
199) or RSD (ICD-9: 460-519, ICD-10: JO0-J99). Separate cohorts for CVD and RSD
hospitalizations were created.

2.3. Exposure assessment

We assessed percent park cover, greenness and percent blue space cover for each zip code
in the contiguous U.S. Exposures were assessed on zip code level because we only had
information about the residential zip code of each beneficiary. The median area of all zip
codes included in our cohort (in 2016) was 92.8 km?2 and in urban zip codes it was 17.5 km?
(Table S1).

2.3.1. Park cover

We created a park cover dataset based on the United States Geological Survey Protected
Areas Database of the U.S. (PAD-US). The PAD-US strives to be a complete inventory
of public land and other protected areas in the US by compiling the “best available” data
provided by land managing agencies and organizations. (U.S. Geological Survey (USGS)
and Gap Analysis U.S. Geological Survey, Gap Analysis Project, 2020) As PAD-US
differentiates between multiple types of public lands, we selected all land types that are
likely to be known and used by the general public for outdoor recreation from PAD-US
V2.1 (2020) to create a cross-sectional park cover dataset. This included only open and
restricted access areas to provide an accessible and recreational version of the PAD-US
(“PAD-US-AR”). To assess zip code-level park cover, we converted the park dataset to a
raster image and calculated percent park cover for each zip code.

The following designations were included in the park cover dataset:

1. Parks and open spaces open for public access or restricted access (i.e., seasonally
open, fees required, or permits required) including but not limited to lands
managed by the National Park Service, U.S. Forest Service, Bureau of Land
Management, U.S. Fish & Wildlife, Army Corps of Engineers, State Parks, State
Departments of Conservation, State Departments of Natural Resources, State
Departments of Land, State Fish and Wildlife Departments, State Forest Service,
State Park and Recreation Departments, Tennessee Valley Authority, and city and
county park and recreation departments.

2. Conservation easements
The following designations were excluded from the park cover dataset:
1. Department of Energy, Department of Defense, and Bureau of Reclamation lands

2. Marine areas managed as/by Marine Protected Areas, National Oceanic and
Atmospheric Administration, Bureau of Ocean Energy Management, etc.

Environ Pollut. Author manuscript; available in PMC 2023 June 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Klompmaker et al.

Page 5

3. Proclamation areas, which are boundaries of national lands used for
administrative purposes that overlap with large areas of public lands that are
not all available to the public

4, Fish hatcheries and other lands used for water rights with regulated hunting

5. National Park easements (i.e., lands paralleling but not including the
Appalachian Trail and not used by the public)

Joint management areas (i.e., university research stations)
Non-governmental organization lands (aside from conservation easements)
State trust/land survey lands

American Indian Lands

10.  Other areas with unknown access or closed public access (i.e., limited to
coordinated programs and research)

2.3.2. Greenness—The Normalized Difference Vegetation Index (NDV1), an indicator
of greenness, was estimated using satellite imagery. The NDVI is calculated as the ratio
between the red and near infrared values (NASA). NDVI ranges from — 1 to 1 and values
close to 1 correspond to areas with complete coverage by live vegetation, values close to
zero correspond to areas without live vegetation and negative values correspond to water. To
assess greenness, we used images from Landsat 7 and Landsat 8 (Collection 1 Tier 1 DN
values, representing scaled, calibrated at sensor radiance) for the contiguous U.S. from June
1, up to August 31 (summer), for each year (2000-2016). Landsat 7 and Landsat 8 images
are generated every 16 days at 30 m resolution. Using Google Earth Engine (Gorelick et
al., 2017), we made cloud-free NDVI composite maps (based on Landsat 7 and Landsat 8
images) for the contiguous U.S. After setting negative NDVI values to zero, we calculated
the spatially-weighted mean summer NDV|1 for each zip code in the U.S. for each year.

2.3.3. Blue space cover—\We estimated blue space using satellite imagery based on
the Joint Research Centre’s Global Surface Water Dataset (Pekel et al., 2016). This dataset
contains information about the location of surface water, based on Landsat 5, 7, and 8
images from 1984 to 2018 (30 m spatial resolution). Information was aggregated over the
entire time period and not available for each year. To classify each pixel into water or
non-water, we used the “Occurrence” band. This band indicates the frequency with which
water was present in each pixel during the time period. We used a 50% threshold (water was
present 50% or more of the time) to classify pixels into blue space and no blue space. As
zip codes are used for postal services, adjacent water bodies such as rivers, lakes and oceans
are not always included in zip code areas. Therefore, we calculated spatially weighted blue
space cover of zip codes with a 1000 m buffer around each zip code.

2.4. Covariates

For each beneficiary, information about year of entry, age at year of Medicare entry, sex,
race, Medicaid eligibility (a proxy for low socioeconomic status), and zip code of residence
for all Medicare beneficiaries were derived from the Medicare beneficiary file. As a proxy
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for nSES, we used eight zip code-level covariates from the U.S. Census and American
Community Survey (median home value, median household income, population density,
percent Hispanic, percent Black, percent of the population with less than a high school
degree, percent below the poverty level, and percent of owner-occupied housing units).

We linked percent of the population that were ever smokers (based on the county level),
derived from the nationwide Behavioural Risk Factor Surveillance System (BRFSS). BRFSS
is the nation’s premier system of surveys that collect information about health-related risk
behaviours of U.S. residents. The average population size of all counties in the contiguous
U.S. in 2010 was 98,670 (min: 82, max: 9,818,605) (United States Census Bureau, 2022).
U.S. census (2000, 2009-2016) and BRFSS (2000-2011) variables were available for some
years but not all. Temporal interpolation using a moving average algorithm within each zip
code was performed for missing years, as described previously (Di et al., 2017). Further,
U.S. census regions (West, Midwest, Northeast, and South) were linked to account for
regional differences.

We also assessed zip code-level air pollution (particulate matter less than 2.5 um (PM, 5)
and nitrogen dioxide (NO5)), and meteorological indicators (maximum daily temperature,
specific humidity, and precipitation). Briefly, annual PM> 5 and NO, concentrations across
the contiguous U.S. for 2000-2016 were estimated based on predictions from well-validated
spatio-temporal ensemble models (Di et al., 2019b, 2019a; Requia et al., 2020). Detailed
information about air pollution models can be found elsewhere (Di et al., 2019b, 2019a;
Requia et al., 2020). For each zip code, the annual average concentrations were estimated
by averaging the estimations at grid cells whose centroids fall within the boundary of that
ZIP code. Average summer maximum temperature, ambient specific humidity and total
precipitation were estimated for each year for each zip code using daily data from the
Gridded Surface Meteorological dataset (Abatzoglou, 2013).

2.5. Statistical analyses

We applied a Cox-equivalent re-parameterized Poisson model to overcome computational
challenges due to our large cohort. We aggregated all beneficiaries within the same zip

code in a specific year, with the same age (2-year categories), sex, race, Medicaid eligibility
and year of follow-up and treated them as one single grid cell. We fitted a stratified quasi-
Poisson model to estimate associations with the rate of first CVD and RSD hospitalizations.
The count of CVD and RSD related first hospitalizations in each grid cell was the dependent
variable, using the corresponding total person-time in each grid cell as the offset. To account
for within zip code correlated observations across years, an m-out-n bootstrap method using
zip code units was used to calculate statistically robust confidence intervals (Cls). All
hazard ratios (HRs) were expressed per IQR increase (based on the full CVD cohort). The
Cox-equivalent re-parameterized Poisson approach is described in more detail elsewhere
(Shi et al., 2020).

To evaluate the impact of potential confounders, we fitted models with increasing degrees of
covariate adjustment. Model 1 included percent park cover, NDVI, percent blue space cover,
calendar year, region, an offset for total person-time, and strata for all possible combinations
of sex, race, Medicaid eligibility, age at study entry (2-year categories) and follow-up year.

Environ Pollut. Author manuscript; available in PMC 2023 June 02.
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In Model 2, all U.S. census covariates (except population density) were added. In Model 3,
population density was added, in Model 4 percent ever smoked was added, and in Model

5 average summer temperature, specific humidity and total precipitation were added. A
directed acyclic graph (DAG) outlining the conceptual relations between all variables is
shown in Fig. S1. We evaluated the shape of the exposure-response curves for each exposure
with natural splines. We a priori specified 2 or 3 degrees of freedom to visually evaluate
deviations from linearity.

In addition, we estimated associations of park cover, greenness and blue space cover for
individuals living in urban zip codes (population density =1000 persons/mile?). To evaluate
whether associations were modified by individual demographics, region, nSES and air
pollution, we stratified our analyses by sex (male, female), age (<75 years, 75-84 years,
>85 years), race (White, Black, other/unknown), Medicaid eligibility (eligible, not eligible),
region (West, Midwest, Northeast, South) and tertiles of zip code-level percent below

the poverty level, median home value, median household income, PM5 5 and NO,. For
sensitivity analyses, we excluded beneficiaries who had their first CVD or RSD hospital
admission within the first year of their follow-up and all records in the year 2000, to exclude
potential prevalent CVD or RSD cases. We ran single-exposure models and additionally
adjusted for zip code level NO, and PM> 5. We also examined percent blue space cover
without a 1000 m buffer. In addition, we stratified our analyses by deciles of zip code-level
area.

R software (R Project for Statistical Computing) version 3.6.1 were used for our analyses.
The analyses were conducted on the Harvard Research Computing Environment, which is
supported by the Institute for Quantitative Social Science at Harvard University.

2.6. Informed consent

This study was approved by the institutional review board at the Harvard T H Chan School
of Public Health and was exempt from informed consent requirements as a study of existing
administrative data.

3. Results

In total 63,009,173 Medicare beneficiaries were included in the full cohort. We observed
18,610,833 first CVD hospital admissions in 401,315,016 person years and 9,741,992 first
RSD hospital admissions in 453,244,756 person years. The vast majority of the individuals
in the cohorts were White, not eligible for Medicaid, and between 65 and 74 years of age
when they entered the study (Table 1). Percent park cover was highest in the western U.S.,
while greenness was highest in the eastern U.S. (Fig. 1). Median percent park cover was
lower in the full cohort (7.5%) than the urban cohort (11.4%), while median greenness
was higher in the full cohort (0.52) than the urban cohort (0.39, Table S2). Greenness

was weakly negatively correlated with percent park cover (Spearman p = — 0.23) and not
correlated with percent blue space cover (Spearman p = 0.00, Fig. S2). In the urban cohort,
greenness was not correlated with percent park cover (Spearman p = 0.03).

Environ Pollut. Author manuscript; available in PMC 2023 June 02.
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3.1. Associations in the full cohort

Splines showed no or small deviations from linearity for the exposure-response curves
(Fig. S3). We observed negative associations of percent park cover with CVD and RSD
hospitalizations in our minimally adjusted model (Model 1, Fig. S4). After adjustment for
potential confounders, associations of percent park cover attenuated to null (Table 2). For
greenness, we observed weak positive associations with CVD and RSD hospitalization in
our minimally adjusted model. In the fully adjusted model (Model 5), we found negative
associations of greenness with CVVD hospitalization (HR: 0.965, 95%Cl: 0.959, 0.971, per
IQR increase) but not with RSD hospitalization (HR: 0.987, 95%CI: 0.977, 0.997, per IQR
increase). Percent blue space cover was not associated with CVD or RSD hospitalization.

In general, for percent park cover and percent blue space cover, we did not observe a clear
pattern of effect modification by individual demographics (Fig. 2) or nSES (Fig. 3) for
CVD and RSD hospitalization. Negative associations of greenness with CVD hospitalization
were stronger for individuals 85+ compared to 65+ or 75+ years, and for individuals not
eligible for Medicaid compared to individuals eligible. We observed negative associations
of greenness with CVD hospitalization for White and Black individuals, but positive
associations for individuals of unknown/other race. Further, negative associations were
observed for individuals living in the West and Northeast and positive in the South. For
RSD hospitalization, we observed negative associations of greenness for females, Black
individuals, and individuals living in the West or Midwest. Associations of greenness with
CVD hospitalization became stronger with decreasing percent below the poverty levels
(Fig. 3). Associations of greenness with CVD hospitalization were positive in the lowest
NO, tertile, null in the lowest PM 5 tertile, and negative in the highest NO, and PM> 5
tertiles (Table S3). No negative associations were observed between greenness and RSD
hospitalization in any of the NO tertiles.

3.2. Associations in the urban cohort

Associations of percent park cover with CVD and RSD hospitalization in urban areas
were negative in our minimally adjusted model and attenuated after adjustment for
potential confounders (Fig. 4, Table 2). Greenness was negatively associated with CVD
hospitalization and positively associated with RSD hospitalization in our fully adjusted
model. No associations for percent blue space cover were observed in urban areas.

In urban areas, percent park cover was negatively associated with CVD and RSD
hospitalization for Medicaid eligible individuals, individuals with an unknown or other
race, and individuals living in the lowest median household income tertile and in the
highest percent below poverty tertile (Figs. 4 and 5). Negative associations of greenness
with CVD hospitalization were stronger for the elderly and individuals not eligible for
Medicaid, no association was observed for individuals eligible for Medicaid. We observed
positive associations of greenness with RSD hospitalization for males, younger, Medicaid
eligible, and White individuals. We observed negative associations of greenness in the
West (for CVD and RSD hospitalization) and in the Midwest (for CVVD hospitalization).
No associations of greenness with RSD hospitalization were observed in zip codes with a
high median household income and low percent below the poverty level. Associations of
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greenness with CVD hospitalization were null or weakly positive in the lowest NO, and
PM, 5 tertiles and negative in the middle and highest tertiles (Table S4).

3.3. Sensitivity analyses

In the full and urban cohort, we observed that associations were generally robust

to additional adjustments for PM, 5, exclusion of potentially prevalent cases, and
parameterizations of blue space (Table S5). Associations of single-exposure models

were also similar. Additional adjustment for NO, substantially attenuated associations of
greenness with CVD hospitalization and resulted in positive associations of greenness with
RSD hospitalizations. Stratified analyses by zip code area deciles showed no clear trend for
stronger associations in smaller zip codes (Fig. S5).

4. Discussion

In this study of over 63 million Medicare beneficiaries, we observed protective associations
between greenness and CVD, but not RSD, hospitalizations. In the urban cohort,
associations of greenness with RSD hospitalization were positive. There was no protective
association between percent park or blue space cover and CVD or RSD hospitalization in
the full cohort. However, percent park cover was negatively associated with CVD and RSD
hospitalization for low-SES individuals in urban areas.

We observed a weak negative correlation between percent park cover and greenness,
indicating that greenness does not represent parks well at the zip code level. This is likely
because NDVI captures total greenness, and therefore includes all types of green areas, such
as agriculture, forests, lawns, and yards. Moreover, not all parks contain dense vegetation,
especially in the west of the U.S. In urban areas, the correlation between percent park cover
and greenness was close to null. This was somewhat unexpected as some urban greenness
can be found in parks; however, urban parks may include paved paths and playgrounds that
do not contain vegetation. Moreover, NDVI captures street and private greenery, which may
constitute a large portion of the total greenness in urban areas. Not all types of greenery
contribute equally to the NDVI, as it depends on the amount of aboveground photosynthetic
biomass. Further, we note that correlations of percent park cover and NDVI with some
covariates, such as median home value, population density and NO», differ in direction.

We observed negative associations of greenness with CVD hospitalization, in line with
previous studies (Chen et al., 2020; Dalton and Jones, 2020; Ponjoan et al., 2022; Seo

etal., 2019). Park cover was not associated with CVD hospitalization. This is contrary

to our expectations as park cover could be expected to be a better indicator for green

spaces suitable for physical activity and social gatherings, and therefore may have a stronger
impact on health. However, after adjustment for NO,, the negative association of greenness
with CVD hospitalization almost completely disappeared. We note that NO, could be a
confounder, but it could also suggest mediation of the greenness — CVD hospitalization
relation.

We observed positive associations of greenness with RSD hospitalization in the urban
cohort, and in the full cohort after adjustment for NO,. This is in contrast to findings of

Environ Pollut. Author manuscript; available in PMC 2023 June 02.
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some (Alcock et al., 2017; Maas et al., 2009; Sarkar et al., 2019; Xiao et al., 2022), but not
all studies (Fan et al., 2020). In stratified analyses, we also observed positive associations

of greenness with RSD hospitalization in zip codes with low NO, concentrations in the full
cohort, indicating complex relationships between greenness and air pollutants. The positive
association with RSD hospitalization might be because vegetation can be a source of pollen,
ozone and other respiratory irritants, such as VOCs (Hanigan and Johnston, 2007). Emission
of VOCs might be more strongly related to greenness compared to percent park cover.
Dominant vegetation types likely differ between regions; this may explain the differences of
our findings with other studies and also the differences between the regional effect estimates
for greenness. In the eastern U.S., isoprene and monoterpene emission from vegetation

is generally high (Millet et al., 2008; Ying et al., 2015), and could explain the positive
associations of greenness with RSD hospitalization in the South and Northeast. The stronger
positive association in the urban cohort compared to the full cohort could be partly due to

a lower tolerance to pollen. It has been hypothesized that urban dwellers are exposed to
reduced pathogen levels compared to rural dwellers and therefore have an increased risk of
allergy (Linneberg, 2005).

We observed no protective association between percent park or blue space cover and CVD
or RSD hospitalization. This could be due to the absence of true associations in this

study population, or methodological issues, such as our use of zip code-level exposure,
characteristics of our study population, and adjustment for potential confounders. As we
do not have information about the exact residential address of each beneficiary, we used
zip code-level exposures. The median area of a zip code in the contiguous U.S. (in 2016)
was about 93 km? and in urban areas it was about 18 km?2. This is substantially larger

than the 300 m (area: 0.28 km?), and 1000 m (area: 3.14 km?2) buffers commonly used in
natural environment and health studies. Moreover, greenness and percent park cover can
differ substantially within a zip code, and beneficiaries living close to the border of their
zip code can be exposed to greenness in neighboring zip codes. The lack of associations
for percent blue space cover may be related to the limited variability. Moreover, we note
that there could be several air pollution sources in/close to blue spaces that may balance out
potential beneficial effects of blue space.

In the urban population, percent park cover was generally negatively associated with CVD
and RSD hospitalization for low SES individuals (Medicaid eligible individuals, individuals
living in the lowest nSES tertile), but not for mid or high SES individuals. Associations of
greenness with CVD hospitalization, on the other hand, were weaker/absent for low SES
individuals and positive associations with RSD hospitalization were stronger for low SES
individuals in the urban cohort. These findings are not consistent with a recent review that
reported that beneficial effects of green space are stronger for low SES individuals than for
high SES individuals and that protective effects for low SES groups were stronger for green
space than greenness (Rigolon et al., 2021). As parks are freely accessible, individuals of
low SES may go there to work out, relax, and socially interact.

Our study has multiple strengths. We assessed park cover, greenness and blue space for
each zip code in the U.S. Percent park cover, greenness and blue space were included
simultaneously in our models, to estimate associations for each exposure independent
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of the other exposures. We included approximately 63 million Medicare fee-for-service
beneficiaries living in the contiguous U.S. in our cohorts. The Medicare study population is
a fairly representative sample of individuals aged 65+ years across the U.S. However, during
our follow-up period, Medicare beneficiaries may have switched to managed care plans and
back, which could have resulted in some missed cases in our data. \We note that elderly may
experience, perceive, and use nature differently than other age groups. Hence, findings may
not be generalizable to younger populations. Our study also has some limitations, in addition
to those discussed above. Natural environment indicators were assessed at the zip code level,
which likely resulted in exposure measurement error. We had no information about quality
and safety of parks, greenness and blue spaces and on whether blue spaces could be used for
recreation. Moreover, NDVI captures all green vegetation and does not differentiate between
types of vegetation (e.g. trees, shrubs, grass). Blue space was based on satellite images from
1984 to 2018 years and park cover was based on data from 2020. We assumed that the
spatial distribution of these exposures was stable over time. Further, we note that PM, 5 and
NO, were predicted by ensemble models that included natural environment indicators (Di
etal., 2019b, 2019a). This could potentially lead to an overestimation of the true relation
between these pollutants and the natural environments indicators. However, the relative
importance of these indicators in the ensemble models was low. Therefore, we do not think
that the use of natural environment indicators as predictors in the air pollution models have
substantially affected the correlations between these variables in our cohort. We were unable
to adjust for individual-level SES (other than Medicaid eligibility) and lifestyle factors,
which may have resulted in an overestimation of the associations. However, we included
various nSES measures that are likely related to individual SES. Further, we note that some
individuals may have had their first CVD or RSD hospitalization before they were eligible
for Medicare.

5. Conclusions

We observed a protective association of greenness on CVD hospitalization and indications of
a harmful association on RSD hospitalization. Associations of greenness with both outcomes
were sensitive to adjustment for NO,. For individuals of low SES, we observed that percent
park cover, but not greenness, was negatively associated with CVD and RSD hospitalization
in urban areas. Blue space was not associated with CVVD or RSD hospitalization. These
results suggest that natural environments may benefit health; however, benefits may be
limited to certain contexts and certain health outcomes.
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Fig. 1.
The spatial variation of zip code level % Park cover, NDVI (2008), and % Blue space cover

in the contiguous U.S.&
@ To aid in visualization, the % Park cover map was truncated at 44.0%, the NDVI map was
truncated at 0.1 and 0.8 and the % Blue space cover map was truncated at 5.6%.
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Fig. 2.

Associations of percent park cover, NDVI and percent blue space cover with CVD and RSD
hospitalization in the full cohort in stratified analyses by sex (male, female), age (6574,
75-84, 85+ years), Medicaid eligibility (not eligible, eligible), race (White, Black, unknown/
other) and region (West, South, Northeast, Midwest).2

& Associations are expressed per IQR increase of the CVD hospitalization (full) cohort

(IQR Percent park cover: 15.9, NDVI: 0.27, Percent blue space cover: 3.2). Models

included park, NDVI, blue space and were adjusted for calendar year, region, U.S. census
covariates, % ever smoked, summer temperature, summer specific humidity and summer
total precipitation, an offset for total person-time and strata for all possible combinations of
sex, race, Medicaid Eligibility, age at study entry (2-year categories), and follow-up year.
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% Blue space cover

Income Home value Poverty

Associations of percent park cover, NDVI and percent blue space cover with CVD and RSD
hospitalization in the full cohort in stratified analyses by median household income, median
home value and percent below the poverty level.2 P
b To define strata, we used the following quantiles (933.3, g66.7) for the CVD cohort;

median household income ($1000): 39.9, 55.6; median home value ($1000): 107.4, 196.3;
percent below the poverty level (%): 6.4, 11.4; for the RSD cohort: median household

income ($1000): 40.0, 55.7; median home value ($1000): 107.7, 196.3; percent below the
poverty level (%): 6.4, 11.4.
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Fig. 4.

Associations of percent park cover, NDVI and percent blue space cover with CVD and

RSD hospitalization in the urban population in stratified analyses by sex (male, female), age
(6574, 75-84, 85+ years), Medicaid eligibility (not eligible, eligible), race (White, Black,
unknown/other) and region (West, South, Northeast, Midwest).2

& Associations are expressed per IQR increase of the CVD hospitalization (full) cohort (IQR
Percent park cover: 15.9, NDVI: 0.27, Percent blue space cover: 3.2). Models included
percent park cover, NDVI, percent blue space cover and were adjusted for calendar year,
region, U.S. census covariates, % ever smoked, summer temperature, summer specific
humidity and summer total precipitation, an offset for total person-time and strata for

all possible combinations of sex, race, Medicaid Eligibility, age at study entry (2-year
categories), and follow-up year.
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% Blue space cover

Income Home value Poverty

Associations of percent park cover, NDVI and percent blue space cover with CVD and RSD
hospitalization in the urban population in stratified analyses by median household income,
median home value and percent below the poverty level .2 P
& Associations are expressed per IQR increase of the CVD hospitalization (full) cohort (IQR
Percent park cover: 15.9, NDVI: 0.27, Percent blue space cover: 3.2). Models included

park cover, NDVI, percent blue space cover and were adjusted for calendar year, region,
U.S. census covariates, % ever smoked, summer temperature, summer specific humidity
and summer total precipitation, an offset for total person-time and strata for all possible
combinations of sex, race, Medicaid Eligibility, age at study entry (2-year categories), and
follow-up year. b To define strata, we used the following quantiles (q33.3, 966.7) for the
CVD cohort: median household income ($1000): 42.5, 62.4; median home value ($1000):
146.8, 276.8; percent below the poverty level (%): 6.5, 11.7; for the RSD cohort: median
household income ($1000): 42.6, 62.5; median home value ($1000): 147.0, 276.7; percent

below the poverty level (%): 6.5, 11.6.
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Descriptive statistics of all U.S. Medicare fee-for-service beneficiaries (n = 63,009,173) from 2000 through

2016.2
Individual-level covariates Demographics at study entry N (%)
Sex Female 34,725,534
(55.1)
Age entry 65-74 years 48,240,802
(76.6)
75-84 years 10,819,118
(17.2)
85+ years 3,949,253
(6.3)
Race White 53,262,938
(84.5)
Black 5,511,612
8.7
Other/unknown 4,234,623
(6.7)
Medicaid eligibility Not eligible 55,164,043
(87.5)
Eligible 7,845,130
(12.5)
Region Northeast 12,374,875
(19.6)
South 24,085,710
(38.2)
Midwest 15,254,270
(24.2)
West 11,294,318
(17.9)
Zip code-level covariates & Aggregated data (2000-2016) Median (IQR)
Natural environment measures % Park cover 7.5 (15.9)
NDVI 0.52 (0.27)
% Blue space cover (1000 m buffer) 05(3.2)
% Blue space cover (no buffer) 0.3(1.3)
U.S. census covariates Population density (persons/mile2) 517.4 (2919.0)
Median home value ($1000) 139.4 (145.3)
Median household income ($1000) 46.0 (24.9)
% with less than a high school degree 24.7 (21.6)
% below the poverty level 8.6(8.2)
% owner-occupied housing units 71.8 (21.4)
% Black 3.7(13.5)
% Hispanic 5.0 (14.0)
BRFSS covariate % ever smoked 46.2 (9.1)
Other environmental exposures ~ summer temperature (°C) 29.9(5.2)
summer specific humidity (g of water vapor/kg of dry air)  12.0 (4.0)
summer total precipitation (mm, daily total) 3.1(2.3)
PMz5 (§/m°) 9.7 (4.0)
NO, (ppb) 16.3 (13.9)

a - - . . . . L
Descriptive statistics of the zip code level covariates are given for the strata (aggregated data based on zip code, year, sex, race, Medicaid

eligibility, 2-year categories of age at study entry and year of follow-up) based on the CVD cohort. Descriptive statistics of the zip code level

covariates for the RSD cohort are shown in Table S2.
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Table 2

HRs of percent park cover, NDVI and percent blue space cover with CVD and RSD hospitalization in the full
and urban cohort of U.S. Medicare fee-for-service beneficiaries aged =65 years living in the contiguous U.S.

from 2000 through 2016 (n = 63,009,173).% %,

Exposure (IQR) CVD hospitalization RSD hospitalization

Full cohort Urban cohort Full cohort Urban cohort

HR (95% CI) HR (95% Cl) HR (95% Cl) HR (95% CI)
% Park cover (15.9) 0.997 (0.995, 1.000)  0.991 (0.987,0.996)  0.995 (0.991, 0.999)  0.995 (0.989, 1.002)
NDVI (0.27) 0.965 (0.959, 0.971)  0.979 (0.970,0.989)  0.987 (0.977,0.997) 1.018 (1.004, 1.032)

% Blue space cover (3.2) 0.999 (0.998, 1.000)  1.001 (1.000, 1.002)  0.997 (0.995, 0.998)  1.001 (0.999, 1.002)

laAssociations are expressed per IQR increase of the CVD hospitalization (full) cohort. Models included percent park cover, NDVI and percent
blue space cover simultaneously. Models were adjusted for calendar year, region, U.S. census covariates, % ever smoked, summer temperature,
summer specific humidity, summer total precipitation, an offset for total person-time and strata for all possible combinations of sex, race, Medicaid
Eligibility, age at study entry (2-year categories), and follow-up year. Urban cohorts included all person years in zip codes with a population density

of 1000+ persons/milez.
bln the full cohorts, we observed 18, 610, 833 first CVD hospital admissions in 401, 315, 016 person years, 9,741,992 first respiratory disease

hospital admissions in 453, 244, 756 person years. In the urban cohorts, we observed 8,354,677 first CVD hospital admissions in 185, 252, 789
person years, 4,387,395 first respiratory disease hospital admissions in 208, 437, 165 person years.
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