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CHAPTER 1

General introduction



Epidemiology of cardiovascular disease

Cardiovascular diseases (CVD) remain the leading cause of the global burden of disease
and this is expected to rise substantially in the next few decades ®. The prevalent cases
of total CVD nearly doubled from 271 million in 1990 to 523 million in 2019, which
makes CVD the leading cause of global mortality and a major contributor to disability 2.
Globally, CVD caused 18.6 million deaths and 34.4 million years lived with disability in
2019 2. CVD deaths represent about one-third of all global deaths 3. In order to meet
the United Nations’ Sustainable Development Goals 3 and achieve a one-third reduction
in premature mortality from noncommunicable diseases by 2030 4, it is essential to
obtain knowledge on modifiable determinants of CVD and develop subsequent

prevention strategies.

Determinants of cardiovascular risk

CVDs are a group of disorders of the heart and blood vessels. Among those, ischemic
heart disease (IHD) and stroke contribute most to the disease burden. Specifically, 85%
of CVD deaths were due to heart attack (acute event resulting from IHD) and stroke 23
Atherosclerosis is a critical mechanism underlying many CVDs °. Endothelial dysfunction
and inflammation contribute to the formation of fibrofatty lesions in the artery wall,
which progress to plaque °. The resulting narrow and stiffness of arteries reduce blood

flow and oxygen supply to tissues °.

There are clinical risk factors such as obesity, hypertension, diabetes mellitus,
dyslipidemia, and psychological disorders. The clinical risk factors are influenced by
behavioural risk factors like physical activity, sedentary behaviour, diet, smoking, and

sleep. These remain the top risk factors for global burden of CVD and mortality %°.

Socio-ecological models suggest that the above mentioned risk factors are further
driven by “upstream” determinants, that is the contextual characteristics in social,
policy, and built environment 7=°. The built environment is defined as the characteristics
of manmade entities of the communities in which we live, work and play, including

neighbourhoods, home, office, and transportation infrastructures °. Its by-products,



like air pollution, noise levels, and ambient temperature, are often included .
Nowadays, the paradigm in CVD research has shifted from individual risk factors to

12

these upstream determinants 2. They are good entry points for population-level

intervention 2. The current thesis focuses on the built environment.

Gaps in current evidence

Previous literature reviews found preliminary evidence on the associations between
neighbourhood built environment, behavioural risk factors, clinical risk factors, and CVD
outcome (Figure 1) 13, However, there are still a lot of gaps in the current evidence.
First, time and place, or people’s daily mobility were not well considered when
investigating the association between built environment exposure and CVD 1. Second,
the empirical evidence on the mechanisms or pathways underlying the association
between the built environment and CVD are not well established . Third, the
interaction or confounding effects of built environment attributes in relation to CVD are
not well understood !!. Lastly, the prospective design is critical and merited in

establishing causality between the built environment and CVD 1.

Moreover, the cardiovascular risk is a continuum. Although CVD burden mostly comes
from adults rather than children 2, it has been shown that the clustering of
cardiometabolic risk factors is stable from childhood to adulthood 476, The risk factors
include body mass index, blood pressure, glucose, triglyceride, high-density lipoprotein
cholesterol and so on. Therefore, out of early prevention, it is interesting to investigate
the association between built environment attributes and cardiovascular risk among

children.
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Figure 1. A simplified framework of the impact of neighbourhood built environment on

CVD via behavioural risk factors and clinical risk factors 113,

Thesis objectives

The objective of this thesis is to gain insight into the current evidence of the association
between the built environment and cardiovascular risk, and to originally investigate the
underlying mechanisms and long-term associations, while taking into account the

identified research gaps.

Setting

The studies described in this thesis were embedded within Exposome-NL ’. Exposome-
NL is a Dutch consortium of over fifty scientists from different disciplines, universities
and medical centres Y. Together the scientists are systematically sequencing the

environmental factors influencing health 7.

One original study included in this thesis was conducted as a cross-sectional survey in

Guangzhou, China. Guangzhou is the capital city of Guangdong Province in south China.

Other original studies included in this thesis were conducted in The Netherlands and

used data from the Geoscience and Health Cohort Consortium (GECCO) 8-2°, GECCO is
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a Dutch infrastructure to support researchers to study the relation between
environmental characteristics and health. The environmental data are centralized and
operationalized to enrich more than 25 ongoing cohort studies within GECCO. Three
cohort studies that are affiliated with GECCO were included in this thesis. Apart from
cohorts in the GECCO, the register data from the Statistics Netherlands (CBS) were also
used, that included all registered residents in The Netherlands 2!. The environmental

exposure data at the home address-level were linked to individuals.

Thesis outline

Chapter 2 summarizes the evidence on the association between built environment and
CVD. Chapter 3 to 6 zoom in specific built environment characteristics and address the
identified research gaps, respectively. Chapter 3 describes the spatial disparities in the
availability of green space in the Netherlands. Chapter 4 investigates the mutual
confounding effect of air pollution and green space in relation to cardiometabolic risk
among children. Chapter 5 identifies trajectory groups of neighbourhood walkability in
the Dutch population over thirteen years and compares their subsequent risk of CVD
for eleven years. Chapter 6 provides empirical evidence on the pathways underlying the
association between green space exposure and blood pressure. In this chapter, people’s

mobility was considered by combining exposure from residence and workplace.

11
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Abstract

Aim
To provide a comprehensive overview of the current evidence on objectively measured
neighbourhood built environment exposures in relation to cardiovascular disease (CVD)

events in adults.

Review methods

We searched seven databases for systematic reviews on associations between
objectively measured long-term built environmental exposures, covering at least one
domain (i.e., outdoor air pollution, food environment, physical activity environment like
greenspace and walkability, urbanisation, light pollution, residential noise, and ambient
temperature), and CVD events in adults. Two authors extracted summary data and
assessed the risk of bias independently. Robustness of evidence was rated based on
statistical heterogeneity, small-study effect and excess significance bias. Meta-meta
analyses were conducted to combine the meta-analysis results from reviews with

comparable exposure and outcome within each domain.

Results

From the 3,304 initial hits, 51 systematic reviews were included, covering five domains
and including 179 pooled estimates. There was strong evidence of the associations
between increased air pollutants (especially PM2.5 exposure) and increased residential
noise with greater risk of CVD. Highly suggestive evidence was found for an association
between increased ambient temperature and greater risk of CVD. Systematic reviews
on physical activity environment, food environment, light pollution and urbanisation in

relation to CVD were scarce or lacking.

Conclusions
Air pollutants, increased noise levels, temperature, and greenspace were associated

with CVD outcomes. Standardizing design and exposure assessments may foster the
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synthesis of evidence. Other crucial research gaps concern the lack of prospective study

designs, and lack of evidence from LMIC's.

Systematic review registration: PROSPERO CRD42021246580.

Lay summary

This study is a review of published systematic reviews on the relation between the

neighbourhood built environment and cardiovascular disease (CVD) in adults.

e There was strong evidence of a relation between increased air pollutants and
a greater risk of CVD. There was also strong evidence of a relation between
increased residential noise and a greater risk of CVD. There was highly
suggestive evidence of a rerlation between increased ambient temperature

and a greater risk of CVD.

e Systematic reviews that examined other aspects of the built environment,
such as the physical activity environment, food environment, light pollution

and urbanisation were scarce or lacking.
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Introduction

Cardiovascular diseases (CVD) are the leading cause of the global disease burden.?!
Worldwide CVD cases have doubled in the past 20 years. In 2019, 523 million cases led
to 18.6 million deaths and 34.4 million years lived with disability. 2 The burden of CVD
is not only an individual health issue, but also a societal burden that strains healthcare
and economic systems. The World Heart Federation estimates that the global cost of
CVD will rise from roughly $863 billion in 2010, to $1,044 billion in 2030. 3 Therefore, it
is important to deepen our understanding of the determinants of CVD in individuals and

populations and develop sustainable strategies for reduction and prevention.

Lifestyle behaviours, like physical inactivity and unhealthy diet, are important risk
factors of CVD. 2% Ecological models suggest that these behavioural risk factors are
driven by contextual characteristics in the social, policy and built environments, also
known as “upstream determinants”. >’ The paradigm in CVD research has shifted, with
the focus moving to these upstream determinants as promising entry points for
population-level action to prevent CVD.2 The majority of the world’s population resides
and spends most of its time in highly organised built environments. The built
environment is a subset of the exposome, which is the sum of all environmental drivers
of health and disease throughout life.® The built environment is defined as all aspects
of a person’s surroundings that are man-made or modified, such as buildings, parks,
facilities and infrastructure. 1° Its direct effects, like air pollution, noise levels, and

ambient temperature, are often included. !

The mechanisms by which the built environment might affect CVD are not well
established. Conceptually, there are two main pathways proposed. 2 The first pathway
is between active built environmental exposure and behavioural risk factors. ' For
active exposure, one needs to actively use of the environment to be exposed. Attributes
such as walkability, which is comprised of individual elements like sidewalks, connected
streets and proximity to key destinations, can facilitate a more active lifestyle. 1314

Access to and availability of certain food resources may either improve or diminish diet

19



quality, depending on whether these food resources are greengrocers or fast-food
outlets, for example. !> The second pathway is between passive built environmental
exposure and CVD. This includes exposures that occur when one is simply present in
the environment, such as air pollution, residential noise and ambient temperature. ?
Exposure to increased levels of air pollution can promote systemic inflammation and
oxidative stress. As a result, a variety of pathological processes, such as increased
thrombosis, hypercoagulability and endothelial dysfunction, could eventually lead to
CVD. %17 Noise and ambient temperature may cause typical physiological responses

including hypertension, vasoconstriction and tachycardia that may lead to CVD. 1&%°

The two aforementioned pathways are not mutually exclusive, which increases
complexity of research in this field. ' Many environmental aspects may be interrelated.
For example, the benefits of living in a dense, walkable environment might be
diminished by increased exposure to traffic-related air pollution. 2° Attributes may also
operate at multiple scales or contexts, from neighbourhoods to entire regions, or from
rural to urban areas. Consequently, the same built environmental aspects may have
different effects from different perspectives or contexts. Urbanisation, a context
indicator of the urban development level, serves as a container of above mentioned
built environmental aspects. It is worthwhile to study urbanisation as a proxy of a built
environment and its confounding or interaction effect with other aspects. Furthermore,
55% of the world's population lives in urban areas, a proportion that is expected to
increase to 68% by 2050. 2! It is therefore relevant to understand what this means in

terms of CVD risk.

Over the past two decades, a significant number of systematic reviews have examined
the relationship between the built environment and CVD. However, these studies often
address single (sub)domains of exposures, or the built environment was not the primary
focus of the reviews. It is difficult for readers to assess and synthesise the piecemeal
published evidence. As such, we aimed to provide a comprehensive overview of the
current evidence, identify crucial research gaps and determine the implications for

public health, clinical medicine, policy and regulation. To accomplish this, we conducted

20



an umbrella review of systematic reviews and meta-analyses to investigate associations
between the built environment and CVD events in adults. This review may also serve as

a reference point for those who are new to the field.

21



Methods

The current umbrella review was conducted according to the protocol published in the
International Prospective Register of Systematic Reviews (PROSPERO; ID
CRD42021246580) and adheres to the guidelines of Transparent Reporting of
Systematic Reviews and Meta-analyses (PRISMA) (see Appendix 1 for PRISMA checklist).

Literature search

We searched seven databases on April 16th, 2021: Medical Literature Analysis and
Retrieval System Online (MEDLINE), Excerpta Medica Database (EMBASE), Cumulative
Index for Nursing and Allied Health Literature (CINAHL), Scopus, the Cochrane Database
of Systematic Reviews (CDSR), the Joanna Biggs Institute (JBI) Database of Systematic
Reviews and Implementation Reports, and PROSPERO. We built a search algorithm
using search terms based on definitions and synonyms of the built environment, its
attributes and definitions of CVD events. A detailed search strategy for each database
is presented in Appendix 2. We also screened the reference lists of the included reviews

to identify additional eligible reviews.

Inclusion and exclusion criteria

We included systematic reviews of primary studies of the general population if they: (1)
reported on objectively measured long-term neighbourhood environmental exposures,
covered at least one domain, including air pollution (e.g., particulate matter (PM),
carbon monoxide (CO), nitrogen oxides (NO and NO,), sulfur dioxide (SO,) and ozone
(03)), food environment (e.g., neighbourhood fast-food outlet density), physical activity
environment (e.g., greenspace and walkability), urbanisation, light pollution (light at
night), residential noise from road-, rail-, and/or air-traffic, and ambient temperature;
(2) reported associations between these factors and CVD events (i.e., prevalence,
incidence or mortality of coronary heart disease (CHD), stroke, transient ischemic attack
(TIA), peripheral arterial disease (PAD), atrial fibrillation (AF), aortic disease, heart
failure (HF)- but not congenital heart disease) in adults (i.e., 218 years); (3) used a

systematic literature search, i.e., a reproducible search strategy with search strings
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corresponding to databases; and (4) were published between January 1st, 2000 and
April 16th 2021 in English. In the domain of temperature, the studies of short-term and
long-term were mixed and meta-analysed in systematic reviews. Therefore, the criteria

of long-term exposure was not applied too strictly for temperature.

We excluded reviews if they: (1) only focused on specific populations such as children,
pregnant women, CVD patients or patients whose CVD risk may be influenced by other
conditions (e.g., cancer, diabetes and chronic renal failure); (2) were published as
conference abstracts, case reports, editorials and letters to editors; (3) reviewed studies
on the indoor built environment (e.g., home environment), occupational environment
(e.g., workplace environment), or subjective assessments of environmental
characteristics (e.g., perceptions of neighbourhood safety), or only examined acute

(short-term) exposure.

Study selection and data extraction

After removing duplicate records, two authors (ML and PM) screened all titles and
abstracts independently. Then, these authors screened the full texts of potentially
eligible articles separately and cross-checked a sample of each other’s work. Screening
was done using Rayyan software, a non-commercial, web-based application. ?? The two
authors resolved any disagreements with discussion or, if no consensus could be
reached, with discussion with other authors (TML, EJT, IV, JL). Two authors (ML and PM)
conducted the data extraction and verified each other’s work. For each eligible review,
they extracted the following information: first author, year of publication, study design,
study population, countries in which primary data were collected, exposure domain and
type of environmental exposures, measures of the exposures, type and measure of the
outcome studied, and summary of the (stratified) results. In the event that an included
review was based on a meta-analysis, the following information was also extracted
(where available): the pooled effect estimates and 95% confidence intervals (Cls), the
effect size (ES) in the study with the largest study sample, the between-study
heterogeneity using /%-statistic, the results of the Egger’s regression asymmetry test and

excess statistical significance test, and the 95% prediction interval (PI).

23



Overlap of primary studies assessment

We assessed the overlap of primary studies across included reviews by a measure of
Corrected Covered Area (CCA). 2® The first occurrence of a primary study in included
reviews was defined as the index study. We created a cross-table of index studies and
reviews for each built environmental domain (Appendix 4). The CCA-score was
categorised into: limited overlap (score: 0-5), moderate overlap (score: 6-10), high

overlap (score: 11-15) and very high overlap (score: >15) 23,

Risk of bias assessment
We assessed the risk of bias in included systematic reviews using the validated Risk of
Bias in Systematic Reviews (ROBIS) tool. ?* Any disagreements in the assessment were

resolved with discussion.

Statistical analysis

For the syntheses of quantitative research, we used statistical methods in accordance
with the most up-to-date recommendations. 2°-28 Specifically, to rate the robustness of
evidence for each review that reported pooled results from a meta-analysis, we

considered the following statistics:

e  Statistical heterogeneity. The extent of statistical heterogeneity was evaluated
using the P-statistic. When the /?-statistic exceeded 50%, heterogeneity was
considered large. We also evaluated heterogeneity using the 95% PI. This
measure assesses the uncertainty of expected outcomes in new studies of the
same association. 2°

e Small-study effect. The small-study effect refers to the observation that
studies that include smaller sample sizes tend to yield larger ES than studies
with larger study samples. The potential reasons for this include publication
bias, reporting bias and real heterogeneity. The Egger’s regression asymmetry
test was used to assess whether or not a small-study effect was present. A P
value <0.10 with a more conservative effect in larger studies was considered

evidence of small-study effect. 3°

24



e  Excess significance bias. This measure was used to evaluate whether there is
evidence of an excessive number of studies with statistically significant results
in the meta-analysis. It may result from reporting bias and data dredging. 3!
The excess statistical significance test was used, with a P value <0.10

considered to be evidence of excess significance bias.

When these statistics were not available, a re-estimate based on the ES of primary
studies in the included review was conducted. In line with up-to-date recommendations,

the level of robustness for each pooled result was based on the following criteria %%:

e Strong evidence: P value <10 of the pooled estimate of meta-analysis, >1000
individuals of the total number of participants in the primary studies that were
included in the review, P value <0.05 of the largest study in the meta-analysis,
?-statistic <50%, no evidence of small-study effects, no evidence of excess
significance bias, the null value does not fall in the 95% PI.

e Highly suggestive evidence: P value <10 of the meta-analysis, >1000
individuals in the review, P value <0.05 of the largest study in the meta-analysis.

e  Suggestive evidence: P value <1073 of the meta-analysis, >1000 individuals in
the review.

e Weak evidence: P value <0.05 of the meta-analysis.

Within each category, all criteria had to be met.

We conducted meta-meta-analyses to combine the results from meta-analyses with
comparable exposure and outcome. 7 We selected meta-analyses with comparable
study populations, exposure and outcome assessment methods, and measure of
association (relative risk or hazard ratio). By matching meta-analyses, we extracted the
unique primary ES included in the pooled analyses. After the removal of duplicates,
random-effect meta-analyses were conducted with restricted maximum likelihood
approach for the estimation of variance components. The Wald method was used for

estimating 95% confidence intervals. Heterogeneity was investigated with the /-
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statistic. The Egger’s regression asymmetry test was conducted to examine the small-
study effect and excess statistical significance was tested for. To account for variability
of covariate adjustment, we conducted sensitivity analyses by only including primary ES
with similar covariate adjustment sets. All statistical analyses were conducted with the

metaphor package in R software. 3233
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Results

Literature search results

The literature search identified 3,304 unique publications (Figure 1). After screening all
titles and abstracts, we excluded a total of 3,164 studies. After reading the full texts, we
included a total of 51 eligible. Additional details are presented in the PRISMA article

selection process flow chart. A full list of included reviews is presented in Appendix 3.

Characteristics of included reviews

The characteristics and a summary of the results of all 51 included systematic reviews
are presented in Table 1. The number of relevant primary studies included in the
reviews ranged from 2 to 67. Most reviews (n=43) were not restricted to specific
countries or regions in the search, but most evidence was obtained in Europe (n=43),
East and South Asia (n=38) and North America (n=37); relatively few studies were based
in South America (n=10), Middle East (n=8), Oceania (n=8) and Africa (n=6). A variety of
designs were used in primary studies, including ecological studies, cohort studies, cross-
sectional studies, case-control studies, case-crossover studies, small-area studies, panel
studies and time-series studies. Over one-third of the reviews (n=20) included only

longitudinal studies.

Thirty-three reviews studied the domain of air pollution, four studied physical activity
environment, one studied urbanisation, ten studied residential noise and eight studied
ambient temperature. There were no systematic reviews found in the domains of food
environment and light pollution. Most reviews (n=46) conducted one or multiple meta-
analyses. Seven reviews only conducted narrative syntheses of the primary studies. In
total, the meta-analyses summarised 180 pooled estimates of the association between
specific built environmental factors and CVD events. The CCA-score for each domain

was below 1, indicating only limited overlap of primary studies (Appendix 4).

Domain-specific results

Air pollution
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Overall, long-term increased air pollution was associated with a higher risk of CVD
events, based on a total of 105 meta-analyses. Among them, three reviews contained
pooled results classified as strong evidence. 343¢ Four air pollutants were associated
with a higher risk of CVD events (Table 2). Chen et al. found that both a 10 pg/m?3 higher
ambient SO, (HR: 1.005; 95% Cl: 1.004 to 1.007) and CO concentration (HR: 1.017; 95%
Cl: 1.013 to 1.022) were associated with an increased incidence of AF. 3> Furthermore,
Yang et al. found that a 10 pg/m? higher ambient NO, concentration was associated
with an increased risk of ischemic heart disease (IHD) events (RR: 1.05; 95% Cl: 1.04 to
1.06).3% Alexeeff et al. found that a 10 pg/m3 higher PM,.s concentration was associated
with an increased risk of incident stroke (RR: 1.13; 95% Cl: 1.11 to 1.15).3* Among these
three reviews that provide strong evidence, Chen et al. and Yang et al. had a low risk of
bias, while Alexeeff et al. had a high risk of bias for study eligibility criteria, identification

and selection (Table 2).

Thirteen specific pooled results were supported by highly suggestive evidence (Table
3). Associations were found between a higher ambient PM,s concentration and higher
risk of myocardial infarction (MI), IHD mortality, cerebrovascular disease (CeVD)
mortality, CVD mortality and stroke events. Associations were also found between a
higher ambient PMjo concentration and higher risk of AF, and for NO, with CVD, ICH
and CHD mortalities. All evidence was limited by small study effects, excess significance
bias or high heterogeneity. Only the studies by Alexeeff et al. and Zou et al. had a high
risk of bias. 3#37 Furthermore, 32 pooled estimates were found to be non-significant

(Table 3); most of these included a small number of studies (i.e., 2 to 4 studies).

We identified three specific exposure and outcome analyses suitable for meta-meta-
analyses (studies presented in bold in Table 3). Firstly, a meta-meta-analysis of 29
unique primary studies from Alexeeff et al. and Chen et al. 338 showed that a 10 pg/m3
increase in PM,.s was associated with increased IHD mortality (RR: 1.21; 95% Cl: 1.10 to
1.33; 1%: 98.16%) (Figure 2) with a large degree of heterogeneity across studies (high /-
statistic, and larger 95% Pl than the 95% Cl) (Table 4). As a sensitivity analysis, we

conducted the meta-meta-analysis excluding studies that did not adjust for smoking,
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which decreased the degree of heterogeneity, but did not affect the results (Table 4 and
Figure S1). Secondly, a meta-meta-analysis of 26 unique primary studies from Yang et
al. and Chen et al. 3538 showed that each 10 pg/m?3 increase in PM,.s was associated with
increased CVD mortality (RR: 1.11; 95% Cl: 1.09 to 1.14; /*: 74.23%) (Figure 3) with a
large degree of heterogeneity across these 26 studies (Table 4). Excluding studies that
did not adjust for any lifestyle behaviour did not result in any substantial change in effect
estimates (Table 4 and Figure S2). Lastly, a meta-meta-analysis of 14 unique primary
studies from Stieb et al. and Atkinson et al. 3%4° showed a non-significant association of
NO, with CeVD mortality (HR: 1.03; 95% Cl: 1.00 to 1.06; /*: 45.64%) (Figure 4). There
was no evident small study effect or excess significance bias in these three meta-

analyses.

Five narrative reviews were found on air pollution with consistent results to other

reviews (Table 1). 44

Physical activity environment

Three reviews studied associations in the physical activity environment domain
including eight meta-analyses. All reviews in this domain studied greenspace exposure.
Two associations related to greenspace were supported by suggestive evidence (Table
3). Gascon et al. found an inverse association for 10% higher greenspace exposure and
CVD mortality; however, their review was at high risk of bias for study identification. ¢
Six pooled estimates were not statistically significant. Among these, Yuan et al.
reviewed the association between greenspace and IHD mortality *” and Twohig-Bennett
et al. reviewed the association between greenspace and IHD incidence with no obvious

risk of bias “, though they comprised a small number of studies (i.e., 2 to 3 studies).

Urbanisation

One review was identified in the urbanisation domain. ** Angkurawaranon et al.
reviewed studies focusing on Southeast Asian populations and included four meta-
analyses. Two associations were supported by weak evidence. One pooled estimate

showed that urban exposure was associated with higher odds of CHD (OR: 2.48; 95% Cl:
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1.20 to 5.11), while the other showed lower odds of RHD (OR: 0.31; 95% Cl: 0.13 to
0.76). The other two pooled estimates for stroke and non-specific heart disease were
non-significant. The eligibility criteria were not clearly reported in this review, resulting

in an unclear risk of bias (Table 3).

Residential noise

In the residential noise domain, nine reviews were identified, including 30 meta-
analyses (Table 3). Cai et al. found strong evidence of an association between 10 dB
higher aircraft traffic noise and increased CVD mortality (HR: 1.17; 95% Cl: 1.10 to 1.25),
though this review had a high risk of bias in study eligibility criteria, identification and
selection. >® Two associations were supported by suggestive evidence. Babisch et al.
found an association between 10 dB higher road traffic noise exposure and higher risk
of CHD. *! Vienneau et al. found a similar association between traffic noise exposure
and higher risk of IHD. °? Seventeen pooled estimates were non-significant. Among
these, Weihofen et al. reviewed seven studies and found a marginal association
between 10 dB higher aircraft traffic noise exposure and higher risk of stroke (RR: 1.013;
95% Cl: 0.998 to 1.028). This review did not suffer from obvious risks of bias,

heterogeneity, small study effect or excess significance bias. >3

One systematic review covered multiple domains: air pollution, greenspace, walkability
and noise. Using the Grading of Recommendations, Assessment, Development and
Evaluation (GRADE) system, Rugel et al. found sufficient evidence of an association

between increased noise and higher risk of CvD. >*

Ambient temperature

In the ambient temperature domain, eight reviews were included. These reviews
included 37 meta-analyses (Table 3). Associations between both higher and lower
temperature in relation to higher risk of CVD were supported by suggestive evidence
(three reviews); six associations were supported by weak evidence; 22 pooled
estimates were non-significant. All results suffered from a high risk of bias. Two

narrative reviews were found in this domain with inconsistent results.
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In this domain, we identified one specific exposure and outcome analysis that was
suitable for a meta-meta-analysis. Bunker et al. and Moghadamnia et al. meta-analysed
the RR of CVD mortality per 12C change in temperature.>>°® The meta-meta-analysis of
62 unique primary studies showed a significant association between increasing
temperature and CVD mortality (RR: 1.04; 95% Cl: 1.03 to 1.04; /?: 98.63%) (Figure 5).
Both a small study effect and excess significance bias were evident in this analysis. As
sensitivity analyses, we conducted the meta-meta-analysis excluding studies that did
not adjust for any confounders (Appendix 7, Figure S3), did not adjust for air pollution
(Appendix 7, Figure S4) and adjusted only for air pollution (Appendix 7, Figure S5).

These analyses did not substantially change the results of the main analyses.
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Discussion

Principal findings

Our umbrella review found strong evidence of an association between increased air
pollution, including increased ambient PM,s, SO,, CO and NO, exposure, and CVD
outcomes. There was also consistent evidence of associations between increased noise
levels and CVD outcomes, including strong evidence for air traffic noise and CVD
mortality. An association between increased ambient temperature and CVD mortality
was supported by highly suggestive evidence. Review evidence in other domains,
including physical activity environment, food environment, light pollution and
urbanisation in relation to CVD are scarce or lacking. However, the limited available
evidence is suggestive of a protective effect of greenspace exposure in terms of CVD

mortality.

Strengths and limitations

To the best of our knowledge, this is the first umbrella review to comprehensively
summarise the relationship between aspects of the built environment and CVD.
Following a pre-specified protocol, we conducted a wide-ranging search across seven
databases. The included reviews underwent extensive critical appraisal using a
validated risk of bias assessment method. Both methodological quality and statistical
evidence were evaluated to determine the robustness of evidence. Finally, meta-meta-

analyses were performed where possible to combine all available quantitative evidence.

To contextualise the findings, certain limitations of our umbrella review need to be
addressed. Firstly, the search strategy was limited to reviews published in the English
language. Therefore, we may have omitted key studies published in other languages.
Secondly, we included systematic reviews published between 1 January 2000 and 16
April 2021. The most recently published evidence has not yet been taken up in
systematic reviews and is, therefore, not included here. Lastly, many included reviews
(and studies to date) report on cross-sectional analyses, which inhibits identification of

causality.
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Evidence in relation to other studies

Our results were generally consistent with the WHO 2021 global air quality guidelines,
as well as earlier umbrella reviews investigating air pollution and CVD outcomes. 76!
Positive associations are consistently found for a variety of pollutants, as well as CVD
outcomes. However, the association between PM,s and CVD was the most widely
investigated. NO, exposure was, thus far, not encompassed in the scope of the WHO
guidelines because of the absence of clear quantitative evidence. Our results contribute
strong evidence of an association between higher NO, exposure and a higher risk of IHD,
and highly suggestive evidence of an association between higher NO, exposure and a
higher risk of CVD mortality. While earlier work demonstrated strong evidence of a
positive association between PM, s and stroke only in Europe %, our results show that

this holds true when non-European countries are included.

This umbrella review indicates that studies of greenspace were heterogeneous in
design and exposure assessment, which partly explains the limited combined evidence
of an association between greenspace exposure and CVD. For example, greenspace
assessment methods included the Normalised Different Vegetation Index (NDVI),
percentage of greenspace coverage and distance to nearest greenspace. While the first
two may be good indicators of the amount of greenspace in certain areas, they do not
reflect access to those greenspaces. For distance to nearest greenspace, the opposite
may be true. Therefore, studies of greenspace using different assessment methods are
not directly comparable. %53 This same issue of limited combined evidence may also
hold for other domains like physical activity, food environment, light pollution, and

urbanisation, although our results did not provide information to support this.

Our findings about traffic noise and CVD events are in line with those from two WHO
reports. 44> The WHO environmental noise guidelines for the European Region (2015)
included a systematic review (included in the current review). > According to an
adapted GRADE assessment, high-quality evidence was found on road traffic noise and
IHD, and moderate-quality evidence was found for aircraft noise and stroke mortality,

and for road traffic noise, IHD mortality and stroke events. Our study updated the
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evidence base with strong evidence of an association between air traffic noise and CVD
mortality. Furthermore, we observed that the existing evidence on rail traffic noise is

still limited.

The 2019 Global Burden of Disease study estimated that global age-standardised CVD
DALYs attributable to high temperature was 25.59 per 100,000 people. % The heat-
related disease burden was the highest for stroke and was greater in regions with a
lower socio-demographic Index (SDI). However, the observational evidence on specific
outcomes and regional differences, as reported in the current review, was insufficient.
The effect estimate found in the current meta-meta analysis might be small (Figure 5),

but increasing temperature has a potentially large and increasing population reach.

Mutual confounding and interaction

Many aspects of the built environment may be interconnected, potentially leading to
confounding and/or interaction effects. However, most existing reviews and meta-
analyses focus on single (sub)domains of exposure. We only found one systematic
review that covered multiple domains. This study observed sufficient evidence of an
association between higher noise exposure and increased CVD morbidity, after
adjusting for traffic-related air pollution. >* A meta-analysis by Vienneau and colleagues
observed an association between higher noise levels and increased IHD which remained
robust after including studies that adjusted for air pollution exposure. °> Despite the
substantial amount of studies on the effects of air pollution and temperature on CVD,
there is limited research available on their mutual confounding or interaction effects.
One systematic review found that long-term air pollution exposure and colder
temperatures are independently associated with an increased risk of CVD. ¢
Additionally, another US cohort study found that the association between higher PM, s
and CVD was stronger in areas with higher green space, lower O3 levels, and lower
temperatures. ® Furthermore, as a proxy for context, urbanisation may also have
significant confounding or interaction effects with various aspects of the built
environment. For example, a Dutch cohort study indicated associations between fast-

food restaurant density and CVD in urban areas but not in rural areas. ®°
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Possible mechanisms and explanations

Several potential mechanisms have been theorised that may explain the associations
found in this study. Exposure to air pollutants may promote systemic inflammation and
oxidative stress in the lungs, which eventually increases systemic inflammation and
oxidative stress.” As a result, a variety of pathological processes could take place that
eventually lead to CVD, such as increased thrombosis, hypercoagulability, endothelial
dysfunction, atherosclerosis progression, insulin resistance and dyslipidemia. 1¢%7
Pollutants can also induce oxidative stress and inflammation in the central nervous
system, especially in the hypothalamus, leading to an imbalance in the cardiac
autonomic nervous system. *” Moreover, smaller size pollutants can directly enter the
circulation and damage the cardiovascular system and organs. '’ These mechanisms are
better understood for PM exposure than for other pollutants. CO typically hampers
oxygenation of tissues via carboxyhemoglobin production, which has a more significant
influence on the myocardium than peripheral tissues. ’° These mechanisms may explain
the more evident associations found for AF. AF is an early CVD endpoint that can lead
to other CVD outcomes in the long term. For residential noise exposure, both direct and
indirect pathways have been theorised. '8 The direct pathway is induced by the instant
interaction between the acoustic nerve and the central nervous system. The indirect
pathway relates to cognitive perception and subsequent cortical activation and
emotional response. Both pathways can cause physiological stress responses, and in
the long term, pathophysiologic alterations and CVD. The adverse effect of residential
noise has been reported independent of sleep quality and self-reported noise sensitivity.
But noise can indeed disturb sleep and subsequently cause reduced immune function
and a pro-inflammatory state. 2! Changes in temperature can cause typical physiological
responses that might lead to MI, including tachycardia and increased blood viscosity. *°
Both cold and heat exposure may increase sympathetic activation, which could lead to
high blood pressure. *° Lastly, it is hypothesised that greenspace improves air quality.
By reducing the concentration of air pollutants, greenspace may reduce the impact of
air pollution on CVD. %2 Additionally, greenspaces may facilitate physical activity,

thereby promoting cardiovascular health. 2
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Gaps in current knowledge and suggestions for future research

Future primary studies should investigate the effects of PMjo, SO,, CO, NO and PMy ,
especially long-term exposure. As we observed evidence of early-onset CVD (e.g. AF),
more studies of other CVD outcomes that occur later (e.g., IHD) are warranted.
Research is needed on light pollution. Despite there being multiple primary studies on
the food environment, they differ in definition of food environment and vary with
regard to buffer size. As such, these studies cannot be meta-analysed. Standard design
and exposure assessments should be developed and implemented to foster synthesis
of evidence. More studies are also needed for residential noise and ambient
temperature, especially from low-to-middle-income countries (LMICs). Future primary
studies should preferably use prospective study designs in the domains of physical
activity environment, urbanisation and residential noise to increase causal inference
power. Furthermore, primary studies on interactions or interrelationships of built

environmental aspects in relation to CVD are also warranted.

As for systematic reviews, future work should provide evidence on Os that is of higher
quality. Review evidence on the physical activity environment, food environment and
urbanisation was limited. There are primary studies on these domains, but future
reviews to harmonise research data (e.g., in terms of the heterogeneity in the definition
and measurement of exposures) and synthesise evidence are required. For example, in
terms of greenspace, accessibility and composition may be crucial to determining its
effects. 7* Furthermore, more high quality review evidence is needed on residential
noise and ambient temperature, especially for LMICs. It is highly recommended that
future systematic reviews on the built environment adhere to the PRISMA reporting
guidelines and pre-register a protocol in a dedicated registry such as PROSPERO to
guarantee transparency, prevent overlap in topics and promote methodological quality.
Furthermore, the use of quality assessment should become common practice, using
standardised, validated tools, as recommended by sources such as PRISMA and
Cochrane. 7273 We also observed that most primary studies and reviews focus on one

single built environment aspect. However, these aspects co-exist and act together.
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Accounting for multiple elements of the built environment may provide a better
understanding of the relative contribution of each aspect to CVD risk. Systematic
reviews should also consider comparing single-exposure to multi-exposure models to

examine potential confounding effects between built environment exposures.

Implications for public health

There was strong evidence of a detrimental effect of air pollution on CVD. Therefore, it
is important that governments and individuals take measures to reduce outdoor air
pollution. The WHO has developed the 2021 long-term air quality guideline levels with
interim targets. 8 Each country should establish air quality standards with adapted
interim targets, specified measurement and statistical procedures to reduce CVD
events attributable to air pollution. Another strategy could be the development of a
framework for clinical recommendations and individual exposure mitigation strategies.
The American Heart Association has stated such individual strategies to prevent air
pollution, like using portable air cleaners, high efficiency heating ventilation and air

conditioning systems, N95 Respirator, etc.”*

We found suggestive evidence of a protective effect of greenspace on CVD. This
supports the call for urban planners, city designers, project developers and
policymakers to take greenspace into account. ’> There was also clear evidence of
increased residential noise being associated with a higher CVD risk. The WHO
developed guidelines pertaining to noise levels for the European Regions in 2015. %
However, these recommendations may not be directly applicable to other regions. One
general public health approach is to address the major sources of pollution (i.e.
combustion, traffic, industry and power generation). Another approach is to develop
healthy building guidelines (e.g. including advanced insulation) to reduce the exposure

to outdoor air pollution, light pollution, residential noise and extreme temperatures.
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Conclusion

This umbrella review provides a comprehensive overview of the observational evidence
on the built environment and CVD. We found strong evidence of associations between
increased air pollution, especially PM; s, and increased residential noise with higher risk
of CVD. The present meta-meta-analysis produced highly suggestive evidence of an
association between temperature and CVD. Evidence on physical activity environment,
food environment, light pollution and urbanisation is scarce or lacking. Our
identification of several knowledge gaps and methodological limitations in the current
literature may improve and inform future research and contribute to a better

understanding of the effect of the built environment on CVD.
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Figure 1. Flowchart of study selection
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Figure 2. Meta-meta-analysis of the relative risk of ischemic heart disease mortality per

10 pg/m? in long-term fine particulate matter <2.5 um in diameter exposure. A

bibliography of included studies is presented in Appendix 3.
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Figure 3. Meta-meta-analysis of the relative risk of cardiovascular disease mortality per
10 pg/m? in long-term fine particulate matter <2.5 um in diameter exposure. A

bibliography of included studies is presented in Appendix 3.
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Figure 4. Meta-meta-analysis of the hazard ratio of cerebrovascular disease mortality

per 10 parts per billion increase in NO; exposure. A bibliography of included studies is

presented in Appendix 3.
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Figure 5. Meta-meta-analysis of the relative risk of cardiovascular disease mortality per

1 2C change of temperature (heat). A bibliography of included studies is presented in

Appendix 3.
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CHAPTER 2 Appendices

Appendix 1. PRISMA 2020 checklist for reporting systematic reviews

Appendix 2. Search strategy for all databases

Appendix 3. List of included reviews

Appendix 4. Citation matrices of duplicated studies by each domain of built

environment in umbrella review

Appendix 5. Robustness assessment and ROBIS guality assessment per review by

domain

Appendix 6. Summary of evidence based on robustness and quality

Appendix 7. Results of sensitivity analyses
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Figure S1. Meta-meta-analysis of the relative risk of ischemic heart disease

mortality per 10 ug/m3 in long-term fine particulate matter <2.5 um in diameter

exposure. Studies without adjustment for smoking were excluded.

Figure S2. Meta-meta-analysis of the relative risk of cardiovascular disease

mortality per 10 ug/m3 in long-term fine particulate matter <2.5 um in diameter

exposure. Studies without adjustment for individual lifestyle were excluded.

Figure S3. Meta-meta-analysis of the hazard ratio of cerebrovascular disease

mortality per 10 parts per billion increase in NO2 exposure.

Figure S4. Meta-meta-analysis of the relative risk of cardiovascular disease

mortality per 1 °C change of temperature (heat). Studies without adjustment

were excluded.

Figure S5. Meta-meta-analysis of the relative risk of cardiovascular disease

mortality per 1 2C change of temperature (heat). Studies without adjustment for

air pollution were excluded.

Figure S6. Meta-meta-analysis of the relative risk of cardiovascular disease

mortality per 1 2C change of temperature (heat). Studies with only adjustment

for air pollution were excluded.

Table S2. Sensitivity analyses of meta-analyses




Appendix 1. PRISMA 2020 checklist for reporting systematic reviews

Location
Section and Item L. where
. Checklist item . .
Topic # itemis
reported
TITLE
Title 1 | Identify the report as a systematic review. Page 1
ABSTRACT
Abstract 2 | See the PRISMA 2020 for Abstracts checklist. Page 2
INTRODUCTION
Rationale 3 | Describe the rationale for the review in the context of existing Page 3
knowledge.
Objectives 4 | Provide an explicit statement of the objective(s) or question(s) Page 3
the review addresses.
METHODS
Eligibility 5 | Specify the inclusion and exclusion criteria for the review and Page 4
criteria how studies were grouped for the syntheses.
Information 6 | Specify all databases, registers, websites, organisations, Page 4
sources reference lists and other sources searched or consulted to
identify studies. Specify the date when each source was last
searched or consulted.
Search 7 | Present the full search strategies for all databases, registers and | Page 4 &
strategy websites, including any filters and limits used. Appendix
2
Selection 8 | Specify the methods used to decide whether a study met the Page 5
process inclusion criteria of the review, including how many reviewers
screened each record and each report retrieved, whether they
worked independently, and if applicable, details of automation
tools used in the process.
Data 9 | Specify the methods used to collect data from reports, including | Page 5
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collection

process

how many reviewers collected data from each report, whether
they worked independently, any processes for obtaining or
confirming data from study investigators, and if applicable,

details of automation tools used in the process.

Data items

10a

List and define all outcomes for which data were sought. Specify
whether all results that were compatible with each outcome
domain in each study were sought (e.g. for all measures, time
points, analyses), and if not, the methods used to decide which

results to collect.

Page 5

10b

List and define all other variables for which data were sought
(e.g. participant and intervention characteristics, funding
sources). Describe any assumptions made about any missing or

unclear information.

Page 5

Study risk of
bias

assessment

11

Specify the methods used to assess risk of bias in the included
studies, including details of the tool(s) used, how many
reviewers assessed each study and whether they worked
independently, and if applicable, details of automation tools

used in the process.

Page 5

Effect

measures

12

Specify for each outcome the effect measure(s) (e.g. risk ratio,
mean difference) used in the synthesis or presentation of

results.

Page 5-6

Synthesis

methods
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13a

Describe the processes used to decide which studies were
eligible for each synthesis (e.g. tabulating the study intervention
characteristics and comparing against the planned groups for

each synthesis (item #5)).

Page 5-6

13b

Describe any methods required to prepare the data for
presentation or synthesis, such as handling of missing summary

statistics, or data conversions.

Page 5-6

13c

Describe any methods used to tabulate or visually display results

of individual studies and syntheses.

Page 5-6

13d

Describe any methods used to synthesize results and provide a
rationale for the choice(s). If meta-analysis was performed,
describe the model(s), method(s) to identify the presence and

Page 5-6




extent of statistical heterogeneity, and software package(s)

used.
13e | Describe any methods used to explore possible causes of Page 5-6
heterogeneity among study results (e.g. subgroup analysis,
meta-regression).
13f | Describe any sensitivity analyses conducted to assess robustness | Page 5-6
of the synthesized results.
Reporting bias 14 | Describe any methods used to assess risk of bias due to missing Page 5-6
assessment results in a synthesis (arising from reporting biases).
Certainty 15 | Describe any methods used to assess certainty (or confidence) in | Page 5-6
assessment the body of evidence for an outcome.
RESULTS
Study 16a | Describe the results of the search and selection process, from Page 7 &
selection the number of records identified in the search to the number of | Figure 1
studies included in the review, ideally using a flow diagram.
16b | Cite studies that might appear to meet the inclusion criteria, but | Page 7 &
which were excluded, and explain why they were excluded. Figure 1
Study 17 | Cite each included study and present its characteristics. Page 7 &
characteristics Table 1
Risk of bias in 18 | Present assessments of risk of bias for each included study. Page 7-9
studies & Table 1
Results of 19 | For all outcomes, present, for each study: (a) summary statistics | Page 7-9
individual for each group (where appropriate) and (b) an effect estimate & Table 1
studies and its precision (e.g. confidence/credible interval), ideally using
structured tables or plots.
Results of 20a | For each synthesis, briefly summarise the characteristics and risk | Page 7-9
syntheses of bias among contributing studies. &
Appendix
5
20b | Present results of all statistical syntheses conducted. If meta- Page 7-9
analysis was done, present for each the summary estimate and & Table 3
its precision (e.g. confidence/credible interval) and measures of | & Figure
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statistical heterogeneity. If comparing groups, describe the 2-5
direction of the effect.
20c | Present results of all investigations of possible causes of Page 7-9
heterogeneity among study results. &
Appendix
7
20d | Present results of all sensitivity analyses conducted to assess the | Page 7-9
robustness of the synthesized results. &
Appendix
7
Reporting 21 | Present assessments of risk of bias due to missing results Page 7-9
biases (arising from reporting biases) for each synthesis assessed. &
Appendix
5
Certainty of 22 | Present assessments of certainty (or confidence) in the body of Page 7-9
evidence evidence for each outcome assessed. &
Appendix
5 & Table
3
DISCUSSION
Discussion 23a | Provide a general interpretation of the results in the context of Page 9
other evidence.
23b | Discuss any limitations of the evidence included in the review. Page 12
23c | Discuss any limitations of the review processes used. Page 12
23d | Discuss implications of the results for practice, policy, and future | Page 11-
research. 12
OTHER INFORMATION
Registration 24a | Provide registration information for the review, including Page 4
and protocol register name and registration number, or state that the review
was not registered.
24b | Indicate where the review protocol can be accessed, or state Page 4
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that a protocol was not prepared.




24c | Describe and explain any amendments to information provided Page 4
at registration or in the protocol.
Support 25 | Describe sources of financial or non-financial support for the Page 13
review, and the role of the funders or sponsors in the review.
Competing 26 | Declare any competing interests of review authors. Page 13
interests
Availability of 27 | Report which of the following are publicly available and where Page 13
data, code they can be found: template data collection forms; data
and other extracted from included studies; data used for all analyses;
materials analytic code; any other materials used in the review.

7l




Appendix 2. Search strategy for all databases

A. MEDLINE/Pubmed

#1

“exposome”[MeSH] OR exposome [tiab] OR "city planning"[MeSH] OR "city plan*"[tiab]
OR “urban plan*”[tiab] OR “town plan*”[tiab] OR “built environment”[MeSH] OR
((“environment*”[tiab]) AND (“built”[tiab] OR “living”[tiab] OR “lifestyle”[tiab] OR
“obesogenic”[tiab] OR “neighbo*”[tiab] OR “urban”[tiab] OR “rural”[tiab] OR
“city”[tiab] OR “factor*”[tiab]))

#2

“air pollution”[MeSH] OR “air pollutants”[MeSH] OR (“air”[tiab] AND (“pollut*”[tiab] OR
“quality”[tiab])) OR “particulate matter”[MeSH] OR “particulate matter”[tiab] OR “PM
0.1”[tiab] OR “PM 2.5”[tiab] OR “PM 10”[tiab] OR “PM 20”[tiab]

#3

"carbon monoxide"[MeSH] OR “carbon monoxide*”[tiab] OR "nitrogen oxides"[MeSH]
OR (“nitrogen”[tiab] AND (“oxide*”[tiab] OR “monoxide*”[tiab] OR “dioxide*”[tiab]))
OR “nitric oxide*”[tiab] OR "sulfur dioxide"[MeSH] OR “sulfur dioxide*”[tiab] OR

"ozone"[MeSH] OR “ozone*”[tiab]

#4

"fast foods"[MeSH] OR “fast food*”[tiab] OR "food supply"[MeSH] OR "food
suppl*"[tiab] OR “food outlet*”[tiab] OR (“environment*”[tiab] AND (“food*”[tiab] OR
“retail*”[tiab] OR “nutrition*”[tiab] OR “diet*”[tiab])) OR “food access*”[tiab] OR “food
resource*”[tiab] OR “supermarkets”[MeSH] OR “grocery store*”[tiab] OR

“supermarket*”[tiab] OR “convenience store*”[tiab] OR “restaurant™*”[tiab]

#5

“physical activity environment*”[tiab] OR “sports facilit*”[tiab] OR “gym”[tiab] OR
“gyms”[tiab] OR “sport field*”[tiab] OR “fitness facilit*”[tiab] OR “recreational
facilit*”[tiab] OR “activity zone*”[tiab] OR “land-use mix*”[tiab] OR “residential
densit*”[tiab] OR “urbanization”[MeSH] OR “urbanization”[tiab] OR

“urbanisation”[tiab] OR “street connectivit*”[tiab]

#6

“greenness”[tiab] OR “green space*”[tiab] OR “blueness”[tiab] OR “blue space*”[tiab]
OR “lakes”[MeSH] “lake*”[tiab] OR “canal*”[tiab] OR “rivers”[MeSH] OR “river*”[tiab]
OR “sea”[tiab] OR “ocean*”[tiab] OR "open space*"[tiab] OR “park*”[tiab] OR
“walkability”[tiab] OR “walk ability”[tiab] OR “hiking trail*”[tiab] OR “walking
trail*”[tiab] OR “bikeability”[tiab] OR “bike ability”[tiab] OR “bike path*”[tiab] OR “cycle
path*”[tiab] OR “driveability”[tiab] OR “night-time light*”[tiab] OR "Noise,
Transportation "[MeSH] OR “noise*”[tiab] OR “environmental temperature*”[tiab] OR

“ambient temperature*”[tiab] OR “air temperature*”[tiab] OR “heat”[tiab]

#7

#1 OR #2 OR #3 OR #4 OR #5 OR #6

#8

"cardiovascular diseases"[MeSH] OR "cardiovascular disease*"[tiab] OR “vascular

disease*”[tiab] OR "cardiometabolic disease*"[tiab] OR "heart disease*"[tiab] OR
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"infarction*"[tiab] OR "ischemic heart disease*"[ tiab] OR “transient ischemic
attack”[tiab] OR “coronary artery disease*”[tiab] OR "coronary occlusion*"[tiab] OR
"heart failure"[tiab] OR "stroke*"[tiab] OR “cerebrovascular disease*”[tiab] OR
"cerebrovascular accident*"[tiab] OR '"cerebrovascular event*"[tiab] OR “aortic
disease*”[tiab] OR “aortic aneurysm*”[tiab] OR "arrhythmia*"[tiab] OR "angina
pectoris*"[tiab] OR “hypertensive heart disease*”[tiab] OR “rheumatic heart
disease*”[tiab] OR “pulmonary heart disease*”[tiab] OR “heart attack*”[tiab] OR “heart

arrest*”[tiab]

#9 "mortality"[MeSH] OR “mortality”[tiab] OR “death”[MeSH] OR “death*”[tiab] OR
“fatal”[tiab]

#10 (“Systematic Reviews as Topic”’[MeSH] OR “Systematic review”[tiab] OR "Systematic
Review"[Publication Type] OR "Meta-Analysis as Topic"[Mesh] OR meta-analysis[tiab]
OR  meta-analyses[tiab] OR  "Meta-Analysis  "[Publication = Type]) NOT
("Letter"[Publication Type] OR "Editorial"[Publication Type] OR "Comment"[Publication
Type])

#11 #7 AND (#8 OR (#8 AND #9)) AND #10

#12 #11 NOT (("Adolescent"[Mesh] OR "Child"[Mesh] OR "Infant"[Mesh] OR
“adolescen*”[tiab] OR “child*”[tiab] OR “schoolchild*”[tiab] OR “infant*”[tiab] OR
“girl*”[tiab] OR “boy”[tiab] OR “boys”[tiab] OR “teen*”[tiab] OR “teenager*”[tiab] OR
“youth*”[tiab] OR “pediatr*”[tiab] OR “paediatr*”[tiab] OR “puber*”[tiab]) NOT
("Adult"[Mesh] OR “adult*”[tiab] OR “man”[tiab] OR “men”[tiab] OR “woman”[tiab] OR
“women”[tiab]))

#13 #12 NOT (“animals”[MeSH] NOT “humans”[MeSH])

#14 #13 + Filters: English, from 2000 - 2021

B. EMBASE

#1 'exposome'/exp OR 'exposome':ti,ab,kw OR (('city'/de OR ‘city"ti,ab,kw) AND
('planning'/de OR 'plan*':ti,ab,kw)) OR 'urban plan*':ti,ab,kw OR 'town plan*':ti,ab,kw
OR '‘built  environment'/exp OR  'obesogenic  environment'/exp  OR
(('environment*":ti,ab,kw)  AND ('built':ti,ab,kw  OR 'living":ti,ab,kw  OR
'lifestyle':ti,ab,kw  OR 'obesogenic':ti,ab,kw  OR 'neighborhood'/exp  OR
'neighbo*":ti,ab,kw OR ‘'urban':ti,ab,kw OR 'ruralti,abkw OR 'city'ti,ab,kw OR
'factor*':ti,ab,kw))

#2 'air pollution'/exp OR 'air quality'/exp OR (‘air':ti,ab,kw AND ('pollut*':ti,ab,kw OR

'quality':ti,ab,kw)) OR 'particulate matter'/exp OR 'particulate matter':ti,ab,kw OR 'pm
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0.1":ti,ab,kw OR 'pm 2.5":ti,ab,kw OR 'pm 10":ti,ab,kw OR 'pm 20':ti,ab,kw

#3

'carbon monoxide'/exp OR 'carbon monoxide*':ti,ab,kw OR 'nitrogen oxide'/exp OR
(‘nitrogen’:ti,abkw  AND  (‘oxide*’:ti,ab,kw  OR  ‘monoxide*’:ti,ab,kw  OR
‘dioxide*’:ti,ab,kw)) OR ‘nitric oxide*':ti,ab,kw OR 'nitrogen dioxide'/exp OR 'sulfur

dioxide'/exp OR 'sulfur dioxide*':ti,ab,kw OR 'ozone'/exp OR 'ozone*':ti,ab,kw

#4

'fast food'/exp OR 'fast food*':ti,ab,kw OR 'catering service'/exp OR ‘'food
suppl*":tiab,kw OR 'food outlet*':ti,ab,kw OR 'food environment'/exp OR
(‘environment*':ti,abkw  AND  (‘'food*'ti,abkw OR 'retail*':ti,abkw  OR
'nutrition*":ti,ab,kw OR 'diet*':ti,ab,kw)) OR 'food access'/exp OR ‘'food
access*":ti,ab,kw OR 'food resource*':ti,ab,kw OR 'grocery store'/exp OR ‘grocery
store*’:ti,ab,kw OR 'supermarket*':ti,ab,kw OR ‘convenience store*’:ti,ab,kw OR

'restaurant'/exp OR 'restaurant*':ti,ab,kw

#5

‘physical activity environment*’:ti,ab,kw OR ‘sports facilit*’:ti,ab,kw OR ‘gym’:ti,ab,kw
OR ‘gyms’:ti,ab,kw OR ‘sport field*’:ti,ab,kw OR ‘fitness facilit*’:ti,ab,kw OR
‘recreational facilit*’:ti,ab,kw OR ‘activity zone*’:ti,ab,kw OR ‘land-use mix*’:ti,ab,kw
OR ‘residential densit*':ti,ab,kw OR ‘urbanization’/exp OR ‘urbanization’:ti,ab,kw OR

‘urbanisation’:ti,ab,kw OR ‘street connectivit*':ti,ab,kw

#6

'greenness'/exp OR 'green space'/exp OR 'greenness'ti,abkw OR 'green
space*":ti,ab,kw OR 'blueness':ti,ab,kw OR 'blue space*':ti,ab,kw OR 'lake'/exp OR
'lake*':ti,ab,kw OR 'canal*':ti,ab,kw OR 'river'/exp OR ‘river*’:ti,ab,kw OR ‘sea’:ti,ab,kw
OR ‘ocean*’:ti,ab,kw OR 'open space*':ti,ab,kw OR 'park'/exp OR 'park*':ti,ab,kw OR
'walkability'/exp OR 'walkability":ti,ab,kw OR 'walk ability':ti,ab,kw OR ‘hiking
trail*':ti,ab,kw OR 'walking trail*':ti,ab,kw OR 'bikeability'/exp OR 'bikeability":ti,ab,kw
OR 'bike ability':ti,ab,kw OR 'bike path*':ti,ab,kw OR 'cycle path*'ti,abkw OR
'driveability':ti,ab,kw OR 'night-time light*":ti,ab,kw OR 'traffic noise'/exp OR
'noise*':ti,ab,kw OR 'environmental temperature'/exp OR 'environmental
temperature*':ti,ab,kw OR 'ambient temperature*':ti,ab,kw OR 'air temperature'/exp
OR 'air temperature*':ti,ab,kw OR 'heat'/exp OR 'heat":ti,ab,kw

#7

#1 OR #2 OR #3 OR #4 OR #5 OR #6

#8

‘cardiovascular disease’/exp OR ‘cardiovascular disease*':ti,ab,kw OR ‘vascular
disease*’:ti,ab,kw OR ‘cardiometabolic disease*’:ti,ab,kw OR ‘heart disease*’:ti,ab,kw
OR ‘infarction*’:ti,ab,kw OR ‘ischemic heart disease*’:ti,ab,kw OR ‘transient ischemic
attack’:ti,ab,kw  OR  ‘coronary artery disease*’:tiabkw OR  ‘coronary
occlusion*:ti,abkw OR ‘heart failure’:tiab,kw OR ‘stroke*’:ti,ab,kw OR

‘cerebrovascular disease*’:ti,ab,kw OR ‘cerebrovascular accident*’:ti,ab,kw OR
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‘cerebrovascular event*':ti,abkw OR ‘aortic disease*’:ti,abkw OR ‘aortic
aneurysm*’:ti,ab,kw OR ‘arrhythmia*’:ti,ab,kw OR ‘angina pectoris*’:ti,ab,kw OR
‘hypertensive heart disease*':ti,ab,kw OR ‘rheumatic heart disease*’:ti,ab,kw OR
‘pulmonary heart disease*’:ti,ab,kw OR ‘heart attack*':ti,abkw OR ‘heart

arrest*’:ti,ab,kw

#9

‘mortality’/exp OR ‘mortality’:ti,ab,kw OR ‘death’/exp OR ‘death*':ti,ab,kw OR
‘fatal’:ti,ab,kw

#10

('systematic review'/exp OR ‘Systematic review’:ti,ab,kw OR ‘meta-analysis’/exp OR
‘meta-analysis’:ti,ab,kw OR ‘meta-analyses’:ti,ab,kw) NOT ('letter'/it OR 'editorial'/it OR
'note'/it)

#11

#7 AND (#8 OR (#8 AND #9 OR ‘cardiovascular mortality’/exp)) AND #10

#12

#11 NOT ((‘juvenile’/exp OR ‘juvenile*’:ti,ab,kw OR ‘adolescen*’:ti,ab,kw OR
‘child*’:ti,ab,kw OR ‘schoolchild*’:ti,ab,kw OR ‘infant*’:ti,ab,kw OR ‘girl*':ti,ab,kw OR
‘boy’:ti,ab,kw OR ‘boys’:ti,ab,kw OR ‘teen*’:ti,ab,kw OR ‘teenager*’:ti,ab,kw OR
‘youth*':ti,ab,kw OR ‘pediatr*’:ti,ab,kw OR ‘paediatr*’:ti,ab,kw OR ‘puber*’:ti,ab,kw)
NOT (‘adult’/exp OR ‘adult*’:ti,ab,kw OR ‘man’:ti,ab,kw OR ‘men’:ti,abkw OR

‘woman’:ti,ab,kw OR ‘women’:ti,ab,kw))

#13

#12 NOT (‘animal’/exp NOT ‘human’/exp)

#14

#13 AND [english]/lim AND ([EMBASE]/lim OR [medline]/lim OR [pubmed-not-
medline]/lim) AND [2000-2021]/py

C. CINAHL

#1

[mh “exposome”] OR “exposome”:ti,ab,kw OR [mh “city planning”] OR “city
plan*”:ti,ab,kw OR “urban plan*”:ti,ab,kw OR “town plan*”:ti,ab,kw OR [mh “built
environment”] OR (“environment*”:ti,ab,kw AND (“built”:ti,ab,kw OR “living”:ti,ab,kw
OR “lifestyle”:ti,ab,kw OR “obesogenic”:ti,ab,kw OR “neighbo*”:ti,ab,kw OR
“urban”:ti,ab,kw OR “rural”:ti,ab,kw OR “city”:ti,ab,kw OR “factor*”:ti,ab,kw))

#2

[mh “air pollution”] OR [mh “air pollutants”] OR (“air”:ti,ab,kw AND (“pollut*”:ti,ab,kw
OR “quality”:ti,ab,kw)) OR [mh “particulate matter”] OR “particulate matter*”:ti,ab,kw
OR “PM 0.1”:ti,ab,kw OR “PM 2.5”:ti,ab,kw OR “PM 10”:ti,ab,kw OR “PM 20”:ti,ab,kw

#3

[mh “carbon monoxide”] OR “carbon monoxide*”:ti,ab,kw OR [mh “nitrogen oxides”]
OR (“nitrogen”:ti,ab,kw AND (“oxide*”:ti,ab,kw OR “monoxide*”:ti,ab,kw OR
“dioxide*”:ti,ab,kw)) OR “nitric oxide*”:ti,ab,kw OR [mh “sulfur dioxide”] OR “sulfur
dioxide*”:ti,ab,kw OR [mh “o0zone”] OR “ozone*”:ti,ab,kw
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#4

[mh “fast foods”] OR “fast food*”:ti,ab,kw OR [mh “food supply”’] OR “food
suppl*”:ti,ab,kw OR “food outlet*”:ti,ab,kw OR (“environment*”:ti,ab,kw AND
(“food*”:ti,ab,kw OR “retail*”:ti,ab,kw OR “nutrition*”:ti,ab,kw OR “diet*”:ti,ab,kw))
OR “food access*”:ti,ab,kw OR “food resource*”:ti,ab,kw OR [mh “supermarkets”] OR
“grocery store*”:ti,ab,kw OR “supermarket*”:ti,ab,kw OR “convenience

store*”:ti,ab,kw OR “restaurant*”:ti,ab,kw

#5

“physical activity environment*”:ti,ab,kw OR “sports facilit*”:ti,ab,kw OR
“gym”:ti,ab,kw OR “gyms”:ti,ab,kw OR “sport field*”:ti,ab,kw OR “fitness
facilit*”:ti,ab,kw OR “recreational facilit*”:ti,ab,kw OR “activity zone*”:ti,ab,kw OR
“land use mix*”:ti,ab,kw OR “residential densit*”:ti,ab,kw OR [mh “urbanization”] OR

“urbanisation”:ti,ab,kw OR “street connectivit*”:ti,ab,kw

#6

“greenness”:ti,ab,kw OR “green space*”:ti,ab,kw OR “blueness”:ti,ab,kw OR “blue
space”:ti,ab,kw OR [mh “lakes”] OR “lake*”:ti,ab,kw OR “canal*”:ti,ab,kw OR [mh
“rivers”] OR “river*”:ti,ab,kw OR “sea”:ti,ab,kw OR “ocean”:ti,ab,kw OR “open
space*”:ti,ab,kw OR “park*”:ti,ab,kw OR “walkability”:ti,ab,kw OR “bikability”:ti,ab,kw
OR “bike ability”:ti,ab,kw OR “bike path*”:ti,ab,kw OR “cycle path*”:ti,ab,kw OR
“drivability”:ti,ab,kw OR “drive ability”:ti,ab,kw OR “night time light*”:ti,ab,kw OR [mh
“noise, transportation”] OR ([mh “noise”] NOT [mh “noise, occupational”]) OR
“environmental temperature*”:ti,ab,kw OR “ambient temperature*”:ti,ab,kw OR

“heat”:ti,ab,kw

#7

#1 OR #2 OR #3 OR #4 OR #5 OR #6

#8

[mh “cardiovascular diseases”] OR “cardiovascular disease*”:ti,ab,kw OR “vascular
disease*”:ti,ab,kw OR “cardiometabolic disease*”:ti,ab,kw OR “heart
disease*”:ti,ab,kw OR “infarction*”:ti,ab,kw OR “ischemic heart disease*”:ti,ab,kw OR
“coronary artery disease*”:ti,ab,kw OR "coronary occlusion*":ti,ab,kw OR "heart
failure":ti,ab,kw OR "stroke*":ti,ab,kw OR “cerebrovascular disease*”:ti,ab,kw OR
"cerebrovascular accident*":ti,ab,kw OR "cerebrovascular event*":ti,ab,kw OR “aortic
disease*”:ti,ab,kw OR “aortic aneurysm*”:ti,ab,kw OR "arrhythmia*":ti,ab,kw OR
"angina pectoris*":ti,ab,kw OR “hypertensive heart disease*”:ti,ab,kw OR “rheumatic
heart disease*”:ti,ab,kw OR “pulmonary heart disease*”:ti,ab,kw OR “heart

attack*”:ti,ab,kw OR “heart arrest*”:ti,ab,kw

#9

[mh “mortality”] OR “mortality”:ti,ab,kw OR [mh “death”] OR “death*”:ti,ab,kw OR
“fatal”:ti,ab,kw

#10

#7 AND (#8 OR (#8 AND #9)) in Cochrane Reviews
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D. SCOPUS

(TITLE-ABS-KEY(“exposome” OR “city plan*” OR “urban plan*’ OR “town plan*”
OR (“environment*” AND (“built” OR “living” OR “lifestyle” OR “obesogenic” O
R “neighbo*” OR “urban” OR “rural” OR “city” OR “factor*”)) OR (“air” AND
(“pollut*” OR “quality”)) OR “particulate matter” OR “PM 0.1” OR “PM 2.5” O
R “PM 10” OR “PM 20” OR “carbon monoxide*” OR “nitrogen oxide*” OR “nit
ric oxide*” OR “nitrogen monoxide*” OR “nitrogen dioxide*” OR “sulfur dioxide
*” OR “ozone*” OR “fast food*” OR “food suppl*” OR “food outlet*” OR (“en
vironment*” AND (“food*” OR “retail*” OR “nutrition*” OR “diet*”)) OR “food
access*” OR “food resource*” OR “grocery store*” OR “supermarket*” OR “con
venience store*” OR “restaurant*” OR “physical activity environment*” OR “spo
rts facilit*” OR “gym” OR “gyms” OR “sport field*” OR “fitness facilit*” OR “re
creational facilit*” OR “activity zone*” OR “land-use mix*” OR “residential dens
it*” OR “urbanization” OR “urbanisation” OR “street connectivit*” OR “Sports a
nd Recreational Facilities” OR “greenness” OR “green space*” OR “blueness” O
R “blue space*” OR “lake*” OR “canal*” OR “river*” OR "open space*" OR “p
ark*” OR “walkability” OR “walk ability” OR “hiking trail*” OR “walking trail*”
OR “bikeability” OR “bike ability” OR “bike path*” OR “cycle path*” OR “drive
ability” OR “night-time light*” OR “noise*” OR “environmental temperature*” O

R “ambient temperature*” OR “air temperature*” OR “heat”) AND

TITLE-ABS-KEY(("cardiovascular disease*" OR “vascular disease*” OR "cardiometa
bolic disease*" OR "heart disease*" OR "infarction*" OR "ischemic heart diseas
e*" OR “transient ischemic attack” OR “coronary artery disease*” OR "coronary
occlusion*" OR "heart failure" OR "stroke*" OR “cerebrovascular disease*” OR
"cerebrovascular accident*" OR "cerebrovascular event*" OR “aortic disease*” O
R “aortic aneurysm*” OR "arrhythmia*" OR "angina pectoris*" OR “hypertensiv
e heart disease*” OR “rheumatic heart disease*” OR “pulmonary heart disease
*” OR “heart attack*” OR “heart arrest*”) OR (("cardiovascular disease*" OR “v
ascular disease*” OR "cardiometabolic disease*" OR "heart disease*" OR "infarc
tion*" OR "ischemic heart disease*" OR “transient ischemic attack” OR “corona
ry artery disease*” OR "coronary occlusion*" OR "heart failure" OR "stroke*"

OR “cerebrovascular disease*” OR "cerebrovascular accident*" OR "cerebrovascu
lar event*" OR “aortic disease*” OR “aortic aneurysm*” OR "arrhythmia*" OR

"angina pectoris*" OR “hypertensive heart disease*” OR “rheumatic heart disea
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se*” OR “pulmonary heart disease*” OR “heart attack*” OR “heart arrest*”) A
ND (“mortality” OR “death” OR “fatal”)) OR “cardiovascular mortality”) AND

TITLE-ABS-KEY(“Systematic review” OR “meta-analysis”)) AND

PUBYEAR > 1999 AND (LIMIT-TO(DOCTYPE , "re")) AND (LIMIT-TO (LANGUAGE ,
"English"))

E. Cochrane

#1

[mh “exposome”] OR “exposome”:ti,ab,kw OR [mh “city planning”] OR “city
plan*”:ti,ab,kw OR “urban plan*”:ti,ab,kw OR “town plan*”:ti,ab,kw OR [mh “built
environment”] OR (“environment*”:ti,ab,kw AND (“built”:ti,ab,kw OR “living”:ti,ab,kw
OR “lifestyle”:ti,ab,kw OR “obesogenic”:ti,ab,kw OR “neighbo*”:ti,ab,kw OR
“urban”:ti,ab,kw OR “rural”:ti,ab,kw OR “city”:ti,ab,kw OR “factor*”:ti,ab,kw))

#2

[mh “air pollution”] OR [mh “air pollutants”] OR (“air”:ti,ab,kw AND (“pollut*”:ti,ab,kw
OR “quality”:ti,ab,kw)) OR [mh “particulate matter”] OR “particulate matter*”:ti,ab,kw
OR “PM 0.1”:ti,ab,kw OR “PM 2.5”:ti,ab,kw OR “PM 10”:ti,ab,kw OR “PM 20”:ti,ab,kw

#3

[mh “carbon monoxide”] OR “carbon monoxide*”:ti,ab,kw OR [mh “nitrogen oxides”]
OR (“nitrogen”:ti,ab,kw AND (“oxide*”:ti,ab,kw OR “monoxide*”:ti,ab,kw OR
“dioxide*”:ti,ab,kw)) OR “nitric oxide*":ti,ab,kw OR [mh “sulfur dioxide”] OR “sulfur

dioxide*”:ti,ab,kw OR [mh “ozone”] OR “ozone*”:ti,ab,kw

#4

[mh “fast foods”] OR “fast food*”:ti,ab,kw OR [mh “food supply”] OR “food
suppl*”:ti,ab,kw OR “food outlet*”:ti,ab,kw OR (“environment*”:ti,ab,kw AND
(“food*”:ti,ab,kw OR “retail*”:ti,ab,kw OR “nutrition*”:ti,ab,kw OR “diet*”:ti,ab,kw))
OR “food access*”:ti,ab,kw OR “food resource*”:ti,ab,kw OR [mh “supermarkets”] OR
“grocery store*”:ti,ab,kw OR “supermarket*”:ti,ab,kw OR “convenience

store*”:ti,ab,kw OR “restaurant*”:ti,ab,kw

#5

“physical activity environment*”:ti,ab,kw OR “sports facilit*”:ti,ab,kw OR
“gym”:ti,ab,kw OR “gyms”:ti,ab,kw OR “sport field*”:ti,ab,kw OR “fitness
facilit*”:ti,ab,kw OR “recreational facilit*”:ti,ab,kw OR “activity zone*”:ti,ab,kw OR
“land use mix*”:ti,ab,kw OR “residential densit*”:ti,ab,kw OR [mh “urbanization”] OR

“urbanisation”:ti,ab,kw OR “street connectivit*”:ti,ab,kw

#6

“greenness”:ti,ab,kw OR “green space*”:ti,ab,kw OR “blueness”:ti,ab,kw OR “blue
space”:ti,ab,kw OR [mh “lakes”] OR “lake*”:ti,ab,kw OR “canal*”:ti,ab,kw OR [mh
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“rivers”] OR “river*”:ti,ab,kw OR “sea”:ti,ab,kw OR “ocean”:ti,ab,kw OR “open
space*”:ti,ab,kw OR “park*”:ti,ab,kw OR “walkability”:ti,ab,kw OR “bikability”:ti,ab,kw
OR “bike ability”:ti,ab,kw OR “bike path*”:ti,ab,kw OR “cycle path*”:ti,ab,kw OR
“drivability”:ti,ab,kw OR “drive ability”:ti,ab,kw OR “night time light*”:ti,ab,kw OR [mh
“noise, transportation”] OR ([mh “noise”] NOT [mh “noise, occupational”]) OR
“environmental temperature*”:ti,ab,kw OR “ambient temperature*”:ti,ab,kw OR

“heat”:ti,ab,kw

#H7

#1 OR #2 OR #3 OR #4 OR #5 OR #6

#8

[mh “cardiovascular diseases”] OR “cardiovascular disease*”:ti,ab,kw OR “vascular
disease*”:ti,ab,kw OR “cardiometabolic disease*”:ti,ab,kw OR “heart
disease*”:ti,ab,kw OR “infarction*”:ti,ab,kw OR “ischemic heart disease*”:ti,ab,kw OR
“coronary artery disease*”:ti,ab,kw OR "coronary occlusion*":ti,ab,kw OR "heart
failure":ti,ab,kw OR "stroke*":ti,ab,kw OR “cerebrovascular disease*”:ti,ab,kw OR
"cerebrovascular accident*":ti,ab,kw OR "cerebrovascular event*":ti,ab,kw OR “aortic
disease*”:ti,ab,kw OR “aortic aneurysm*”:ti,ab,kw OR "arrhythmia*":ti,ab,kw OR
"angina pectoris*":ti,ab,kw OR “hypertensive heart disease*”:ti,ab,kw OR “rheumatic
heart disease*”:ti,ab,kw OR “pulmonary heart disease*”:ti,ab,kw OR “heart

attack*”:ti,ab,kw OR “heart arrest*”:ti,ab,kw

#9

[mh “mortality”] OR “mortality”:ti,ab,kw OR [mh “death”] OR “death*”:ti,ab,kw OR

“fatal”:ti,ab,kw

#10

#7 AND (#8 OR (#8 AND #9)) in Cochrane Reviews

F. JBI
(“environment”) and ("cardiovascular disease*" OR ("cardiovascular disease*" AN
D “mortality”))

G. Prospero
environment and ("cardiovascular disease*" OR ("cardiovascular disease*" AND

mortality))
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Appendix 4. Citation matrices of duplicated studies by each domain of
built environment in umbrella review

The formula used to calculate the CCA is:

N-—-r

CCA=———
rxc-—r

where N is the number of primary studies including double-counting, r is the
number of index publications and c is the number of reviews. The CCA-score
was categorised into: limited overlap (score: 0-5), moderate overlap (score: 6-1

0), high overlap (score: 11-15) and very high overlap (score: >15).
Reference:

1 Pieper D, Antoine SL, Mathes T, Neugebauer EAM, Eikermann M. Systemat
ic review finds overlapping reviews were not mentioned in every other overvie
w. J Clin Epidemiol 2014; 67: 368-75.

A. Citation matrix of Air pollution

See online: https://doi.org/10.1093/eurjpc/zwad241
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B. Citation matrix of physical activity environment
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Twohig-
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C. Citation matrix

of urbanization

Primary studies
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Angkurawaranona et
al. 2014

Fitzpatrick (2012)
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D. Citation matrix of residential

noise
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E. Citation matrix of ambient temperature
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Figure S4. Meta-meta-analysis of the relative risk of cardiovascular disease mortality

per 1 2C change of temperature (heat). Studies without adjustment were excluded.
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Figure S5. Meta-meta-analysis of the relative risk of cardiovascular disease mortality

per 1 2C change of temperature (heat). Studies without adjustment for air pollution

were excluded.
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Figure S6. Meta-meta-analysis of the relative risk of cardiovascular disease mortality per

1 oC change of temperature (heat). Studies with only adjustment for air pollution were

excluded.
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Summary

Background: We aimed to map the spatial distribution of green space in the
Netherlands, and to first comprehensively assess socio-demographic and socio-

economic differences in the availability of green space in the Netherlands.

Methods: Data was analyzed from all registered residents of the Netherlands aged one
and above on January 1, 2017 (16,440,620 individuals). Socio-demographic and socio-
economic information was derived from Statistics Netherlands (CBS). Data on green
space density around home were assembled by the Institute for Public Health and the
Environment at the address level. The distribution of exposure to green space was
described by age groups, sex, ethnicity, household socioeconomic status (SES), and

urbanicity degree, and stratified by green space type.

Results: The distribution of green space by all vegetation, trees, shrubs, low vegetation,
grass field, and agriculture was mapped for the Netherlands in 2017. Small differences
in green space density were found across age and sex groups. Ethnic Dutch (58.1%) and
Indonesian (54.5%) had more green space coverage around residence than Turkish
(50.0%) and Moroccan (50.0%). People with higher household SES had more green
space coverage (48.0% to 52.0%), while in the highest level, the coverage decreased a
little (51.7%). Higher urbanicity levels were monotonously associated with lower green
space exposure. These differences particularly originated from differences in low
vegetation. Observed differences between ethnic and SES groups originated mostly

from differences in rural areas.

Conclusion: Environmental injustice was found among ethnic, SES, and urbanicity

groups. The differences were mostly present in low vegetation and in rural areas.

118



Introduction

Green space exposure has been associated with multiple health benefits, including
improved mental health, and lower risk of obesity, cardiometabolic diseases, and
mortality 3. Four potential pathways may have been linking green space exposure to
health benefits 1. First, green space may encourage an active lifestyle !, which in turn is

4, Second, green space may reduce

beneficial to people’s overall health status
physiological stress and improve mental health °. Third, green space can reduce harm
from exposure to air pollution, heat, and noise 1. Last, green space releases certain
chemical agents like phytoncides that may inhibit inflammation ©. In the Netherlands,
parts of agricultural land can be actively used by residents as walking and/or biking

routes 72, Therefore, agriculture was included as a type of green space in the current

setting.

The environmental justice framework embraces the principle that all people regardless
of race, color, national origin, or income are entitled to equal distribution of
environmental amenities and no group should be disproportionately affected by
environmental hazards °. Previous empirical research mainly focused on disparities in
exposure to environmental hazards, such as air pollution °, and less on environmental

amenities, like green space **.

Some previous studies investigated the environmental justice of green space exposure
and yielded inconsistent findings in different settings. Dobb et al. analyzed 100 big cities
around the world 2. They found that there was less green space in cities that were
characterized by a higher urbanization grade 2. Generally, previous studies found that
higher SES levels were associated with more green space, including evidence from
Europe 3, the United States of America (USA) %45, Canada 5, and China *’°. Only the
two studies from the USA were nationally representative !4, Previous evidence was
mostly derived from ecological studies that were on small area levels like
neighbourhood, community, and census tract. On the contrary, Ju and colleagues found

that cities or sub-cities with higher SES had less green space in Latin America 2°. A
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previous nationwide study in the USA found urban-rural differences in green space
exposure by poverty levels 1. In this study, poverty levels were negatively associated
with green space exposures in urban and suburban areas while these were positively

associated in rural areas .

The ethnic differences in the availability of green space have been less extensively
studied. The 2006-2010 USA nationwide study found that, on average, census tracts
with higher percentages of African Americans and Hispanics included less green space
1. The 2015-2019 USA nationwide study found that census tracts with higher
percentages of non-Hispanic Whites and lower percentages of Hispanics included, on
average more green space 4. A weak positive association was observed between
percentages of non-Hispanic Blacks and green space exposures in urban tracts but not
in rural tracts . A Canadian study that focused on urban environments found that
minority ethnic populations (i.e., Latin American, African Canadian, and South Asian
particularly individuals of Filipino ancestry) were exposed to less green space than the

majority population (i.e., Whites) 6.

However, previous results are not generalizable to Western European countries,
including the Netherlands, because of differences in ethnicity and socio-economic
composition, built environment, lifestyle, and patterns of residence 2. Previous studies
in the Netherlands did not comprehensively include socio-demographic factors, socio-
economic factors, and vegetation types, but predominately focused on green space
exposures by income groups 272°. A comprehensive national assessment in the

Netherlands is lacking.

The current study aims to address this research gap by (i) determining the spatial
distribution of green space by mapping it on neighbourhood level in the Netherlands;
and (ii) assessing whether green space exposure differs across socio-demographic and

socio-economic subgroups at the individual level.
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Method

Data source and linkage

A cohort of all registered residents of the Netherlands aged one and above on January
1, 2017 (n=17,074,889) was built from the National Population Register %%, The register
contains information on all legally residing citizens in the Netherlands, including date of
birth, sex, current and previous residential address, and nationality 2°. SES information
was integrated by Statistics Netherlands (CBS) and originated from the Population
Statistics, the Integrated Income and Assets Survey, the Employment and Wages
Statistics, and the Education Level File ?7. A detailed description of the data sources can
be found elsewhere 28. Area-level exposure data on green space and neighbourhood
urbanicity were obtained from the Geoscience and Health Cohort Consortium (GECCO)
2930 These area-level exposure data were linked to individual-level data (age, sex,
ethnicity, and household income) of all residents based on their residential address on
January 1, 2017 in the secure environment of CBS. Linkage was successful for 96.3% of
the addresses, and unsuccessful linkages were due to inconsistencies in addresses. The
analytical sample included 16,440,620 residents. All data linkages and analyses were
conducted in line with the policy from CBS and privacy legislation in the Netherlands.

Ethical approval was not required for the present study.

Measures

Data on residential green space was assessed as green space density, which refers to
the percentage of an area devoted to green space including trees, shrubs and low
vegetation (grass field and agriculture) within a Euclidean buffer with radii of 500, 1000,
and 2000 meters around residential addresses. The data were assembled by the
National Institute for Public Health and the Environment (RIVM) at the address level in
10-meter raster in 2017. Low vegetation data from RIVM is based on satellite-derived
altitude data. When only using data from RIVM, agriculture density can be
underestimated because of seasonal change and fallow period. Therefore, the address-
level agriculture density was separately derived from a second source, namely the land

use map 2017 from CBS. For constructing the neighbourhood-level map for agriculture,
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a third source, the polygon dataset of Basisregistratie Gewaspercelen, was used 3.

Based on age in years, individuals in the analytical sample were categorized into children
(1 to <12 years), adolescents (12 to <18 years), adults (18 to <65 years), and older adults
(=65 years). The largest four ethnicity groups in the Netherlands were included, which
are Dutch, Turkish, Moroccan, and Indonesian based on the register. Household SES was
assessed by the household SES scores from CBS, which is based on household data
concerning welfare (a combination of income and assets), highest level of education,
and recent labour participation 32. Household SES was categorized into quintiles.
Urbanicity was defined by the number of addresses in a 1 km? circular buffer around
the residential address. Urbanicity was categorized into non-urban (<500
addresses/km?), limited urban (500-1000 addresses/km?), moderately urban (1000-
1500 addresses/km?), strong urban (1500-2500 addresses/km?), and very strong urban
(22500 addresses/km?). For the purpose of stratified analyses, urbanicity was also
dichotomized into rural areas (<2000 addresses/km?) and urban areas (>2000

addresses/km?).

Statistical analysis

First, the distribution of the analytical sample was described in terms of socio-
demographic and socio-economic characteristics, including age groups, sex, ethnicity,
household SES, and urbanicity degree. Second, the distribution maps of green space at
the neighbourhood level in the Netherlands were created, for total green space, trees,
shrubs, low vegetation, grass field, and agriculture, respectively. The neighbourhoods in
the Netherlands (average area size: 3.1 km?) are geographically delineated areas within

municipalities and include, on average, approximately 630 households ?°.

Third, the median (first quartile and third quartile) exposure of green space at the
individual level was described by age groups, sex, ethnicity, quintiles of household SES,
and urbanicity degree and stratified by green space type. In the main analyses, green
space exposure in a 1000 meter Euclidean buffers was used. To assess the robustness

of our findings, sensitivity analyses included green space exposure in smaller (500 m)
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and larger (2000 m) Euclidean buffers. Fourth, multiple linear regression models were
used to investigate the independent association of each factor with total green space
density and green space by type. Age groups, sex, ethnicity, quintiles of household SES,
and urbanicity degree were included as independent variables or covariates in the
models. All data linkages and analyses were performed with strict authorized access in
a secure environment of CBS, and in agreement with the privacy legislation in the
Netherlands. All records and datasets were anonymized. All statistical analyses were

conducted in R software.
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Results

Table 1 presents socio-demographic and socio-economic characteristics of 16,440,620
included residents in 2017. Children, adolescents, adults, and older adults consisted
12.9%, 7.3%, 61.4%, and 18.5% of the population, respectively. The percentage of adults
was larger in urban areas than in rural areas. The number of males and females was
balanced. A higher proportion of native ethnic Dutch residents was observed in rural
areas compared to urban areas (89.2% vs. 73.6%). The proportion of people with higher
household SES was higher in rural areas than in urban areas. More residents lived in
neighbourhoods with an urbanicity degree of 1500-2500 addresses/km? (26.0%) than

neighbourhoods with other urbanicity levels.

Distribution of green space at the neighbourhood level

Figure 1 presents the distribution of green space at the neighbourhood level in the
Netherlands in 2017. In general, residents living in the Netherlands had a high coverage
of green space in their neighbourhoods. Most neighbourhoods in the north-eastern part
of the Netherlands had more than eighty percent vegetation. Most neighbourhoods in
cities had twenty to forty percent vegetation, except for the cities in middle-western
areas like Amsterdam, Utrecht, Rotterdam, and The Hague. Neighbourhoods in centers
of these big cities had less than twenty percent vegetation, while the peripheral

neighbourhoods had more green space coverage.

A large proportion of the green space in the north-eastern and south-western parts of
the Netherlands was agriculture (Appendix Figure S1). There was barely any agriculture
in cities and in the coastland. There were more trees in neighbourhoods in the eastern
part of the Netherlands (more rural areas) than in neighbourhoods in the western part
of the country (more urban areas) (Appendix Figure S2). Neighbourhoods in cities in
the west had less than twenty percent tree coverage, whereas this was higher in the
east. On the contrary, there were more shrubs in the neighbourhoods in the western

part of the Netherlands, especially in the coastland, than in the eastern part of the
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country (Appendix Figure S3). The distribution of low vegetation was largely
comparable to agriculture, except that the neighbourhoods in urban areas contained
more low vegetation than agriculture (Appendix Figure S4). This can mainly be
attributed to grass field, another component of low vegetation. Neighbourhoods in
urban areas had 16% to 36% grass field coverage while neighbourhoods in rural areas
barely had grass field (Appendix Figure S5). Neighbourhoods with the highest levels of

grass field exposure were found in the coastland.

Distribution of green space at the individual level

Availability of green space by age and sex
There were hardly any differences in green space exposure across age and sex groups.

This was regardless of green space type (Appendix Figures S6 and S7).

Availability of green space by ethnic group

The ethnic Dutch (58.1%) and Indonesian (54.5%) had more green space density around
their residence than Turkish (50.0%) and Moroccan (50.0%). This difference mainly
originated from the difference in exposure to low vegetation (Figure 2). When analyses
were stratified by urbanicity (Figure 3), the differences in the availability of green space
between ethnic groups remained in the rural areas (low vegetation: 49.0%, 44.5%,
40.9%, and 41.1% for ethnic Dutch, Indonesian, Turkish, and Moroccan, respectively).
However, in urban areas, differences between ethnic groups were much smaller (low
vegetation: 30.0%, 30.2%, 29.9%, and 30.2% for ethnic Dutch, Indonesian, Turkish and

Moroccan, respectively).

Availability of green space by socio-economic status

Individuals with higher household SES gradually had more green space density around
their residence (48.0%, 50.3%, 51.2%, and 52.0% from quintile 1 to quintile 4,
respectively), while in the highest household SES level, the density was slightly lower
again (51.7% for quintile 5). This difference mainly originated from low vegetation

(Figure 4). When stratified by urbanicity (Figure 5), the differences in the availability of
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green space between SES quintile groups remained in the rural areas (low vegetation:
45.3%, 47.8%, 48.7%, 49.8%, and 48.8% for quintile 1 to quintile 5, respectively). In
urban areas, however, differences between SES groups were smaller (low vegetation:

29.8%, 30.3%, 30.5%, 30.2%, and 29.4% for quintilel to quintile5, respectively).

Availability of green space by urbanicity degree
Residents living in areas with higher urbanicity degrees were exposed to lower levels of
green space Appendix Figure S8). This was originated from exposures to both tree and

low vegetation.

Detailed descriptive statistics on socio-demographic and socio-economic differences in
green space density exposure in 1000-meter Euclidean buffers around residential
addresses, are presented in Appendix Table S1. Furthermore, similar details, related to
the sensitivity analyses in which green space density in 500-meter and 2000-meter
Euclidean buffers, are presented in Appendix Tables S2 and S3. Results of the sensitivity

analyses were largely in line with those of the main analyses.

The findings of the multiple linear regression analyses (Table 2) were generally in line
with the patterns described above. The differences across socio-demographic and
socio-economic groups were statistically significant, albeit these differences were small.
After adjustment for several socio-demographic and socio-economic factors, the
differences in total green space density across ethnic and SES groups slightly changed

(Table 2).
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Discussion

In this study, the distribution of green space by all vegetation, trees, shrubs, low
vegetation, grass field, and agriculture was mapped for the Netherlands in 2017. This
study also assessed socio-demographic and socio-economic differences in the
availability of green space in the Netherlands. Hardly any differences in green space
density were found across age or sex groups. Ethnic Dutch and Indonesian had more
green space coverage around residence than Turkish and Moroccan. People with higher
household SES gradually had slightly more green space coverage, while in the highest
household SES level, the coverage decreased a little. Higher urbanicity levels were
monotonously associated with lower green space exposure. These differences
particularly originated from differences in the density of low vegetation, and observed
differences between ethnic and SES groups originated mostly from differences in rural
areas and less in urban areas. For the results from multiple linear regressions, it should
be noted that although most estimates were statistically significant due to the large
sample size, the interpretation of results should also take into account the practical

significance.

The results regarding ethnic disparities in green space exposure indicated that the Dutch
population was exposed to higher levels of green space density than the Turkish,
Moroccan and Indonesian population, which are the three largest ethnic minority
groups in the Netherlands. The current findings were in line with international research
and showed that ethnic minority groups are exposed to less green space in comparison
to the majority population. An individual-level study of urban Canadians found that
minority ethnic populations (Latin American, African Canadian, and South Asian) were
exposed to less green space than the majority population ¢. Two nationwide USA
studies consistently found that census tracts with higher percentages of Hispanics were
exposed to less green space 4. The current study found urban-rural differences in
green space exposure by ethnic groups. The ethnic disparities were more obvious in
rural areas than in urban areas (Figure 3). The 2015-2019 USA nationwide study also

found urban-rural differences. A weak positive association was observed between
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percentages of non-Hispanic Blacks and green space exposures in urban tracts but not

in rural tracts .

The difference in exposure to green space density across various SES groups was also
examined by previous Dutch studies. Kruize et al. explored the distribution of several
environmental aspects among socio-economic categories in Netherlands 22724, They
found that people with higher income levels had more public green space exposure
around residence 2. The findings of the current study indicated that the positive
association between SES and green space was not monotonous. The highest SES quintile
had a slightly lower green space coverage compared to the fourth quintile. SES is defined
in the current study as a combined measure of income, assets, education, and
occupation. The results of the current study may be explained by the fact that people
with lower SES and the highest SES were more likely to live in urban areas, and higher
green space density was associated with a lower urbanicity degree. Van Velzen et al.
assessed green space distribution around Dutch primary schools and found that schools
in low SES neighbourhoods were exposed to lower levels of outdoor green space in
comparison to high SES neighbourhoods 2. In this study of Dutch primary schools, the
percentage of non-Western migrants in the neighbourhood was associated with more
outdoor green space, and no evidence was found for green space disparity across
urbanicity levels 2°. Other international studies mostly supported that higher SES levels
were associated with more green space 13719, Likewise, the current Dutch nationwide
study and the 2015-2019 USA nationwide study both found urban-rural differences by

SES groups .

Previous studies on socio-demographic and socio-economic differences in green space
density in the Netherlands did not consider agricultural land as a component of green
space exposure. For instance, Kruize et al. defined green space as parks, forests,
recreational areas and nature 2224 and Van Velzen et al. used a green space measure
based on grass field, shrubs, and trees 2°. Agriculture, however, is an important
component of green space in the Netherlands as shown in the current study. First,

agriculture contributes to a large proportion of green space in the Netherlands. Second,
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the identified ethnic and socio-economic differences in green space exposure originated
from low vegetation, which consists of grass field and agriculture. Grass field was mostly
present in urban areas and agriculture was mostly present in rural areas. In addition,
stratified results showed that the identified differences were in rural areas, but not in
urban areas. These findings indicate that the identified differences mostly originated
from differences in the availability of agriculture, and suggest that it is important to

consider agriculture in green space exposure measures in future research.

Green space exposure has been associated with multiple health benefits, including
improved mental health, and lower risk of obesity, cardiometabolic diseases, and
mortality 3. One pathway through which green space exposure may influence health
is increasing leisure time physical activity . In the context of the Netherlands, parts of
the agricultural land can also be actively used by residents. For instance, there are 159
recorded walking routes in agricultural areas named clog trail path (in Dutch:
klompenpaden) 7. Some of these areas are also popular among bikers, as there is an
extensive cycle path network named cyclepath nodes (in Dutch: fiets knooppunt) of
which many cross agricultural land 8. Therefore, agriculture may have a positive health
effect by encouraging an active lifestyle. However, this positive health effect might not
be equal for all ethnic groups since cycling is much more common among the ethnic
Dutch 33. On the other hand, agriculture has been a large contributor to multiple air
pollutants in the Netherlands, especially ammonia, nitrogen oxides, and particulate
matter with diameters <10 um 3. Different from the decreasing effect of other types of
green space on air pollution via deposition, agriculture increases air pollution and may
have a detrimental effect on health. Since we have identified ethnic and SES differences
in the availability of green space, consistent with previous studies, future studies on the
health effects of green space should take ethnic and socioeconomic inequalities in green

space exposure into account.

The current study has several strengths, including (1) nationwide registry data, (2)
inclusion of various types of green space, including agricultural land, and (3) an

extensive examination of socio-demographic and socio-economic differences in green
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space exposure. There are also several limitations to consider when interpreting the
current results. First, the cross-sectional design and unadjusted comparison preclude us
from making causal inference. Second, the availability of green space was only
measured as density. Other important measures like accessibility and utility of green
space were not included in the present study. Third, only the exposure at the residence
level was included. Green space exposures at the workplace or during commute could
be described in future studies. Fourth, although the green space density data from 2017
are currently the most up-to-date and detailed data that are available for linkage, the
results might be somewhat outdated. Since 2017, some newly built areas have been
developed and some redesign of the landscape might have taken place. We have not

been able to take these changes into account within our current analysis.

Conclusion

In conclusion, this is the first study that described multiple aspects of the socio-
demographic and socio-economic differences in green space density in the Netherlands.
Little differences in the availability of green space were found across age and sex groups.
Ethnic Dutch and Indonesian had more green space coverage around residence than
Turkish and Moroccan. People with a higher household SES had gradually more green
space coverage, while in the highest SES level, the coverage was slightly lower again.
Higher urbanicity levels were monotonously associated with lower green space
exposure. The differences between ethnic groups and household SES groups originated
from differences in the availability of low vegetation, and were mostly present in rural

areas.
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Table 1. Socio-demographic and socio-economic characteristics of all included Dutch
residents in 2017 (n=16,440,620).

Characteristics All, % Rural areas (<2000 Urban areas
addresses/km?), % (=2000

addresses/km?), %

Age groups
Children (1 to <12 years) 12.9 13.1 12.4
Adolescents (12 to <18 years) 7.3 7.9 6.0
Adults (18 to <65 years) 61.4 59.8 64.6
Older adults (=65 years) 18.5 19.2 17.0
Sex
Males 49.7 49.9 49.2
Females 50.3 50.1 50.9
Ethnicity *
Dutch 77.9 89.2 73.6
Turkish 2.3 1.3 5.3
Moroccan 2.2 1.2 5.2
Indonesian 2.1 1.9 31
Household SES 2
Quintile 1 194 14.9 29.1
Quintile 2 20.0 20.0 20.0
Quintile 3 20.3 21.9 16.8
Quintile 4 20.3 22.5 15.5
Quintile 5 20.1 20.8 18.7
Urbanicity degree (addresses/km?)
Non-urban (<500) 16.4 24.1 0
Limited urban (500-1000) 17.0 25.0 0
Moderately urban (1000-1500) 19.4 28.5 0
Strong urban (1500-2500) 26.0 22.4 33.6
Very strong urban (=2500) 21.2 0 66.4

1A total of 15.5% of the population belongs to other ethnicity groups and is not shown
here.

2 Household socio-economic status (SES) score is developed by Statistics Netherlands
based on standardized disposable income, taxable assets, highest education, and recent
labour participation. A total of 1.8% of the population was missing in SES score.
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Legend
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Figure 1. Distribution of green space (all vegetation including agriculture) at the
neighbourhood level in the Netherlands, 2017.
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Figure 2. Boxplot of green space density by types and ethnicity within 1000-meter

Euclidean buffer zones around residential addresses in 2017 in the Netherlands

(n=13,894,514).
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Figure 3. Boxplot of green space density by types and ethnicity within 1000-meter
Euclidean buffer zones around residential addresses in 2017 in the Netherlands

stratified by urbanicity degree (n=13,894,453).
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Quintiles of household SES
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Figure 4. Boxplot of green space density by types and household socio-economic status
(SES) score within 1000-meter Euclidean buffer zones around residential addresses in
2017 in the Netherlands (n=16,145,371). Household SES score is developed by Statistics
Netherlands based on standardized disposable income, taxable assets, highest level of

education, and recent labour participation.
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Figure 5. Boxplot of green space density by types and household socio-economic status
(SES) score within 1000-meter Euclidean buffer zones around residential addresses in
2017 in the Netherlands stratified by urbanicity degree (n=16,145,294). Household SES
score is developed by Statistics Netherlands based on standardized disposable income,

taxable assets, highest level of education, and recent labour participation.
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CHAPTER 3 Appendices

Figure S1. Distribution of agriculture at the neighbourhood level in the Netherlands,
2017.

Figure S2. Distribution of trees at the neighborhood level in the Netherlands, 2017.

Figure S3. Distribution of shrubs at the neighborhood level in the Netherlands, 2017.

Figure S4. Distribution of low vegetation (any green space lower than 1 meter including

grass and agriculture) at the neighborhood level in the Netherlands, 2017.

Figure S5. Distribution of grass field at the neighborhood level in the Netherlands, 2017.

Figure S6. Boxplot of green space density by types and age groups within 1000-meter

Euclidean buffer zones around residential addresses in 2017 in the Netherlands

(n=16,440,620).

Figure S7. Boxplot of green space density by types and sex within 1000-meter Euclidean
buffer zones around residential addresses in 2017 in the Netherlands (n=16,440,620).

Figure S8. Boxplot of green space density by types and urbanicity degree within 1000-

meter Euclidean buffer zones around residential addresses in 2017 in the Netherlands

(n=16,440,541).

Table S1. Socio-demographic and socio-economic differences in the availability of green

space within 1000-meter Euclidean buffer zones around residential addresses in 2017
in the Netherlands (n=16,440,620).

Table S2. Socio-demographic and socio-economic differences in the availability of green

space within 500-meter Euclidean buffer zones around residential addresses in 2017 in
the Netherlands (n=16,440,620).

Table S3. Socio-demographic and socio-economic differences in the availability of green

space within 1500-meter Euclidean buffer zones around residential addresses in 2017
in the Netherlands (n=16,440,620).
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Figure S1. Distribution of agriculture at the neighbourhood level in the Netherlands,

2017.
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Figure S2. Distribution of trees at the neighborhood level in the Netherlands, 2017.
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Figure S3. Distribution of shrubs at the neighborhood level in the Netherlands, 2017.
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Figure S4. Distribution of low vegetation (any green space lower than 1 meter including

grass and agriculture) at the neighborhood level in the Netherlands, 2017.
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Figure S5. Distribution of grass field at the neighborhood level in the Netherlands, 2017.
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Figure S6. Boxplot of green space density by types and age groups within 1000-meter
Euclidean buffer zones around residential addresses in 2017 in the Netherlands
(n=16,440,620). Children: 1 to <12 years. Adolescents: 12 to <18 years. Adults: 18 to <65

years. Older adults: 265 years.
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Figure S7. Boxplot of green space density by types and sex within 1000-meter Euclidean

buffer zones around residential addresses in 2017 in the Netherlands (n=16,440,620).
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Figure S8. Boxplot of green space density by types and urbanicity degree within 1000-
meter Euclidean buffer zones around residential addresses in 2017 in the Netherlands
(n=16,440,541). Non-urban: <500 addresses/km?. Limited urban: 500-1000
addresses/km?. Moderately urban: 1000-1500 addresses/km?. Strong urban: 1500-2500

addresses/km?. Very strong urban: 22500 addresses/km?.
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Abstract

Background: This study examines longitudinal associations of air pollution and green

space with cardiometabolic risk among children in the Netherlands.

Methods: Three Dutch prospective cohorts with a total of 13,822 participants aged 5 to
17 years were included: (1) the Amsterdam Born Children and their Development (ABCD)
study from Amsterdam (n=2,547), (2) the Generation R study from Rotterdam (n=5,431),
and (3) the Lifelines study from northern Netherlands (n=5,844). Air pollution (PM,s,
PMio, NO,, and elemental carbon (EC)) and green space exposures (density in multiple
Euclidean buffer sizes) from 2006 to 2017 at home address level were used.
Cardiometabolic risk factor clustering was assessed by a MetScore, which was derived
from a confirmatory factor analysis of six cardiometabolic risk factors to assess the
overall risk. Linear regression models with change in Metscore as the dependent
variable, adjusted for multiple confounders, were conducted for each cohort separately.

Meta-analyses were used to pool cohort-specific estimates.

Results: Exposure to higher levels of NO, and EC was significantly associated with
increases in MetScore in Lifelines (per SD higher exposure: Bno,=0.006, 95% CI=0.001 to
0.010; Bec=0.008, 95% Cl=0.002 to 0.014). In the other two cohort studies, these
associations were in the same direction but these were not significant. Higher green
space density in 500-meter buffer zones around participants’ residential addresses was
not significantly associated with decreases of MetScore in all three cohorts. Higher
green space density in 2000-meter buffer zones was significantly associated with
decreases of MetScore in ABCD and Lifelines (per SD higher green space density: Bascp=-
0.008, 95% Cl=-0.013 to -0.003; BLifelines=-0.002, 95% Cl=-0.003 to -0.00003). The pooled
estimates were Bno2=0.003 (95% Cl=-0.001 to 0.006) for NO,, Bec=0.003 (95% CI=-0.001,
0.007) for EC, and Bsoom busfer=-0.0014 (95% Cl=-0.0026 to -0.0001) for green space.

Conclusions: More green space exposure at residence was associated with decreased

cardiometabolic risk in children. Exposure to more NO, and EC was also associated with
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increased cardiometabolic risk.

Introduction

Cardiometabolic risk factors are the largest contributors to the global disease burden *.
In terms of disability-adjusted life-years, high systolic blood pressure (SBP), high fasting
plasma glucose, high Body Mass Index (BMI), and high low-density lipoprotein
cholesterol (LDL-C) were among the top 10 risk factors in 2017 !. Although
cardiometabolic diseases (CMDs) occur most frequently among middle-aged and older
adults, cardiometabolic risk factor clustering has been shown to be stable from
childhood into adulthood ?, which emphasizes that risk factors in early life have later life

consequences 3.

Exposure to environmental characteristics, such as air pollution and green space, may
be important factors of cardiometabolic alterations among children 4. Exposure to
higher levels of air pollution may negatively impact cardiometabolic health through
autonomic nervous system imbalance, pulmonary and systemic inflammation, and
oxidative stress #°. Children are suggested to be more vulnerable to the harmful effects
of air pollutants than adults, because their immune system is still evolving and because
they inhale a higher volume of air pollutants per body weight than adults 2. On the
contrary, green space may improve cardiometabolic health by its restoration and
building capacities ®’. For restoration, green space relieves psychological stress 7, which
is associated with cardiometabolic diseases °. For building, green space releases certain
chemical agents with cardiometabolic health implications (e.g., phytoncides) 7. It also
has an indirect effect on cardiometabolic health. Specifically, green space can reduce
harm from exposure to air pollution, heat, and noise, and can encourage healthy

lifestyle like outdoor physical activity .

Previous evidence on the associations of air pollution and green space with
cardiometabolic risk among children is limited and inconsistent. A nationwide school-

based study in Iran investigated the association between air quality and individual
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cardiometabolic risk factors, and found significant positive associations for SBP, total
cholesterol, and triglycerides (TG) °. A study in Spain showed that the distance from
home to green spaces was not significantly associated with cardiometabolic risk in
primary students 1. Another study did not provide evidence for beneficial effects of
green space or adverse effects of air pollution on cardiometabolic health in Dutch
adolescents 2. These three studies are all based on cross-sectional designs, thus a

longitudinal study to provide evidence of a temporal relationship is merited.

Previous studies focused on individual cardiometabolic risk factors or sum of
standardized scores (z-scores) %2, which are not ideal indicators of overall
cardiometabolic risk 3. An alternative indicator is metabolic syndrome (MetS), which is
a standard measure in adults referring to the presence of at least three of the following
five conditions: abdominal obesity, high blood pressure (BP), high blood glucose, high
serum TG, and low serum high-density lipoprotein (HDL-C) **. More than 40 unique
definitions of MetS have been identified in literature **. However, to date, there is no
consensus on whether MetS should be defined in pediatric populations and, if defined,
which definition to use 3. Furthermore, studies found that the diagnosis of MetS is
highly unstable and fluctuates throughout childhood 7. Thus its predictive value of

future risk is unclear 3.

To address these issues, it has been recommended to focus on cardiometabolic risk
clustering, and to use a continuous latent variable of cardiometabolic risk score, such as
MetScore 3. The MetScore as a continuum has been demonstrated to better predict
adult risk from early adolescence as compared to MetS or summed z-scores 2'3!8, To
our knowledge, this new approach has not been previously used to analyse the
association of air pollution and green space with cardiometabolic risk. The current study
aimed to examine the prospective associations of air pollution and green space density
with cardiometabolic risk factor clustering among children in the Netherlands. It was
hypothesized that higher exposure levels of air pollution and green space are associated

with a higher and lower MetScore among children in the Netherlands, respectively.
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Methods

Study populations

Data were derived from three Dutch population-based prospective cohort studies:
Amsterdam Born Children and their Development (ABCD) study, Generation R study,
and Lifelines. All three cohort studies have been described in detail previously 1*%1. The
three cohort studies were approved by the Ethical Review Boards of the respective
institutions, and written informed consent from participants were obtained by each

cohort study.

The ABCD study is a prospective cohort study with the aim to examine the associations
of maternal and early-life conditions with children’s health °. In brief, between January
2003 and March 2004, all pregnant women (n=12,373) in Amsterdam attending their
first prenatal visit were invited to participate in the study. Mothers of singleton infants
were contacted for follow-up measurements. The current study included data from two
follow-up waves when children from this pregnancy were about five (2009) and eleven

(2015-2016) years old, respectively.

The Generation R study is a population-based prospective cohort study from early
pregnancy onwards in Rotterdam, aiming to identify early environmental and genetic
determinants of growth, development and health from foetal life until young adulthood.
20 All pregnant women living in the study area with a delivery date between April 2002
and January 2006 were invited to participate, resulting in 9,778 mothers and their
children enrolled in the study. The current study included data from two follow-up
waves when children were about five (2007-2011) and nine (2011-2015) years old,

respectively.

The Lifelines study is a multi-disciplinary prospective cohort study examining in a unique
three-generation design the health and health-related behaviours of 167,729 persons
living in three northern provinces of the Netherlands (Groningen, Friesland and Drenthe)

21 It employs a broad range of investigative procedures in assessing the biomedical,
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socio-demographic, behavioural, physical, and psychological factors which contribute to
the health and disease of the general population, with a special focus on multi-
morbidity and complex genetics. The current study included data from baseline (2007-

2013) — with children aged 8 to 17 years — and the first follow-up wave (2014-2017).

Combining the three cohorts resulted in a study sample size of 14,097 (ABCD: 2,811;
Generation R: 5,431; and Lifelines: 5,855) children aged 5 to 17 years who attended
both surveys. Of those participants, 18 (ABCD: 7; and Lifelines: 11) participants were
excluded because they had a history of diabetes, hypertension, stroke, heart disease, or
disease precocious puberty, and 257 (ABCD: 257) participants were excluded because
they used certain medication that may influence the cardiometabolic risk factor levels
(medication with ATC codes ?%: BO1, CO1, HO1, HO2, JO1, D06, HO03, and MO1). The
analytical sample included 13,822 participants (ABCD: 2,547; Generation R: 5,431; and
Lifelines: 5,844).

Exposure assessment
Data on air pollution and green space were obtained from the Geoscience and Health
Cohort Consortium (GECCO) 3?4, The environmental exposure data at the home

address-level were linked to participants.

Data on annual average outdoor concentrations of particulate matter with diameters
<2.5 um (PM35) and <10.0 pm (PMyg), nitrogen dioxide (NO3), and elemental carbon (EC)
were modeled by the Institute for Public Health and the Environment 2>%%. These data
were based on a combination of dispersion and chemical transport model calculations
and measurements from National Air Quality monitoring locations. Data were available
on 1x1 km resolution from 2006 to 2017 annually, and on 25x25 m resolution from 2013
to 2017 annually. The data in 1x1 km resolution were used to back-extrapolate data in
25%25 m resolution for years before 2013 ?7. We scaled 25x25 m map in 2013 by ratio
of the 1x1 km map of the years prior to 2013 to the 1x1 km map in 2013, and assumed

this to be applicable to all 25*25 m grids in a 1*1 km grid.
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Residential green space exposure was assessed by green space density. This refers to
the percentage of area devoted to green space (i.e., parks, public gardens, forests,
graveyards, and agriculture) within a Euclidean buffer (radii of 150, 250, 350, 500, 750,
1000, 1650, and 2000 m) around residential addresses. These data were based on the
land area coverage statistics from Statistics Netherlands 28, and were available for 2006,
2008, 2010, 2012, and 2015. Applying situational interpretation on all available sources,
a minimum lower limit of 1 hectare was used for green space 22, Both air pollution and
green space data were used by averaging over the study period corresponding to each

cohort.

Assessment of cardiometabolic risk factors
Assessed cardiometabolic risk factors for deriving the MetScore consisted of total
cholesterol, HDL-C, TG, BMI, SBP, and diastolic blood pressure (DBP) (Figure 1). The

measurement methods for each cohort are described in Appendix 1.

Calculation of MetScore

A consistent confirmatory factor analysis (CFA) was conducted in a pooled dataset to
derive the MetScore across all cohorts. CFA allows for the testing of hypotheses or
theories about the relationships between observed variables and their underlying latent
constructs 2°. In the current study, it was used to validate the MetScore, ensuring that
MetScore adequately represents the six component cardiometabolic risk factors 2°. BMI
was standardized by age and sex using LMS tables (Lambda for the skew, Mu for the
median, and Sigma for the generalized coefficient of variation 3°) from a Dutch
nationwide growth study 3! and a German cohort study 3, respectively. The SBP and
DBP were standardized by age and sex using LMS tables from a reference for Caucasian
children 33. TG was log-transformed because its distribution was skewed. The reciprocal
of HDL-C was used when standardizing so that the interpretation of higher factor
loading scores is the same with other measures. Subsequently, the z-scores for all CFA

components were created.

The goodness of fit indices included the Comparative Fit Index (good fit: CFl, 20.90), the
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Tucker-Lewis Index (good fit: TLI, 20.90), the Root Mean Square Error of Approximation
(good fit: RMSEA, <0.06), and the Standardized Root Mean Square Residual (good fit:
SRMR, <0.08) 34, The standardized factor loadings were used to calculate the factor score
of MetScore for each participant, separately. This score can be interpreted as a z-score,
the value is positively correlated with cardiometabolic risk and where zero indicates the

population mean.

Covariates

Based on confounders used in previous studies %1235 3 directed acyclic graph was
created to choose confounders (Appendix Figure S1). At two surveys of each cohort,
participants’ parents provided information about age, sex (male, female), ethnicity
(Dutch, Non-western other, Western other), parental education level (low to low-
intermediate, high-intermediate, high), maternal smoking during pregnancy (no, <1 a
day, 21 a day), child screen time (<1 hour a day, 1 to 2 hours a day, >2 hours a day), child
leisure time physical activity (<1 hour a week, 1 to 2 hours a week, 2 to 4 hours a
week, >4 hours a week), parental marital status (married / live together, divorced / don’t
live together), and year of birth. The duration between these two surveys was also
obtained. Urbanization degree within a Euclidean buffer of 1 km around each address
was obtained from GECCO 2324, Objectively measured neighborhood socioeconomic
status (SES) scores were obtained from the Netherlands Institute for Social Research 3¢,
These scores are based on the average income, the percentage of residents with a low
income, the percentage of residents with a low level of education, and the percentage
of unemployed residents in the neighborhood 3¢. Higher scores indicate higher area-

level SES.

Statistical analysis

Characteristics of the study sample and the area-level exposure measures were
presented using descriptive statistics for each cohort, separately. The relative variability
between exposures was compared by coefficient of variation, which is calculated by
dividing the standard deviation by the mean and then multiplying by 100. The average

of environmental exposures across years (air pollution with 25x25 m resolution and
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green space density in 500 m, 1000 m, and 2000 m buffers) were calculated and used
in longitudinal analyses. Since all three cohorts have two waves of measurements, the
change of MetScore between the two waves was used as dependent variable. Linear
regression models were conducted for the association between average environmental
exposure over time and change of MetScore over time. Models were adjusted for age,
sex, ethnicity, baseline MetScore, highest parental education level, maternal smoking
during pregnancy, screen time, leisure time physical activity, parental marital status,
year of birth, duration between two surveys, neighborhood SES score, and urbanization
degree. For sensitivity analyses, mutual confounding between air pollution and green
space exposure was further considered in models by adjusting for each other. Air
pollution with 1x1 km resolution across all years and green space density in other
Euclidean buffer sizes (radii of 150, 250, 350, 750, and 1650m) were also modelled in
sensitivity analyses. In all analyses, unit of air pollution and green space were per

standard deviation (SD).

Within each cohort, multiple imputation was conducted to deal with missing data. For
each variable with missing values, the specified imputation model replaced missing
values with values randomly drawn from the predictive distribution of the variable
conditional on other observed data. This process created multiple imputed datasets
with no missing values that reflected the uncertainty of missing data. All variables in the
analytical model were included in the imputation model. We generated twenty imputed
datasets that were analysed separately and pooled the estimates based on Rubin’s rules
37, Lastly, random-effect meta-analyses were conducted to synthesize the results from
the three cohorts. The /? statistic was obtained as a measure of heterogeneity across
cohorts. All analyses were performed using R software 38, Statistical significance was

defined as P < 0.05 (2-sided).
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Results

The characteristics at baseline of the study sample and the area-level exposure
measures for each cohort are presented in Table 1. The mean ages at baseline were 5.5
+ 0.5 years for ABCD, 6.1 + 0.5 years for Generation R, and 9.5 * 2.7 years for Lifelines,
respectively. The percentages of male participants were 50.4% for ABCD, 49.9% for
Generation R, and 48.6% for Lifelines. Participants in Lifelines were mostly ethnically
Dutch (96.6%), while Generation R had more ethnical diversity (Dutch: 58.0%).
Participants in ABCD had more children with high parental education level (75.9%) and
more parents divorced or not living together (17.4%). Participants in Generation R had
more events of maternal smoking during pregnancy. Children in Lifelines had more
screen time and underwent more physical activities during leisure time. Participants in
ABCD had higher neighborhood SES score. Participants in ABCD and Generation R
mostly lived in urban areas while participants in Lifelines mostly lived in rural areas.
Participants in Lifelines were generally exposed to less air pollution and more green
space at residence. The coefficient of variations ranged from 5.5% to 8.2% for
particulate matter, and ranged from 13.9% to 20% for NO, and EC. Appendix Figure S1
shows the Spearman correlations between green space and air pollutants in the three
cohorts, respectively. Green space density was moderately, negatively correlated with
air pollutants (r=-0.39 to -0.62), expect for particulate matter in Lifelines (r=-0.10 to -

0.12).

Table 1. Characteristics of participants by cohorts.

Variables! Cohorts
ABCD Generation R Lifelines
2009-2016 2007-2015 2007-2017
n 2,547 5,431 5,844
Age at baseline (year) 5.5+0.5 6.1+0.5 95+2.7
Male (%) 50.4 49.9 48.6
Ethnicity (%)
Dutch 73.7 58.0 96.6
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Non-western other
Western other
Highest parental education level (%)
Low to Low-intermediate
High-intermediate
High
Maternal smoking during pregnancy (%)
No
<1l aday
21 a day
Child Screen time (%)
<1 hour a day
1 to 2 hours a day
>2 hours a day
Child Leisure time physical activity (%)
<1 hour a week
1 to 2 hours a week
2 to 4 hours a week
>4 hours a week
Parental marital status (%)
Married / live together
Divorced / don't live together
Neighborhood socio-economic status score?

Residence density (addresses per km?)

Urbanicity degree (%)
Non-urban (<500 addresses per km?)
Limited urban (500-1000 addresses per km?)
Moderately urban (1000-1500 addresses per
km?)
Strong urban (1500-2500 addresses per km?)
Very strong urban (=2500 addresses per km?)
Duration between two surveys (years)
Average PM, s concentration (pg/m?3)
Average PMj, concentration (pg/m?3)

Average NO; concentration (ug/m3)

13.0
13.4

7.7
16.5
75.9

93.0
2.3
4.7

38.1
46.2
15.7

10.5
194
331
37.0

82.6
17.4

0.6 (-0.5, 1.3)
2,529 (1,566,
5,698)

4.5
7.7
10.4

26.8

50.7
6.1£0.5
15.1+1.2
234+1.7
25.5+4.5

15.2
26.8

15.2
26.8
58.1

73.2
4.5
224

42.7
40.1
17.3

5.3

27.7
44.1
228

88.9
11.1
-0.4(-1.3,1.2)
2,629 (1,604,
4,605)

2.8
7.9
11.5

25.0

52.8
3.7£0.5
158+1.3
243+1.7
31.2+45

2.0
14

8.4
41.7
49.9

90.4
0.9
8.7

15.8
36.8
47.5

2.5
3.5
60.2
33.9

93.7
6.3

-0.5(-1.4,0.2)
449 (171, 913)

53.6
25.4
12.4

6.2

2.5
291038
9.5+0.7
16.3+0.9
122+1.7
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Average elemental carbon concentration (pug/m?3) 1.1+0.2 1.3+0.2 0.5+0.1

Average Green space density in 1 km buffer 18.8+15.9 16.5+13.7 54.1+26.8

(percentage)®

Average Agriculture density in 1 km buffer 8.7+16.0 7.4+12.9 46.9 £29.2

(percentage)

Baseline MetScore* -0.03 £ 0.06 0.01+£0.06 -0.01 £0.07
Total cholesterol (mmol/L) 40%0.7 42+0.6 41+0.7
High-density lipoprotein (mmol/L) 1.3+03 14103 1.6+0.3
Triglyceride (mmol/L) 0.7+0.3 1.0+0.5 0.7+0.4
Body mass index (kg/m?) 155+1.4 16.2+1.9 18.7+3.2
Systolic blood pressure (mmHg) 98.4+8.5 103.3+8.0 106.4+10.8
Diastolic blood pressure (mmHg) 59.1+8.2 61.4+6.7 59.5+6.3

Change of MetScore 0.01+£0.06 -0.01 £0.05 0.01 £0.05

1 values are mean + SD or median (first quartile, third quartile) for continuous variables
and % for categorical variables. The values for environmental exposures have been
averaged over the study period corresponding to each cohort.

2 This score is based on the average income, the percentage of residents with a low
income, the percentage of residents with a low level of education, and the percentage
of unemployed residents in the neighborhood.

3 Green space are aggregates of parks, public gardens, forests, graveyards, and
agriculture.

4 Cardiometabolic risk factor clustering, derived from a factor analysis of six components:

total cholesterol, HDL-C, TG, BMI, SBP, and DBP. All in z-scores.
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Figure 1 presents the model fit indices and factor loadings of the CFA model of MetScore.
The model fit indices overally showed good fit. All components were significantly
contributing to the MetScore. The variance in MetScore was mostly explained by BMI z

score (46.9%, the square of the standardized factor loadings).

Cholesterol Model fit indices:
skoksk CFl = 0.995,
07 TLI = 0.984,
Reciprocal high-density fslé\{/l]\iﬁ/i :0 %?;2
lipoprotein \0 —_— :
Triglyceride () 226

0.685%**
Body mass index «

0.360***

Systolic blood pressure

0.161%**

Diastolic blood pressure /

Figure 1. Factor loadings for cardiometabolic risk factor clustering (MetScore), combing
data from the first waves of three cohorts: ABCD, Generation R and Lifelines. All
components are standardized into z-scores. Abbreviations: CFI= Comparative Fit Index,
TLI=Tucker-Lewis Index, RMSEA=Root Mean Square Error of Approximation,

SRMR=Standardized Root Mean Square Residual.

The associations of air pollution and green space exposure with change of MetScore for
each separate cohort are shown in Table 2. There is no multicollinearity problem in the
models. After adjusting for multiple confounders, exposures to higher levels of NO, and
EC were significantly associated with increases of MetScore in Lifelines (per SD higher

exposure: Bno2=0.006, 95% Cl=0.001 to 0.010; Bec =0.008, 95% CI=0.002 to 0.014). In
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ABCD and Generation R, these associations were in the same direction, but these were
not statistically significant. The associations of PM, s and PM; with change of MetScore
were not significant in all three cohorts. Higher green space density in 500-meter buffer
zones around participants’ residential address was significantly associated with
decreases of MetScore in ABCD and Lifelines (per SD higher green space: Bascp=-0.003,
95% Cl=-0.011 to 0.005; PBuielines=-0.001, 95% CI=-0.003 to 0.00004). All observed
associations were not significant in Generation R. In sensitivity analyses, after
considering mutual confounding between air pollution and green space, or modeling in
another resolution (i.e., 1x1 km) and other buffer sizes (i.e., 150, 250, 350, 750, and

1650 m), models showed similar results (Appendix Table S1-S3).

Figure 2 presents the meta-analyses of results from three cohorts. The pooled estimates
were 0.003 (95% Cl=-0.001 to 0.006; P=0.13) for NO,, 0.003 (95% CI=-0.001, 0.007;
P=0.13) for EC, and -0.0014 (95% CI=-0.0026 to -0.0001; P=0.03) for green space in 500-
meter buffer zones. The pooled estimates were marginally significant for green space in

other buffer zones, but were not significant for particulate matter.
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(1) PM2.5 (5) Green space in 500 m buffer
Study Estimate [95% CI] Study Estimate [95% CI]
ABCD —_— 0.0001[-0.0055, 0.0057] ABCD ——— -0.0030[-0.0110, 0.0049]
Generation R —— 0.0013 [-0.0009, 0.0036] Generation R r——— -0.0012[-0.0044, 0.0020]
Lifelines —_— -0.0003 [-0.0040, 0.0033] Lifelines il -0.0013[-0.0027, 0.0000]
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(2) PM10 (6) Green space in 1 km buffer
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Overall (I-squared = 0.00%, p = 0.54) ——— 0.0005 [-0.0013, 0.0023] Overall (l-squared = 48.83%, p = 0.23) —— -0.002[-0.004, 0.001]
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Generation R — 0.001 [-0.002, 0.004]
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Figure 2. Meta-analyses of linear associations of air pollution and green space exposure

with change of cardiometabolic risk factor clustering in children participating in three

Dutch cohort studies. Unit of air pollution is per standard deviation (SD) based on data
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of a resolution of 25x25 m raster. Unit of green space is per SD. The SDs were 1.1, 1.4,
3.6, 0.2, 21.1, 20.6, and 19.0 for PM; 5, PM3o, NO,, elemental carbon, and green space
in 500 m buffer, 1000 m buffer, and 2000 m buffer, respectively

Discussion

More green space exposure at residence was associated with decreased
cardiometabolic risk as measured by MetScore over time among children. Results for
air pollution were inconsistent among pollution indicators. Higher concentrations of
NO; and EC were associated with increased cardiometabolic risk in Lifelines. The pooled
estimates were marginally significant for NO, and EC. There was no statistical evidence
found for the association of PM, s and PM3o with cardiometabolic risk. Results are robust
after considering mutual confounding between air pollution and green space, or

modeling in other resolution and buffer sizes.

The current results strengthen the evidence of a protective effect of green space
exposure against cardiometabolic risk among children. Several previous studies
reported associations between green space exposure and individual cardiometabolic

3940 and lower BP *1. However, to the best of

risk factors among children, like lower BMI
our knowledge, this is the first study that found a significant association for overall
cardiometabolic risk. A previous study in The Netherlands did not find an association
between green space and overall cardiometabolic risk at ages 12 and 16 years,
respectively 2. Neither a Spanish study in rural areas found an association between
distance from children’s home to green space and overall risk 1. Both studies applied a
cross-sectional design, and both studies measured the overall risk by summing the z-
scores of individual risk factors, which gives equal weight to components. Instead, the
current study used a prospective design and derived a MetScore by a CFA of component
risk factors, which takes the weight of separate components into account, as
recommended 3. Therefore, the present study expands the current literature and
strengthens the evidence base on the association between green space and

cardiometabolic risk among children.

For air pollution, there was large heterogeneity among the current study and previous
ones. A study in the Netherlands investigated the associations of PM, s, PM1g, and NO,
at residence with overall cardiometabolic risk (summed z-scores), and found no
significant results 2. A national study in the US used residential concentrations of

volatile organic compounds as indicator of air pollution and found an elevated overall
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risk (summed z-scores) 3°. A study in China investigated the PM, 5 constituents at school
in relation to MetS and indicated a robust association for EC #2. All of them were cross-
sectional studies among children. The current prospective study found evidence for NO,

and EC, but not for particulate matter.

Even when using the same exposure and overall risk measures in the current study,
there was large heterogeneity among the three cohorts (Table 1). For example,
Generation R was more ethnically diverse while Lifelines is predominantly Dutch.
Children in Generation R were more predisposed to cardiometabolic risk because more
mothers smoked during pregnancy. Children in ABCD lived in neighborhoods
characterized by a substantially higher SES. Children in Lifelines mostly lived in rural
areas, while children in ABCD and Generation R mostly lived in strong urban areas.
However, this heterogeneity cannot be addressed by meta-regression since there is a
small number of studies. The credibility of the current results from meta-analysis is low.

We therefore emphasize to interpret the results of the meta-analyses with caution.

Literature has proposed several mechanisms that green space exposure may decrease
cardiometabolic risk. As discussed earlier, green space can release certain chemical
agents like phytoncides that directly inhibit inflammation %3, which is associated with
cardiometabolic health in the long term. Apart from direct effect, green space may
indirectly benefit cardiometabolic health by releasing stress, encouraging physical
activity and depositing air pollution . Therefore, air pollution may play a role as a
mediator in the association between green space and cardiometabolic risk. It has been
recommended in a recent review that primary study should consider interrelationships
between these built environment aspects in relation to cardiometabolic risk °. The
current study included mutual confounding of air pollution and green space in models
and found their independent associations with cardiometabolic risk. However, simply
adjusting for each other does not address the interrelationship since there could
partially be a mediation effect, a moderation effect, or both. Future studies should
investigate the mediation and moderation effects, while taking into account the types
of green space, because vegetation of different heights may interact with air pollution
differently 6.

The current study found an increasing risk for NO, and EC, but not for PM,s and PMp.
Statistic description showed that particulate matter exposures had small variation

within cohorts while NO, and EC exposures had larger variation. This small variation
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within cohorts could impede the finding of significant associations. Another potential
explanation is that particulate matter comprises a wide range of particles. Some
particles may be less associated with cardiometabolic health, but may be more related
to allergy and respiratory issues, like pollen and spores 478, Other particles, such as EC,
are more strongly associated with cardiometabolic risk *°. Both NO, and EC are primarily
produced by combustion processes, particularly in vehicles, power plants, and industrial
facilities. EC is generated by the incomplete combustion of carbon-based fuels *°. In the
context of the Netherlands, NO, and EC are mostly traffic-related diesel exhaust.
Randomized trials showed that their exposures are associated with acute endothelial

5152 which in turn can increase

dysfunction and vasoconstriction in vivo

cardiometabolic risk.

Strengths and limitations

The current study has several strengths, including a relatively large sample size as
compared to previous studies, use of a longitudinal design and applying a
recommended MetScore to assess overall cardiometabolic risk among children. There
are also several limitations to consider when interpreting the results. First, there was
little variability in the environmental exposures which impede the finding of significance.
Second, the exposures were only measured at residence in the current study. The
mobility of individuals should be considered in future study including exposures at
school and commute °3. Third, due to data availability across three cohorts, the
MetScore was constructed based on an incomplete list of components. Future study
should add other components like fasting glucose and HbA1lc. Lastly, due to the small

number of studies included, heterogeneity cannot be addressed via a meta-regression.
Conclusion

Among children, more green space exposure at residence was associated with
decreased cardiometabolic risk over time. Some evidence was found for the association
between air pollution and increased cardiometabolic risk. Exposure to higher
concentrations of NO, and EC was associated with increased cardiometabolic risk in the
Lifelines cohort. No evidence was found for PM,.s and PM, probably due to the small
variations in exposures. More research is needed to investigate the longitudinal effect
of air pollution and green space on cardiometabolic risk among children; this should
involve application of the MetScore and consideration of the interrelationship between

exposure measures.
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CHAPTER 4 Appendices

Appendix 1. Assessment of cardiometabolic risk factors in each cohort.

Figure S1. Directed acyclic graph of the association between air pollution / green space

exposure and change of cardiometabolic risk.

Figure S2. Correlation matrix of environmental exposures of children participating in

three Dutch cohort studies.

Table S1. Linear relation between air pollution, green space exposure (mutual

confounded), and change of cardiometabolic risk factor clustering (MetScore).

Table S2. Linear relation between air pollution, green space exposure, and change of

cardiometabolic risk factor clustering (MetScore).

Table S3. Linear relation between air pollution, green space exposure (mutual

confounded), and change of cardiometabolic risk factor clustering (MetScore).
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Appendix 1. Assessment of cardiometabolic risk factors in each cohort

The ABCD study used a Leicester portable height measure (Seca, Hamburg, Germany)
and a Marsden weighing scale (Model MS-4102, Rotherham, United Kingdom) to
measure height and weight, respectively. WC was measured with a non-elastic
measuring tape (Seca, Hamburg, Germany). BP was measured twice using an Omron
705 IT device (Omron Healthcare Inc, Bannockburn, IL, USA) in the supine position. If
the two measurements differed >10 mm Hg, a third assessment was performed 1. At
ages 5 to 6 years, the overnight fasting blood samples were collected by the Lab
Anywhere kit (Haarlem, The Netherlands) and analysed in the Regional Laboratory of
Amsterdam. At ages 11 to 12 years, capillary blood was collected by finger puncture
after 3 h fasting and analysed by the point-of-care analyser Alere Cholestech LDX
machine using Lipid Profile and GLU cassettes (Cholestech Alere Health Hayward, CA,
USA) 2.

The Generation R study used standardized procedures to measure height and weight:
underwear only and barefooted standing position. BP was measured at the right
brachial artery, four times with one-minute intervals, using the validated automatic
sphygmanometer Datascope Accutor Plus TM (Paramus, NJ). The mean values for
systolic and diastolic BP were calculated using the last three blood pressure
measurements of each participant. Thirty-minutes fasting blood sample was analysed

using the Cobas 8000 analyzer (Roche, Almere, The Netherlands) 3.

The Lifelines used a SECA 222 stadiometer and a SECA 761 scale to measure height and
weight, respectively, without shoes and heavy clothing. BP was measured ten times
during 10min with Dynamap, PRO 100V2. The fasting blood sample was collected and
transported to the central LifeLines laboratory in Groningen for analyses “. For all

cohorts, BMI was calculated, and the mean value of BP measurements was used.
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Abstract

Objectives: To investigate the relationship between changes in residential

neighbourhood walkability and cardiovascular disease (CVD) incidence in adults.

Background: To investigate the relationship between changes in residential

neighbourhood walkability and cardiovascular disease (CVD) incidence in adults.

Methods: Using data from Statistics Netherlands we included all Dutch residents aged
40 or older at baseline (2009), without a history of CVD, and who did not move house
after baseline (n = 3,019,069). A nationwide, objectively measured walkability index was
calculated for Euclidean buffers of 500m around residential addresses for the years 1996,
2000, 2003, 2006 and 2008. To identify changes in neighbourhood walkability, latent
class trajectory modelling was applied. Incident CVD between 2009 and 2019 was
assessed using the Dutch Hospital Discharge Register and the National Cause of Death
Register. Cox proportional hazards modelling was used to analyse associations between
walkability trajectories and subsequent CVD incidence, adjusted for individual- and

area-level sociodemographic characteristics.

Findings: We observed a stable but relatively low walkability trajectory (Stable low,
91.1 %), a stable but relatively higher walkability trajectory (Stable high, 0.6%), a
relatively higher initial neighbourhood walkability which decreased over time
(Decreasing, 1.7%), and relatively lower neighbourhood walkability which increased
over time (Increasing, 6.5%). Compared to stable high walkability, individuals exposed
to stable low, and increasing walkability, had a 5.1% (HR: 1.051; Cl: 1.011 to 1.093) and
4.9% (HR: 1.049; Cl: 1.008 to 1.092) higher risk of any CVD. Similar associations were
observed for coronary heart disease and stroke, though not statistically significant. No

significant associations were found for heart failure, and CVD mortality.

Conclusion: Adults exposed to low walkability over time had a higher risk of CVD
compared to those in stable high walkability neighborhoods. Additionally, an

increasing walkability trend was associated with higher CVD risk, likely due to the
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overall lower cumulative walkability during the exposure period. These findings

highlight the importance of longitudinal research in this field, and of long-term urban

planning for cardiovascular health.

What is already known on this topic

In recent years, the concept of neighbourhood walkability has shown to be a
potential upstream determinant of cardiovascular disease.

However, the evidence of the relation between walkability and CVD is still
thin, and largely relies on cross-sectional studies.

Studies also largely evaluated static walkability levels and did not account for

changes in neighbourhood walkability over time.

What this study adds

In our nationwide study among three million Dutch adults aged 40+, four
distinct trajectories of changes in neighbourhood walkability over 13 years
were observed.

Cox regression models suggests that exposure to stable low walkability, as
well as increasing walkability, was associated with an approximate five
percent higher risk of any CVD compared to stable high walkability.
Associations were more evident in middle aged compared to older adults,

and urban compared to rural residents.
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Introduction

Cardiovascular diseases (CVD) are a major public health concern, contributing
substantially to the overall disease burden and rising healthcare expenses.? The
worldwide prevalence of CVD has almost doubled from 271 million in 1990 to 523
million in 2019, and the economic impact is expected to rise from $863 billion in 2010
to around $1,044 billion by 2030.% It is therefore important to deepen our understanding
of the determinants of CVD and develop sustainable strategies for wide-reaching

prevention.

Low levels of physical activity (PA) and prolonged sedentary behaviour are established
risk factors for CVD.'* More than 25% of adults worldwide do not meet the
recommended guideline of 150 minutes of moderate-intensity PA per week.* In the
Netherlands, this comprises even more than half of all adults.® Efforts to increase
activity levels are required. Active transportation such as commute walking or cycling
may offer a practical means to incorporate PA into daily life and promote cardiovascular
health. This is recently substantiated by a large meta-analysis which demonstrates that

a higher daily step count is associated with a lower risk of CVD mortality.®

To encourage active transportation, it is important to recognise that the built
environment plays a crucial role in shaping individuals' activity patterns. Currently, one
third of all car trips are under five kilometres, 7 and neighbourhoods designed to be
walkable may facilitate residents to choose active transportation rather than sedentary
modes of travel (i.e. driving).®! In recent years, the concept of neighbourhood
walkability gained interest as a potential upstream determinant of cardiovascular
health.*? Neighbourhood walkability may be defined as a composite measure of built
environment characteristics that facilitate walking. Walkability indices often include
components such as land use mix, population density, and street connectivity.** Higher
neighbourhood walkability levels have been linked to higher levels of walking and other
forms of PA.1*1> Higher neighbourhood walkability has also been linked to lower body

mass index and lower blood pressure levels,*®'” and an overall improved cardiovascular
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risk profile.8° A systematic review found strong evidence for longitudinal relationships
between neighbourhood walkability and obesity, hypertension, and type 2 diabetes.?°
One large longitudinal study in Canada observed that living in the most walkable
neighbourhoods compared to living in the least walkable neighbourhoods was

associated with a reduction in CVD mortality.?

However, the evidence of the relation between walkability and CVD is still thin, and
largely relies on cross-sectional studies. An umbrella review indicated that prospective
designs in this field of research are still lacking.?? Furthermore, longitudinal studies
should not only focus on changes in the outcome (i.e. CVD incidence over the years),
but should also regard changes in exposures. Built environmental factors can change
over time,?>?* and exposures also change due to residential relocation.?> For example,
a study conducted in Australia points to a potential link between increases in walkability
aspects (street connectivity, residential density, and land-use mix) and a higher
likelihood of walking for transport.?® Studies that try to capture changes in walkability
and their association with health outcomes are scarce. This dynamic aspect is relevant
for urban planners and policymakers to assess the potential of policies regarding
neighbourhood walkability. CVD typically exhibits a long latency period, during which
the effects of environmental exposures may gradually manifest as clinical outcomes.?’
It has been recommended to apply longitudinal approaches to evaluate environmental
changes that precede individual behaviour and/or health changes. Moreover, to
examine the potentially long latency period between initial exposure to a walkable

environment and CVD.?’

Therefore, this study examines whether changes in residential neighbourhood
walkability from 1996 to 2008 are associated with subsequent incidence of CVDs from
2009 to 2019 in adults. First, we use latent class trajectory modelling to identify
trajectories of neighbourhood walkability over time. Second, we assess whether

different trajectories are associated with CVD incidence.
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Methods

Study population

We used national register data from Statistics Netherlands (Centraal Bureau voor de
Statistiek, CBS in Dutch) covering yearly data for a time period of 24 years from 1996
through 2019. The study cohort was built by combining four national registers from CBS,
including the Population Register,?® the Hospital Discharge Register,?® the National
Cause of Death Register,3* and the system of social statistical datasets.3! The Population
Register is based on municipal records which provide demographic information (e.g.
date of birth, sex, and residential address) for every registered resident in the
Netherlands.?® The Dutch Hospital Discharge Register contains data on the cause of
admission from all hospitals in the Netherlands. The administrative Landelijke Medische
Registratie “national medical registration” (LMR) data are recorded by the hospital
administration at each admission. Upon discharge, the medical data are completed by
or on behalf of the medical specialist on the discharge form. These data are then coded
and registered in the LMR by the hospital's medical administration. The hospitals
provide the LMR data to the registrar, who performs checks. Subsequently, Statistics
Netherlands receives the final annual LMR files from Dutch Hospital Data. Hospital
admission data included inpatient hospital care, day care and observations (=4 h).
Admission causes are classified according to the 9t and 10t revision of the International
Classification of Diseases (ICD-9 and ICD-10). For all admissions up to and including 2013
ICD-9 was used for disease classification, and for all admissions after 2013, ICD-10 was
used. The National Cause of Death Register receives information on cause and date of
all deceased persons in the Netherlands from the legal reporting system. Til 2012, each
death, inside or outside a hospital, a physician issues the death certificate including a
cause of death according to ICD-10.3° From 2012 onwards, an automatic coding of

mortality statistics was used.

For this study, the exposure period in which walkability trajectories were defined is from
1996 to 2008 and the outcome follow-up is from 2009 to 2019. Residents were included

if they (1) lived at a residential address from 1996 to 2019 or until the first CVD event;
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(2) were alive at baseline (2009); (3) were 40 years or older at baseline; and (4) had no
recorded history of CVD before baseline, defined as no hospital admission for CVD
between 1% January 1996 to 31t December 2008. We excluded residents if they (1) had
individual records affiliating to institutional addresses; and (2) moved house after
baseline. Individuals were considered to have moved if they changed an address and
did not change back to the same address for more than 92 days. All data linkages and
analyses were conducted in line with the policy from CBS and privacy legislation in the

Netherlands. Ethical approval was not required for the present study.

Exposure measure: walkability index

To assess neighbourhood walkability, we used an objectively measured nationwide
walkability index. The development of this index has been described in detail
elsewhere.3>33 Briefly, the Dutch walkability index consists of seven components:
population density, retail and service density, land use mix, intersection density, green
space density, sidewalk density, and public transport density. Since public transport
density was only available from 2015 onwards, it was not included in the longitudinal
index used in this study. Appendix Table S1 presents details on individual components
and original data sources. All geographical data for the components of the walkability
index were centralised, operationalised, and provided by the Geoscience and Health
Cohort Consortium (GECCO).3*3> For each of the six components, we calculated z-scores
based on the mean and standard deviation (SD) over all addresses in the Netherlands.
The walkability index was then calculated as the average of the six individual
components. We rescaled the index score to range from 0 to 100, such that higher
scores indicate higher walkability. The index and its six components were calculated for
Euclidean buffers of 500m around each participants’ residential address for the years

that exposure data were available (1996, 2000, 2003, 2006, and 2008).

Outcome: Incident CVD
Incident CVD was obtained from the Dutch Hospital Discharge Register and the National
Cause of Death Register.?>3° We collected the primary and secondary causes of hospital

admission, the date of hospital admission, as well as the cause and date of death. The
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ICD codes used for CVD are provided in Appendix Table S2. Incidence of CVD was
defined as the first hospital admission due to any CVD, or out of hospital death due to
any CVD, whichever came first. We also assessed the incidence of specific CVD events
including hospital admission or death due to coronary heart disease (CHD), stroke, or
heart failure (HF). Other specific CVD events like rheumatic heart disease and

pulmonary heart disease were not considered independently in the current study.

Covariates

Individual- and area-level sociodemographic characteristics were obtained from CBS
using the population register (i.e., biological sex, date of birth, ethnicity, partner status),
the system of social statistical datasets (household income); and CBS geospatial data
(neighbourhood urbanisation levels). We determined age in years at baseline using the
date of birth. We included age as a continuous variable in the main analysis and as a
dichotomous variable (40-60 years and 260 years) for stratified analyses. Ethnicity was
categorised into 1) Native Dutch, 2) Non-Dutch Western and 3) Non-Dutch non-western.
Change in partner status in exposure period was categorized into remained with partner
(married or registered partnership), remained without partner (single, separated or
widowed), partner to no partner, and no partner to partner. Urbanicity at baseline was
categorised as rural (< 1000 addresses/km?), urban (1000-2500 addresses/km?) and
very urban (>2500 addresses/km?). Standardised household income was derived as an
indicator of individual-level socio-economic status (SES). The tertiles of the mean value
of household income over the exposure years were used. Area-level SES scores and air
pollution data on annual average outdoor concentrations of particulate matter with
diameters <2.5um (PM>s) and <10.0um (PM o), and nitrogen dioxide (NO3) in pug/m?at
the residential address-level were obtained from GECCO.3%3 Objectively measured
area-level SES score is a composite indicator consisting of neighbourhood-average
education, income and position in the labour market.3¢3” Higher scores indicate a higher
area-level SES. Air pollution was derived based on a combination of model calculations
and measurements from official measurement locations.3® Air pollution data with a

resolution of 25 x 25 meter were linked to all residential addresses in the
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Netherlands.3%3>

Statistical analysis

To assess changes in individual exposure to walkability from 1996 to 2008, we applied
latent class trajectory modelling. The output trajectory classes are subpopulations that
share similar patterns of walkability exposure over time. We used the Guidelines for
Reporting on Latent Trajectory Studies as a guidance to construct and interpret the
latent class trajectory modelling.3® In order to find the model that best described the
data, we fitted latent class growth models with fixed class-specific intercepts and slopes,
as well as more flexible growth mixture models (GMM) with (1) a random class-specific

intercept and fixed slope per class and (2) random class-specific intercepts and slopes.

First, one-class latent growth models with linear and quadratic growth parameters were
compared to examine which approach best captured the trajectories’ growth.
Subsequently, we estimated GMM models with increasing number of classes. The
optimal model was selected based on a combination of statistical criteria, parsimony
and interpretability.*%*! Several model fit indices were used, including (1) the model
with the lowest Akaike information criterion (AIC) and lowest Bayesian Information
Criterion (BIC) value was favoured; (2) the entropy of the model, with high entropy
(>0.80) indicating strong distinctive capabilities between trajectory classes; and (3) the
average posterior probability for each class. The interpretability of the trajectory shape

and the number of participants in each class were also taken into consideration.

The large sample size of our cohort resulted in computational limitations. Therefore, we
performed the latent class trajectory modelling on a random five percent subset
(n=178,517) of the full data. After selecting the final model, we extrapolated the results
to the complete cohort by using a function that calculates the posterior classification
and posterior individual class-membership probabilities, based on the observed data

and the estimated model parameters.

We summarised the baseline characteristics as mean * standard deviation (SD) or
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median and interquartile range (IQR) as appropriate for continuous variables, and N
with percentage for categorical variables; for the total sample and also by walkability
trajectories. For our main analyses, Cox proportional hazards modelling was used to
estimate the association between the neighbourhood walkability trajectories and
incidence of CVD, as well as CVD mortality, and separate for CHD, stroke, and HF,
respectively. Person-time for each individual was calculated from baseline until the first
hospital admission due to any CVD, or death due to any CVD, death due to other causes,
or end-of-study date, whichever came first. We reported hazard ratios (HR) and 95%
confidence intervals (Cl) for each neighbourhood walkability trajectory after adjusting
for age at baseline, sex, ethnicity, change of partner status, average household income,
baseline area-level socio-economic status, mean air pollution concentration during
follow-up, urbanicity, and residential relocation. We also stratified primary analyses by
sex (males and females), age group (middle aged (40 to 60 years) and older adults (>60
years)), rural (< 1000 addresses/km?) and urban areas (> 1000 addresses/km?)),
residential relocation at exposure period (movers and non-movers), household income
(above and below yearly average income (€ 24421.53), and area-level SES (above and
below average area-level SES score). Statistical significance is defined as p-value < 0.05
(two-sided) and a false discovery rate correction of multiple testing was applied.
Statistical analysis were carried out using R 4.2.3.*> The trajectory modelling was

performed with the lcmm package.*?
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Results

Of 3,064,179 individuals who met the inclusion criteria and had walkability data, we
additionally excluded 45,110 (1.5%) individuals who had one or more missing covariates,
resulting in an analytical sample of 3,019,069 individuals (Figure 1). The statistics of

missing data are presented in Appendix Table S6.

Dutch population in 1996

n = 15,493,889

Died before baseline:
n=1,951,942

Alive at baseline

n = 13,541,947

Younger than 40 at baseline:
n =3,654,165

40 years or older at baseline

n=9,887,782

Moved house after baseline:
n=6,031,867

Non-movers after baseline

n = 3,855,915

History of CVD before basline:
n=747,754

No history of CVD

n=3,108,161

Missing walkability index data:
n=43,982

Study population

n=3,064,179

Figure 1. Flowchart of study population.
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Walkability trajectories

We observed that the model with linear growth parameters, random intercept, and
random slope, performed best (Table 1, Appendix Table $3-S5). The four-class model
provided the most optimal fit for the data, as indicated by the low BIC, high entropy,
and acceptable class sizes. Class 1 (referred to as “Stable low”, n = 2,751,642, 91.1%)
was characterised by a stable but relatively lower walkability score of 30 over time
(Figure 2). Class 2 (referred to as “Decreasing”, n = 52,678, 1.7%) began with a relatively
higher walkability and it decreased from 47 to 30. Class 3 (referred to as “Stable High”,
n=17,845, 0.6%) was characterised by a stable but relatively higher walkability score of
40 over time. Class 4 (referred to as “Increasing”, n=196,904, 6.5%) was characterized

by an increase from 30 to 46.

Weighted subject-specific predictions

) 60 — — Stable low 95% CI 91.14% in class
5 ——  Decreasing 95% CI 1.74% in class
Q —— Stable high 95% CI 0.59% in class
: 50 —— Increasing 95% CI 6.52% inclass
L Lo . L]
. — B 7_7777_777_71772'2':‘-,ﬁ —— — —®
o400 — .
-g 30 — - e ————— e T e
i R
p—
=
20 —
\ \ | \ \
1996 2000 2003 2006 2008

Year

Figure 2. Class-specific mean predicted walkability trajectories.

206



|opow pa1ds|as

UOLISID UOIeWIOJUI UBIS9ARY ¢

UOLI31ID UolIeWIOUI BYIBYY ,

si1913wWeded Jo Jaquinn ;

¥v’0 097 ¥S0L Ovv 9081 S6'T €8'0 0L£06S¥  TTT06SY 0€0S6CC- 9t 9

¢S50 €0LL 79SS TOST [4: 0 18'0 9/¥S09%  LSTS09%  L09C0€C- [44 S

o9 S81T TT'T6 ¥90 €6'0 €E€L0T9Y  ¥SSOT9¥ 6SCSOEC- 8T *V

0€'s ¢Lte 861 16'0 ¢S89T9F  €T/L919Y €EVEBOEC- Vi €

€9°L6  LP'C 16’0 ¥608¢9%  G66LT79% [L86ETEC- 01 [4

00°00T T ©06€99y  ¥¥8E99F 9161EEC- 9 1

9 S v € [4 T Adonu3 £lg IV pooyl|ayl] INdN S3sse)d
-801

(%) sse|d 1ad ajdoad jo agejuadiad

uolduny AJoydafesy Jeaul| e uisn (LZTEST = U) SISSE|I 9-T YIM S|SPOIAl 4NIXIAl YIMOJID JO 1} [9POIA °T 3|qelL

207



9 TT¢C 9°¢ €0t v 4auiipd o3 uauyiond oN
L'L 69 S'9 L6 9'9  Jaubd ou 03 43UIDd
Jauind
879 (%37 €L 0°'S€ 0TL yum pauloway
Jauliod (%) snmeas
€€C 1'8¢C WA 0°'S€ 781 noyum pauipway  duped ul a8uey)
A §'69 6'€ L'18 9 SaA
[44] S0¢ 196 €8T 9'¢6 ON (%) (pano
EIEY
9L L'L L€ Tt v -uou yang-uoN
6t 09 (07 'S v uJaisam yaing-uon
S'/8 €18 €6 L78 816 yong an1IbN (%) Aydruyaa
[ov9 ‘osvl 0SS [0'8S ‘O'ev] 08P [0s9‘00sl 045  [0Zs‘Oevlosy  [0°S9 ‘0'6¥] 0°LS ([yO1] ueipaw) auiaseq ie sieal ui 38y
€S €Ly A4S 9Ly A4S uawom
L'Ly LTS 8Ly ¥'CS 6'LY ua (%) xos
00Tt [ooTT [ooTT [ooTT
‘o0'TT] 00°TT ‘00711 00'TT [00°TT ‘00°'TT] 00°TT ‘00'TT] 00°TT ‘00'TT] 00°TT ([40I1] ueipaw) sieaA ul swny dn-mojjod
(%2S'9) 06961 (%¥L'T) 84925  (%VT'16) THITSLT (%65°0) SV8LT 6906T0€ u
Suiseasu| Suiseasnag Mo| d|qels ysiy s|qeas 1\ Aio3a1e)

Asoydalesy Anjigeyjem pooyinoqysiau Aq paijizesls se [|om se ajdwes Apnis |B101 33 JO Sd13s143deIeyd uoile|ndod g ajqel

208



209

SN1EJS JIWOU0I3-010S ¢
diysssuyied pasaisidal pue adelriew yloq papnjoul Jaulled ,

(8002-966T) poliad ainsodxa Sulinp PaAoIAl ¢

(6TT)TLCT
(09'T) L¥'0T
(08'v) 6¥°0C
8'0¢C
085

e
(e0'1) 2O'O-

9'T€

T'€e

113

(Se'T)S6'CT
(£9'T) vL°0C
(9v'S) LL71T
L'9€
90

LTt
(r0'1) 9T'0

€9¢

€'Te

v'ee

(ze'T) 95Tt
(09'T) ¥T'0C
(6Lv) LE6T
L'
T

1°SP
(z6°0) €0°0-

R

9'te

6CE

(zv'1) 68°CT
(S£'1) £9°0C
(£59) T¥'1C
§'8€
T'Ze

v'6¢C
(ST'T) So00

§'qE

S'6¢

0's€

(zeT) 85Tt (as ¥ ueaw) gw/3H u1 ST
(T9'1) 9Z°0C (as ¥ ueaw) gw/3rl ui *Nd
(€8'¥) 05'6T (as ¥ ueaw) gw/8r u1 ZoN
g€l 00SZ uby1 3o
T'ey 00SZ 03 000T
(% ‘;un)/sassaippe)
o'ty 000T uby} ssa7 Apiueqin
Amm.ov €0°0- An_m F :mwF& mmwm |9A9|-eaJe auljoseg
(L08sT
g'ee <) 311437 153y bIH
(2085 -
Q€€ 98/8T) 3/11431 3ppPIN
(98£8T (%) 3 u1 awodul

T°€€ >) 3)13431 15aM0O7 ployasnoy uea



Study sample characteristics by trajectory classes

Men and women were fairly evenly distributed in the study population and in the
trajectories (Table 2). The median age at baseline was 57 (IQR: 49 to 65) years and the
stable high and decreasing trajectory was the youngest with a median age of 48 years.
The stable high trajectory had the largest proportion of people with a non-western
origin (12.1%). The stable low trajectory rarely moved house (3.9%) during the exposure
period. A notably higher percentage of individuals moved house in the stable high
(81.7%) and decreasing (69.5%) trajectories. In the stable low trajectory, 45.1% lived in
rural areas, while the stable high and decreasing groups had the highest percentage

residing in urban areas.

Walkability trajectories and cardiovascular outcomes

During a median follow-up of 11.0 years, a total of 644,785 individuals developed CVD
(21.4%), of which 148,191 developed CHD (4.9%), 71,289 stroke (2.4%), and 31,007 HF
(1.0%). Among these CVD outcomes, there were 81,600 deaths due to any CVD (2.7%),
of which 21,344 due to CHD (0.7%), 17,790 due to stroke (0.6%), and 12,572 due to HF
(0.4%).

Compared to stable high walkability, individuals exposed to stable low, and increasing
walkability, had a 5.1% (HR: 1.051; Cl: 1.011 to 1.093) and a 4.9% (HR: 1.049; CI: 1.008
to 1.092) higher risk of any CVD during follow-up (Figure 3). Similar associations were
observed for CHD and stroke, though not statistically significant. We did not observe
statistically significant associations of walkability trajectories with CVD mortality and HF.
Furthermore, Appendix Table S7 shows that no associations were found between

walkability trajectories and mortality due to CHD, stroke, and HF.

Based on observed differences in Table 2, we present stratified associations by age,
urbanicity, and residential relocation in Figure 4. For all details of the stratified analyses,
please refer to the Appendix Table S8-S14. For any CVD and CHD, associations were
more apparent in middle aged adults relative to older adults. On the contrary, for stroke,

all walkability trajectories as compared to the stable high were associated with a higher
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risk in older adults, but not in middle aged adults. We also observed a clear difference
between rural and urban areas (Figure 4). In urban areas, stable low and increasing
walkability were associated with a higher risk of any CVD. In rural areas, on the other
hand, we did not find statistically significant associations. There was no apparent
difference between the associations observed in the models stratified by movers and
non-movers for any CVD. However, stable low and increasing walkability were

associated with a higher risk of CHD only in non-movers.
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Discussion

In this large-scale population-based cohort study, we assessed the association between
longitudinal changes in neighbourhood walkability and the subsequent incidence of
CVD. We observed four distinct trajectories of neighbourhood walkability over 13 years.
Exposure to stable low walkability, as well as increasing walkability, was associated with
an approximate five percent higher risk of any CVD compared to the stable high
walkability trajectory. Associations were more evident in middle aged compared to

older adults, and urban compared to rural residents.

The observed associations revealed some unexpected patterns, particularly the higher
risk observed for increasing walkability and the lack of an association in the decreasing
walkability trajectory. These findings suggest that changes in walkability over time may
not influence CVD risk in a straightforward manner. Although walkability in the
‘increasing’ trajectory ends higher than the ‘stable high’ reference category, it starts
from a much lower score, resulting in a lower overall walkability over the exposure
period. Hence, the cumulative exposure of residents may have influenced their risk. This
is corroborated by Le et al., who investigated associations of cumulative and point-in-
time neighbourhood walkability with BMI.%* They found that cumulative walkability was
associated with lower BMI, but found no associations for point-in-time walkability.
Moreover, while walkability exposure in our study may have improved in the increasing
trajectory, it started at a lower level. Despite later improvements, individuals in that
group likely have lived in this low walkable area for a significant period, potentially
resulting in latent effects on their activity patterns and cardiometabolic health.
Conversely, in the decreasing walkability trajectory, initial high walkability may have had
lasting benefits despite later declines. These observations underscore the importance

of adopting a longitudinal perspective when studying neighbourhood walkability.

Unlike previous studies that largely evaluated static walkability levels,*>*¢ our research
delves into the dynamic nature of neighbourhood environments over time. A Dutch

regional study by Timmermans et al.'s found minimal changes in a similar walkability
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index and its components between 2005 and 2011.3® Our findings also show that
neighbourhood walkability is relatively stable for the majority of our study population,
who are mostly non-movers. This suggests that walkability levels of most Dutch
residential neighbourhoods, as measured by six built environment components, do not
change much over time. However, we were able to capture some significant changes,

mostly in movers, which Timmermans et al. did not include.

Previous longitudinal studies have mostly provided evidence for associations between
higher levels of neighbourhood walkability and lower levels of cardiometabolic risk
factors, such as obesity, hypertension, and type 2 diabetes.'>?° A national ecological
study in Japan found that CVD mortality was significantly higher in municipalities of
lower walkability (lowest tertile), this association was independent of area-level SES.*
This finding was based on a 3 component walkability index (population density, street
density, and access to commercial areas). More similar to our work is a longitudinal
study that used a nationally representative cohort of Canadian adults with 15 years of
follow-up.?! The authors observed that living in a highly walkable neighbourhood at
baseline compared to the least walkable neighbourhoods was associated with a 9%
reduced risk of CVD mortality. However, no changes in walkability were assessed. We
found a higher CVD risk for both stable low and increasing walkability groups. While the
results are not directly comparable, we did observe that all trajectories had lower
walkability levels at some point in time compared to the stable high trajectory, resulting

in an overall lower cumulative exposure.

Our stratified analyses showed that the associations for any CVD were mostly present
in middle aged adults and in urban residents. One possible explanation is that the spatial
components in the current walkability index might be more relevant for middle aged
adults than for older adults. Aspects like cross-overs, street furniture, street lights,
pavement types and slopes might be more relevant for older adults’ walking
behaviour.*® But, these are not included in the current walkability index. Another
possibility is that neighbourhood walkability facilitates activity especially in those who

are already more physically active. This is also supported by an Australian study, where
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the association between walkable neighbourhoods and cardiometabolic risk factors was
partly attributed to baseline PA levels, but not to changes in PA.'® In the Netherlands,
younger adults are more active than the older (senior) adults.> We did not have data on

individual PA levels in our study, and therefore, we could not explore this further.

Encouraging (travel-related) PA is the most intuitive mechanism through which
neighbourhood walkability could affect the risk of CVD. This is supported by previous
studies. A Dutch study found a positive association between neighbourhood walkability
and walking time.32 A study of Chinese citizens found that PA partly explained the
association between neighbourhood walkability and CVD.*® In addition, a study in
Portugal found that a built environment intervention aimed at increasing walkability
levels was associated with an increase in pedestrian volumes.>® There are also potential
pathways linking walkability to CVD beyond PA, including air pollution and social
context.?” More walkable neighbourhoods were previously linked to less vehicle mileage
and thus lower levels of sedentary behaviour and less air pollution.>* Neighbourhood
walkability may also be related to differences in the social characteristics of
neighbourhoods, such as social disadvantages or social cohesion.>? Which could in turn

be determinants of CVD risk.>3

Our study population includes both individuals who relocated during the exposure
period (movers) and those who remained at the same address (non-movers). This
approach comes with specific challenges, especially since changes in an individual's
walkability score can either result from residential relocation or actual environmental
changes in the same neighbourhood. We observed that the allocation of walkability
trajectories was associated with residential relocation. For instance, the stable high and
decreasing trajectories primarily consisted of movers (81.7% and 69.5%), while the
stable low trajectory mostly comprised non-movers (96.1%). To address potential
confounding by residential relocation, we conducted stratified analyses specifically for
movers/non-movers. The resulting pattern of associations was generally consistent
between the full population and non-movers. This indicates that differences in the

percentage of movers in trajectory groups do not fully explain our findings. We also
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addressed potential confounding by adjusting our models for factors known to be
associated with residential relocation, including sex, changes in marital status, and
individual- and area-level SES. Additionally, Saucy et al. found no significant associations
between various health conditions (such as asthma, chronic obstructive pulmonary
disease, body mass index, hypertension, and CVD) and the likelihood of residential
relocation.?® Although we acknowledge that the current analyses may not eliminate the
confounding effect of relocation on identified associations between walkability
trajectories and CVD outcomes, this finding suggests that health status is unlikely to be

associated with relocation, further strengthening the validity of our approach.

The strengths of this study include the large nationwide cohort, longitudinal design, use
of a comprehensive and validated walkability index, and trajectory modelling. However,
our study also has several limitations. First, the trajectory modelling was restricted to a
random five percent subset of the cohort due to computational limitations posed by the
large size of the data. When extrapolating the trajectories to the full population, the
percentage of individuals in each trajectory remained the same. This indicates that the
subset is representative of the full population. Second, despite adjusting for multiple
covariates in the analyses, there remains a possibility of residual confounding due to
unmeasured or unknown confounders, or imprecise measurement. Third, this study
focused on walkability within residential settings, overlooking various places where
individuals allocate a noteworthy amount of their time, including workplaces, shopping
districts, and recreational areas. Fourth, because climate, landform, and culture are
contextual variables with the potential to affect the relationship between walkability
and CVD,**the generalizability of the current findings to other countries may be limited.
Therefore, it warrants additional research in other regions, considering these factors.
Fifth, not all hospitals participated in the Hospital Discharge Register before 2014,
varying around 10% non-participation. However, the hospitals that did not participate
were both academic and non-academic hospitals, spread across the country.>* We have
no reason to believe that the non-participation of hospitals is in any way related to

walkability levels in the Netherlands, but this nondifferential misclassification of the
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outcome may have led to lower event rates and an underestimation of the observed
associations. Last, the switch from manual to automatic coding of mortality statistics by
Statistics Netherlands in 2012, resulted in a shift in primary diagnoses. However, given
the high agreement between the two methods, particularly for major disease categories
like cancer and cardiovascular diseases, we believe our study's overall trends and

outcomes remain unaffected.>

At first sight, the observed effect estimates may seem minor, but the exposure of the
entire population to neighbourhood walkability emphasizes the substantial reach of this
effect and its significant impact on public health. Given that neighbourhoods with
diverse walkability levels are widespread and influence a broad cross-section of society,
the collective effect becomes considerable. This underscores the importance of
considering the cumulative influence of neighbourhood walkability on cardiovascular
health. Policy adjustments, even if incremental, may contribute to meaningful
improvements in cardiovascular health at the population level. Therefore, further
research is needed to explore how individual choices and behaviours interact with
walkability trajectories. Assessing age-specific effects, and considering multiple settings
of exposure would contribute to a more comprehensive understanding of how changes

in neighbourhood walkability influence cardiovascular health.

Walkability is inherently a multifaceted concept encompassing various interconnected
elements.3? Employing a comprehensive and validated walkability index allowed us to
capture the co-occurrence of these elements, providing a holistic assessment of the
neighbourhood environment. This approach mitigates issues such as multicollinearity
and measurement error while aligning with our objective of understanding the broader
relationship between neighbourhood walkability and cardiovascular disease incidence.
Future research could further enhance our understanding by systematically
investigating the individual components of walkability, to identify the specific

contributions of each component to overall walkability and health outcomes.

Conclusions
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We identified four trajectories of residential neighbourhood walkability in Dutch
residents from 1996 to 2008. As compared to the stable but relatively higher walkability
group, residing in stable low and increasing walkability areas was associated with a
higher CVD risk. These findings were especially pronounced in middle aged adults, and
urban dwellers. The results suggest that adults exposed to low walkability over time had
a higher risk of CVD compared to residents in the stable high walkability
neighbourhoods. An increasing walkability trend over time was linked to higher CVD risk,
likely because the cumulative walkability in the exposure period was lower than the
stable high category. The findings emphasise the relevance of longitudinal research in

this field, and of long-term urban planning considerations for cardiovascular health.
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Table S12. Associations between trajectories of neighbourhood walkability and incident

CVD stratified by residential relocation

Table S13. Associations between trajectories of neighbourhood walkability and incident

CVD stratified by household income

Table S14. Associations between trajectories of neighbourhood walkability and incident
CVD stratified by area-level SES
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Table S2. ICD codes used for cardiovascular diseases

Codes

ICD-9 390, 391, 3910, 3911, 3912, 3918, 3919, 392, 3920, 3929, 393, 394,
3940, 3941, 3942, 3949, 395, 3950, 3951, 3952, 3959, 396, 3960,
3961, 3962, 3963, 3968, 3969, 397, 3970, 3971, 3979, 398, 3980,
39809, 39890, 39891, 39899, 401, 4010, 4011, 4019, 402, 4020, 40200,
40201, 4021, 40210, 40211, 4029, 40290, 40291, 403, 4030, 40300,
40301, 4031, 40310, 40311, 4039, 40390, 40391, 404, 4040, 40400,
40401, 40402, 40403, 4041, 40410, 40411, 40412, 40413, 4049,
40490, 40491, 40492, 40493, 405, 4050, 40501, 40509, 4051, 40511,
40519, 4059, 40591, 40599, 410, 4100, 41000, 41001, 41002, 4101,
41010, 41011, 41012, 4102, 41020, 41021, 41022, 4103, 41030,
41031, 41032, 4104, 41040, 41041, 41042, 4105, 41050, 41051,
41052, 4106, 41060, 41061, 41062, 4107, 41070, 41071, 41072, 4108,
41080, 41081, 41082, 4109, 41090, 41091, 41092, 411, 4110, 4111,
4118, 41181, 41189, 412, 413, 4130, 4131, 4139, 414, 4140, 41400,
41401, 41402, 41403, 41404, 41405, 41406, 41407, 4141, 41410,
41411, 41412, 41419, 4142,4143, 4144, 4148, 4149, 415, 4150, 4151,
41511, 41512, 41513, 41519, 416, 4160, 4161, 4162, 4168, 4169, 417,
4170, 4171, 4178, 4179, 420, 4200, 4209, 42090, 42091, 42099, 421,
4210, 4211, 4219, 422, 4220, 4229, 42290, 42291, 42292, 42293,
42299, 423, 4230, 4231, 4232, 4233, 4238, 4239, 424, 4240, 4241,
4242, 4243, 4249, 42490, 42491, 42499, 425, 4250, 4251, 42511,
42518, 4252, 4253, 4254, 4255, 4257, 4258, 4259, 426, 4260, 4261,
42610, 42611, 42612, 42613, 4262, 4263, 4264, 4265, 42650, 42651,
42652, 42653, 42654, 4266, 4267, 4268, 42681, 42682, 42689, 4269,
427, 4270, 4271, 4272, 4273, 42731, 42732, 4274, 42741, 42742,
4275, 4276, 42760, 42761, 42769, 4278, 42781, 42789, 4279, 428,
4280, 4281, 4282, 42820, 42821, 42822, 42823, 4283, 42830, 42831,
42832, 42833, 4284, 42840, 42841, 42842, 42843, 4289, 429, 4290,
4291, 4292, 4293, 4294, 4295, 4296, 4297, 42971, 42979, 4298,
42981, 42982, 42983, 429809, 4299, 430, 431, 432, 4320, 4321, 4329,
433, 4330, 43300, 43301, 4331, 43310, 43311, 4332, 43320, 43321,
4333, 43330, 43331, 4338, 43380, 43381, 4339, 43390, 43391, 434,
4340, 43400, 43401, 4341, 43410, 43411, 4349, 43490, 43491, 435,
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4350, 4351, 4352, 4353, 4358, 4359, 436, 437, 4370, 4371, 4372,
4373, 4374, 4375, 4376, 4377, 4378, 4379, 438, 4380, 4381, 43810,
43811, 43812, 43813, 43814, 43819, 4382, 43820, 43821, 43822,
4383, 43830, 43831, 43832, 4384, 43840, 43841, 43842, 4385, 43850,
43851, 43852, 43853, 4386, 4387, 4388, 43881, 43882, 43883, 43884,
43885, 43889, 4389, 440, 4400, 4401, 4402, 44020, 44021, 44022,
44023, 44024, 44029, 4403, 44030, 44031, 44032, 4404, 4408, 4409,
441, 4410, 44100, 44101, 44102, 44103, 4411, 4412, 4413, 4414,
4415, 4416, 4417, 4419, 442, 4420, 4421, 4422, 4423, 4428, 44281,
44282, 44283, 44284, 44289, 4429, 443, 4430, 4431, 4432, 44321,
44322, 44323, 44324, 44329, 4438, 44381, 44382, 44389, 4439, 444,
4440, 44401, 44409, 4441, 4442, 44421, 44422, 4448, 44481, 44489,
4449, 445, 4450, 44501, 44502, 4458, 44581, 44589, 446, 4460, 4461,
4462, 44620, 44621, 44629, 4463, 4464, 4465, 4464, 4465, 4466,
4467, 447, 4470, 4471, 4472, 4473, 4474, 4475, 4476, 4477, 44770,
44771, 44772, 44773, 4478, 4479, 448, 4480, 4481, 4489, 449, 451,
4510, 4511, 45111, 45119, 4512, 4518, 45181, 45182, 45183, 45184,
45189, 4519, 452, 453, 4530, 4531, 4532, 4533, 4534, 45340, 45341,
45342, 4535, 45350, 45351, 45352, 4536, 4537, 45371, 45372, 45373,
45374, 45375, 45376, 45377, 45379, 4538, 45381, 45382, 45383,
45384, 45385, 45386, 45387, 45389, 4539, 454, 4540, 4541, 4542,
4548, 4549, 455, 4550, 4551, 4552, 4553, 4554, 4555, 4556, 4557,
4558, 4559, 456, 4560, 4561, 4562, 45620, 45621, 4563, 4564, 4565,
4566, 4568, 457, 4570, 4571, 4572, 4578, 4579, 458, 4580, 4581,
4582, 45821, 45829, 4588, 4589, 459, 4590, 4591, 45910, 45911,
45912, 45913, 45919, 4592, 4593, 45930, 45931, 45932, 45933,
45939, 4598, 45981, 45989, 4599

ICD-10 100, 101, 1010, 1012, 1018, 1019, 102, 1020, 1029, 105, 1050, 1051, 1052,
1058, 1059, 106, 1060, 1061, 1062, 1068, 1069, 107, 1070, 1071, 1072, 1078,
1079, 108, 1080, 1081, 1082, 1083, 1088, 1089, 109, 1090, 1091, 1092, 1098,
1099, 110, 111, 1110, 1119, 112, 1120, 1129, 113, 1130, 1131, 1132, 1139,
115, 1150, 1151, 1152, 1158, 1159, 120, 1200, 1201, 1208, 1209, 121, 1210,
1211, 1212, 1213, 1214, 1219, 122, 1220, 1221, 1228, 1229, 123, 1230, 1231,
1232, 1233, 1234, 1235, 1236, 1238, 124, 1240, 1241, 1248, 1249, 125, 1250,
1251, 1252, 1253, 1254, 1255, 1256, 1258, 1259, 126, 1260, 1269, 127, 1270,
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1271, 1272, 1278, 1279, 128, 1280, 1281, 1288, 1289, 130, 1300, 1301, 1308,
1309, 131, 1310, 1311, 1312, 1313, 1318, 1319, 132, 1320, 1321, 1328, 133,
1330, 1339, 134, 1340, 1341, 1342, 1348, 1349, 135, 1350, 1351, 1352, 1358,
1359, 136, 1360, 1361, 1362, 1368, 1369, 137, 1370, 1371, 1372, 1378, 1379,
138, 139, 1390, 1391, 1392, 1393, 1394, 1398, 140, 1400, 1401, 1408, 1409,
141, 1410, 1411, 1412, 1418, 142, 1420, 1421, 1422, 1423, 1424, 1425, 1426,
1427, 1428, 1429, 143, 1430, 1431, 1432, 1438, 144, 1440, 1441, 1442, 1443,
1444, 1445, 1446, 1447, 145, 1450, 1451, 1452, 1453, 1454, 1455, 1456, 1458,
1459, 146, 1460, 1461, 1469, 147, 1470, 1471, 1472, 1479, 148, 1480, 1481,
1482, 1483, 1484, 1489, 149, 1490, 1491, 1492, 1493, 1494, 1495, 1498, 1499,
150, 1500, 1501, 1509, 151, 1510, 1511, 1512, 1513, 1514, 1515, 1516, 1517,
1518, 1519, 152, 1520, 1521, 1528, 160, 1600, 1601, 1602, 1603, 1604, 1605,
1606, 1607, 1608, 1609, 161, 1610, 1611, 1612, 1613, 1614, 1615, 1616, 1618,
1619, 162, 1620, 1621, 1629, 163, 1630, 1631, 1632, 1633, 1634, 1635, 1636,
1638, 1639, 164, 165, 1650, 1651, 1652, 1653, 1658, 1659, 166, 1660, 1661,
1662, 1663, 1664, 1668, 1669, 167, 1670, 1671, 1672, 1673, 1674, 1675, 1676,
1677, 1678, 1679, 168, 1680, 1681, 1682, 1688, 169, 1690, 1691, 1692, 1693,
1694, 1698, 170, 1700, 1701, 1702, 1708, 1709, 171, 1710, 1711, 1712, 1713,
1714,1715, 1716, 1718,1719,172,1720, 1721, 1722, 1723, 1724, 1725, 1726,
1728, 1729, 173, 1730, 1731, 1738, 1739, 174, 1740, 1741, 1742, 1743, 1744,
1745,1748,1749,177,1770,1771,1772,1773,1774,1775, 1776, 1778, 1779,
178, 1780, 1781, 1788, 1789, 179, 1790, 1791, 1792, 1798, 180, 1800, 1801,
1802, 1803, 1808, 1809, 181, 182, 1820, 1821, 1822, 1823, 1828, 1829, 183,
1830, 1831, 1832, 1839, 185, 1850, 1859, 186, 1860, 1861, 1862, 1863, 1864,
1868, 187, 1870, 1871, 1872, 1878, 1879, 188, 1880, 1881, 1888, 1889, 189,
1890, 1891, 1898, 1899, 195, 1950, 1951, 1952, 1958, 1959, 197, 1970, 1971,
1972,1978, 1979, 198, 1980, 1981, 1982, 1983, 1988, 199
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Table S3. Comparison of model fit between two functional forms of latent

class growth curves

Form G npm Log-likelihood  AIC! BIC?

Linear 1 3 -3166239 6332484 6332514
Quadratic 1 3 -3166239 6332484 6332514
Cubic 1 3 -3166229 6332468 6332518

1 Akaike information criterion

ayesian information criterion
2 Bay f t t

Table S4. Model fit of LGCA with 1-6 classes (n = 153,127) using a linear trajectory function
Log- Percentage of people per class (%)
G NPM likelihood AIC! BIC? Entropy 1 2 3 4 5 6
13 -3166239 6332484 6332514 1 100
2 7 -2897627 5795268 5795338 0.91 46.61 53.39
3 11 -2738731 5477485 5477594 0.93 26.77 46.28 26.95
4 15 -2635283 5270595 5270744 0.93 17.39 3347 3531 13.84
5 19 -2560289 5120616 5120805 0.94 11.57 2390 30.78 25.06 8.69
6 23 -2510420 5020886 5021115 0.93 8.70 1834 2539 2458 17.47 5.52

1 Akaike information criterion

2 Bayesian information criterion

Table S5. Model fit of GMM with 1-6 classes (n = 153,127) using a linear trajectory function
Log- Percentage of people per class (%)
G NPM likelihood AIC! BIC? Entropy 1 2 3 4 5 6
1 4 -2408534 4817075 4817115 1 100
2 8 -2371531 4743078 4743157 0.82 86.85 13.15
3 12 -2328326 4656676 4656795 0.91 1.50 86.33 12.17
4 16 -2316043 4632118 4632277 0.84 1.45 76.19 20.56 1.79
5 20 -2311681 4623403 4623602 0.78 141 4.31 65.51 28.36 0.42
6 24 -2304205 4608458 4608697 0.83 0.50 69.38 1.74 24.24 3.76 0.39

1 Akaike information criterion

2 Bayesian information criterion
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Table S6. Percentage of missing data in each variable of the total study sample as well as

stratified by neighbourhood walkability trajectory

All Stable high Stable Decreasing Increasing
low

n 3019069 17845 2751642 52678 196904

(0.59%) (91.14%)  (1.74%) (6.52%)
Follow-up time in years 0 0 0 0 0
Sex 0 0 0 0 0
Age in years at baseline 0 0 0 0 0
Ethnicity 0 0 0 0 0
Moved! 0 0 0 0 0
Change in partner? 0 0 0 0 0
Baseline area-level SES® 0.47 2.27 0.47 0.59 0.28
Mean household income 0.02 0.03 0.02 0.04 0.02
in€
Urbanicity 0.01 0.19 0.01 0.06 0.01
(addresses/km?
NO; in ug/m3 1.08 9.60 0.95 4.08 1.14
PMyg in ug/m3 1.08 9.60 0.95 4.08 1.14
PM,s in ug/m3 1.08 9.60 0.95 4.08 1.14

! Moved during exposure period (1996-2008)

2partner included both marriage and registered partnership

3 Socio-economic status
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Table S7. Associations between trajectories of neighbourhood walkability and
mortality due to CHD, Stroke and, HF

Full model
Event p-
N N HR (95% CI)1 value?
Coronary heart disease mortality
Walkability
Stable high 17,845 78 —
Stable low 2,751,642 19,721 1.021(0.812to0 1.285) 0.95
Decreasing 52,678 245 1.009 (0.781t0 1.303) 0.95
Increasing 196,904 1,300 0.985(0.780to 1.244) 0.95
Stroke mortality
Walkability
Stable high 17,845 51 —
Stable low 2,751,642 16,436 1.132(0.854to 1.501) 0.57
Decreasing 52,678 185 1.095 (0.802 to 1.495) 0.57
Increasing 196,904 1,118 1.142(0.858to 1.520) 0.57
Heart failure mortality
Walkability
Stable high 17,845 37 —
Stable low 2,751,642 11,638 0.921(0.661to01.283) 0.67
Decreasing 52,678 113 0.806 (0.555to 1.172) 0.67
Increasing 196,904 784 0.929 (0.663 to 1.301) 0.67

1HR = Hazard Ratio, Cl = Confidence interval
2 pvalues after false discovery rate correction for multiple testing
Models adjusted for age, ethnicity, change in partner status, mean household income,

area level SES, mean PM, s exposure, urbanicity and residential relocation.
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Table S8. Associations between trajectories of neighbourhood walkability and incident CVD stratified by sex

Male Female
N Event N HR (95% CI)* p-value? N Event N HR (95% CI)* p-value?
Any CVD
Walkability
Stable high 9,343 1,472 — 8,502 1,219 -
Stable low 1,315,093 318,223 1.104 (1.047 to 1.164)  <0.001 1,436,549 275,592 0.989 (0.933 t0 1.048) 0.71
Decreasing 27,745 4,668 1.039 (0.980 to 1.102)  0.20 24,933 3,469 0.937(0.878t0 1.001)  0.16
Increasing 94,011 21,294  1.106 (1.048t01.167) <0.001 102,893 18,848  0.983(0.926t01.043) 0.71
CVD mortality
Walkability
Stable high 9,343 141 — 8,502 137 -
Stablelow 1,315,093 38,693  1.051(0.887to 1.247)  0.77 1,436,549 36,736  0.878(0.739t0 1.044) 0.15
Decreasing 27,745 457 1.029 (0.851t0 1.244)  0.77 24,933 397 0.816 (0.671t0 0.993) 0.13
Increasing 94,011 2,471 1.028 (0.864 to0 1.222)  0.77 102,893 2,568 0.879(0.737t0 1.048)  0.15
Coronary heart disease
Walkability
Stable high 9,343 419 — 8,502 224 -
Stablelow 1,315,093 90,556  1.154 (1.045to0 1.274)  0.014 1,436,549 45,957  0.892(0.779t0 1.022) 0.10
Decreasing 27,745 1,380 1.089 (0.976 to 1.215)  0.13 24,933 542 0.804 (0.688 to 0.940)  0.019
Increasing 94,011 5,976 1.125(1.017 to 1.245)  0.033 102,893 3,137 0.879 (0.765to 1.011)  0.10
Stroke
Walkability
Stable high 9,343 145 — 8,502 118 -
Stable low 1,315,093 34,578 1.092 (0.923 to 1.293) 0.45 1,436,549 31,176 1.069 (0.888 t0 1.288)  0.56
Decreasing 27,745 464 1.039 (0.862 to 1.253) 0.69 24,933 393 1.081 (0.880to 1.329) 0.56
Increasing 94,011 2,303 1.103 (0.929 to 1.309) 0.45 102,893 2,112 1.057 (0.875t0 1.278) 0.56
Heart failure
Walkability
Stable high 9,343 55 — 8,502 48 -
Stablelow 1,315,093 13,400  0.916 (0.696 to 1.204)  0.79 1,436,549 15,259  1.092(0.817to 1.460) 0.89
Decreasing 27,745 139 0.800 (0.584t0 1.094)  0.49 24,933 157 0.977 (0.706 to 1.352)  0.89
Increasing 94,011 923 0.963(0.729t0 1.273)  0.79 102,893 1,026 1.052 (0.783 t0 1.413)  0.89

1HR = Hazard Ratio, Cl = Confidence interval
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2 p values after false discovery rate correction for multiple testing
Models adjusted for age, ethnicity, change in partner status, mean household income, area level SES, mean PM; s

exposure, urbanicity and residential relocation.
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Table S9. Associations between trajectories of neighbourhood walkability and incident CVD stratified by two

age groups
Middle aged adults (40 to 60) Older adults (60 or older)
N Event N HR (95% CI)* p-value?2 N EventN HR (95% CI)* p-value?
Any CVD
Walkability
Stable high 14,090 1,498 — 3,755 1,193 —
Stable low 1,571,725 221,542 1.117(1.060t0 1.177) <0.001 1,179,917 372,273 1.013(0.956t01.075) 0.66
Decreasing 40,949 4,554 1.037 (0.979 to 1.100) 0.22 11,729 3,583 0.964 (0.903 to 1.030) 0.66
Increasing 123,178 16,786 1.111 (1.053t0 1.173)  <0.001 73,726 23,356 1.015(0.957to 1.078) 0.66
CVD mortality
Walkability
Stable high 14,090 64 - 3,755 214 -
Stable low 1,571,725 8,874 1.154 (0.895 to 1.488)  0.52 1,179,917 66,555  1.049(0.914t01.204) 0.77
Decreasing 40,949 184 1.045 (0.786 to 1.389)  0.76 11,729 670 1.006 (0.862t0 1.174) 0.94
Increasing 123,178 690 1.134 (0.874t0 1.473)  0.52 73,726 4,349 1.048(0.911t0 1.206) 0.77
Coronary heart disease
Walkability
Stable high 14,090 366 — 3,755 277 —
Stable low 1,571,725 54,672 1.149 (1.033 to 1.277)  0.031 1,179,917 81,841 0.991(0.877t0 1.119) 0.88
Decreasing 40,949 1,129 1.050 (0.933t0 1.181) 0.42 11,729 793 0.944 (0.823t0 1.083) 0.88
Increasing 123,178 4,097 1.121 (1.005 to 1.250)  0.060 73,726 5,016 0.971(0.858 to 1.100) 0.88
Stroke
Walkability
Stable high 14,090 142 — 3,755 121 —
Stable low 1,571,725 18,882 1.005 (0.847 to 1.193)  0.95 1,179,917 46,872 1.244 (1.036 to 1.494) 0.029
Decreasing 40,949 392 0.951 (0.785to 1.153)  0.95 11,729 465 1.228 (1.004 to 1.501) 0.045
Increasing 123,178 1,422 0.992 (0.831t01.183)  0.95 73,726 2,993 1.258 (1.045 to 1.514) 0.029
Heart failure
Walkability
Stable high 14,090 26 - 3,755 77 -
Stable low 1,571,725 3,976 1.167 (0.784 to 1.737)  0.56 1,179,917 24,683  1.082(0.860to0 1.362) 0.75
Decreasing 40,949 57 0.789 (0.496 to 1.254)  0.56 11,729 239 1.014(0.783t0 1.313) 0.91
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Increasing 123,178 304 1.130(0.751t0 1.699)  0.56 73,726 1,645 1.102 (0.873t0 1.391) 0.75

1HR = Hazard Ratio, Cl = Confidence interval
2 p values after false discovery rate correction for multiple testing
Models adjusted for sex, ethnicity, change in partner status, mean household income, area level SES, mean

PM s exposure, urbanicity and residential relocation.
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Table S10. Associations between trajectories of neighbourhood walkability and incident

40to 50 50 to 60
n eventn HR (95% CI)! p-value2 n event n HR (95% CI)* p-value?
Any CVD
Walkability
Stable high 10,111 835 — 3,979 663 —
Stable low 668,135 66,888 1.104 (1.029 to 1.185) 0.009 903,59 154,654 1.093 (1.011t0 1.183) 0.075
Decreasing 29,037 2,447 1.023 (0.946 to 1.107) 0.57 11,912 2,107 1.083 (0.992 to 1.181) 0.075
Increasing 60,464 6,054 1.121(1.041to 1.207) 0.007 62,714 10,732 1.082 (0.999to 1.172) 0.075
CVD mortality
Walkability
Stable high 10,111 32 — 3,979 32 —
Stable low 668,135 2,036 0.938 (0.651 to 1.350) 0.88 903,59 6,838 1.331(0.932t0 1.900) 0.18
Decreasing 29,037 71 0.830(0.547 to 1.260) 0.88 11,912 113 1.321(0.891t0 1.956) 0.18
Increasing 60,464 191 0.971 (0.663 to 1.422) 0.88 62,714 499 1.285(0.894t0 1.848) 0.18
Coronary heart disease
Walkability
Stable high 10,111 212 — 3,979 154 —
Stable low 668,135 15,686 1.048 (0.910to 1.206) 0.77 903,59 38,986 1.231(1.047 to 1.448) 0.036
Decreasing 29,037 631 1.034 (0.885t0 1.208) 0.77 11,912 498 1.098 (0.917 to 1.316) 0.31
Increasing 60,464 1,391 1.022 (0.882t0 1.184) 0.77 62,714 2,706 1.209 (1.025to 1.426) 0.036
Stroke
Walkability
Stable high 10,111 74 — 3,979 68 —
Stable low 668,135 5,584 1.044 (0.822t0 1.325) 0.72 903,59 13,298 0.944 (0.738 t0 1.208) 0.97
Decreasing 29,037 194 0.922 (0.705 to 1.205) 0.72 11,912 198 1.005 (0.763 to 1.325) 0.97
Increasing 60,464 515 1.069 (0.834 t0 1.370) 0.72 62,714 907 0.917 (0.712t01.179) 0.97
Heart failure
Walkability
Stable high 10,111 13 — 3,979 13 —
Stable low 668,135 942 0.857 (0.484t0 1.519) 0.81 903,59 3,034 1.443 (0.826 to 2.520) 0.47
Decreasing 29,037 20 0.558 (0.277 t0 1.122) 0.30 11,912 37 1.077 (0.572 to 2.027) 0.82
Increasing 60,464 90 0.928 (0.512t0 1.682) 0.81 62,714 214 1.341(0.759 to 2.366) 0.47
(to continue)
60 to 70 70 or older
n event n HR (95% Cl)* p-value? n event n HR (95% CI)* p-value?
Any CVD
Walkability
Stable high 2,489 732 — 1,266 461 -
Stable low 730,707 198,526 0.971 (0.901t0 1.047) 0.44 449,21 173,747 1.044 (0.951to 1.147) 0.55
Decreasing 7,332 1,929 0.905 (0.831 to 0.985) 0.065 4,397 1,654 1.025(0.923t0 1.137)  0.65
Increasing 44,387 12,083 0.967 (0.896 to 1.044)  0.44 29,339 11,273 1.051 (0.956 to 1.156)  0.55
CVD mortality
Walkability
Stable high 2,489 61 — 1,266 153 —
Stable low 730,707 15,066 1.070 (0.825to 1.386) 0.99 449,21 51,489 0.954 (0.811t0 1.123) 0.70
Decreasing 7,332 168 1.034(0.771t0 1.387) 0.99 4397 502 0.926 (0.772t0 1.112)  0.70
Increasing 44,387 904 0.998 (0.766 to 1.301) 0.99 29,339 3,445 0.967 (0.820t0 1.142) 0.70
Coronary heart di
Walkability
Stable high 2,489 172 — 1,266 105 —
Stable low 730,707 45,638 0.970(0.831t0 1.133) 0.70 449,21 36,203 0.999 (0.820 to 1.217) >0.99
Decreasing 7,332 440 0.894 (0.749t0 1.067) 0.64 4,397 353 1.00 (0.802 to 1.245) >0.99
Increasing 44,387 2,722 0.946 (0.808 to 1.108) 0.70 29,339 2,294 0.982 (0.804 to 1.199) >0.99
Stroke
Walkability
Stable high 2,489 55 — 1,266 66 —
Stable low 730,707 20,177 1.330(1.014 to 1.745) 0.059 449,21 26,695 1.109 (0.866 to 1.421) 0.41
Decreasing 7,332 199 1.261(0.934t0 1.701) 0.13 4,397 266 1.142 (0.870t0 1.498) 0.41
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Increasing 44,387 1,242 1.337 (1.015t0 1.760) 0.059 29,339 1,751 1.123(0.874to0 1.443) 0.41
Heart failure
Walkability
Stable high 2,489 27 - 1,266 50 -
Stable low 730,707 5,975 0.964 (0.652 to 1.425) 0.85 449,21 18,708 1.046 (0.787 to 1.390) 0.96
Decreasing 7,332 64 0.906 (0.577 to 1.423) 0.85 4,397 175 0.993(0.723t0 1.362) 0.96
Increasing 44,387 379 0.934 (0.626 t0 1.393) 0.85 29,339 1,266 1.075 (0.806 to 1.435) 0.96

1 HR = Hazard Ratio, Cl = Confidence Interval

2 False discovery rate correction for multiple testing

Models adjusted for sex, ethnicity, change in partner status, mean household income, area level

socio-economic status, mean PM, s exposure, urbanicity and residential relocation.
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Table S11. Associations between trajectories of neighbourhood walkability and incident CVD stratified by

stratified by urbanicity

Rural areas Urban areas
p- P-
N Event N HR (95% CI)* value? N EventN HR (95% CI)* value?
Any CVD
Walkability
Stable high 5,248 926 — 12,597 1,765 -
Stable low 1,240,416 261,523 0.990(0.925t01.059) 0.95 1,511,226 332,292 1.093(1.042to 1.147)  <0.001
Decreasing 11,978 2,050 0.949 (0.878t0 1.027)  0.58 40,700 6,087 1.023(0.970t0 1.079)  0.40
Increasing 41,688 8,474 0.998(0.931t01.070)  0.95 155,216 31,668  1.086(1.034to 1.140)  0.001
CVD mortality
Walkability
Stable high 5,248 97 — 12,597 181 —
Stablelow 1,240,416 31,589  0.998(0.809 to 1.231) 0.99 1,511,226 43,840 0.955(0.822t0 1.108)  0.54
Decreasing 11,978 210 0.929(0.727t0 1.187)  0.93 40,700 644 0.919(0.779t0 1.084)  0.54
Increasing 41,688 1,014 0.948 (0.765t0 1.174)  0.93 155,216 4,025 0.953(0.819t01.109)  0.54
Coronary heart disease
Walkability
Stable high 5,248 222 — 12,597 421 —
Stable low 1,240,416 60,574 0.991 (0.863 to 1.138) 0.90 1,511,226 75,939 1.121 (1.016 to 1.237) 0.069
Decreasing 11,978 479 0.938 (0.799 to 1.102) 0.90 40,700 1,443 1.030 (0.924 to 1.148) 0.60
Increasing 41,688 1,946 0.983 (0.853 to 1.134) 0.90 155,216 7,167 1.090 (0.986 to 1.205) 0.14
Stroke
Walkability
Stable high 5,248 85 — 12,597 178 -
Stablelow 1,240,416 28,576  1.129(0.904to 1.410) 0.40 1,511,226 37,178 1.070(0.920to 1.244)  0.58
Decreasing 11,978 218 1.116 (0.866 to 1.439)  0.40 40,700 639 1.035(0.877 to 1.222)  0.68
Increasing 41,688 915 1.121(0.893t0 1.407)  0.40 155,216 3,500 1.071(0.918 t0 1.248)  0.58
Heart failure
Walkability
Stable high 5,248 37 — 12,597 66 -
Stable low 1,240,416 12,067  1.049 (0.747 to 1.473)  0.93 1,511,226 16,592  0.990(0.774to 1.267)  0.95
Decreasing 11,978 73 0.879(0.587t01.314)  0.93 40,700 223 0.896 (0.681t0 1.180)  0.95
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Increasing 41,688 390 0.985(0.696t0 1.393)  0.93 155,216 1,559 1.008 (0.785 to 1.295) 0.95

1HR = Hazard Ratio, Cl = Confidence interval
2 p values after false discovery rate correction for multiple testing
Models adjusted for age, sex, ethnicity, change in partner status, mean household income, area-level SES, and mean PM, s

exposure, and residential relocation.
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Table S12. Associations between trajectories of neighbourhood walkability and incident CVD stratified by

residential relocation

Non-movers Movers
Event
N Event N HR (95% CI)* p-value? N N HR (95% ClI)* p-value?

Any CVD
Walkability

Stable high 3,267 652 — 14,578 2,039 —

Stable low 2,645,076 578,075 1.028 (0.952 to 1.111) 0.79 106,566 15,740 1.056 (1.008 to 1.106) 0.062

Decreasing 16,047 3,591 0.994 (0.915 to 1.081) 0.90 36,631 4,546  0.993 (0.942 to 1.047) 0.80

Increasing 161,814 34,600 1.025 (0.949 to 1.108) 0.79 35,090 5,542  1.049 (0.997 to 1.104) 0.10
CVD mortality
Walkability

Stable high 3,267 81 — 14,578 197 —

Stable low 2,645,076 74,059  1.002 (0.806 to 1.246)  0.99 106,566 1,370 0.945(0.813t01.098) 0.64

Decreasing 16,047 536 0.961 (0.761 to 1.215)  0.99 36,631 318 0.885 (0.739to 1.059)  0.55

Increasing 161,814 4,487 0.990 (0.795to 1.234)  0.99 35,090 552 0.962 (0.817 to 1.132)  0.64
Coronary heart disease
Walkability

Stable high 3,267 123 — 14,578 520 —

Stable low 2,645,076 132,566 1.242 (1.040 to 1.482) 0.043 106,566 3,947 1.027 (0.937 to 1.125) 0.57
Decreasing 16,047 793 1.189 (0.983 to 1.437) 0.075 36,631 1,129  0.962 (0.866 to 1.068) 0.57

Increasing 161,814 7,798 1.220 (1.021 to 1.458) 0.043 35,090 1,315 0.964 (0.870 to 1.067) 0.57

Stroke

Walkability
Stable high 3,267 69 — 14,578 194 —
Stable low 2,645,076 64,217 1.047 (0.827 to 1.327) 0.74 106,566 1,537 1.081(0.931 to 1.256) 0.48
Decreasing 16,047 426 1.044 (0.810 to 1.347) 0.74 36,631 431 1.040 (0.877 to 1.234) 0.65
Increasing 161,814 3,852 1.047 (0.825 to 1.328) 0.74 35,090 563 1.087 (0.923 to 1.281) 0.48

Heart failure

Walkability
Stable high 3,267 30 — 14,578 73 -
Stablelow 2,645,076 28,137  1.064 (0.744 t0 1.523)  0.90 106,566 522 0.989 (0.774t0 1.265)  0.93
Decreasing 16,047 201 1.024 (0.698 to 1.503)  0.90 36,631 95 0.714 (0.524t0 0.972)  0.10
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Increasing 161,814 1,735 1.064 (0.742 t0 1.527)  0.90 35,090 214 1.034 (0.792 t0 1.350)  0.93

1HR = Hazard Ratio, Cl = Confidence interval
2 p values after false discovery rate correction for multiple testing
Models adjusted for age, sex, ethnicity, change in partner status, mean household income, area-level SES, mean PM,s

exposure, and urbanicity
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Table S13. Associations between trajectories of neighbourhood walkability and incident CVD stratified by

household income

Below average household income

Above average household income

p-
N EventN HR (95% CI)! p-valuez N EventN HR (95% Cl)! value?
Any CVD
Walkability
Stable high 10,606 1,761 - 7,239 930 -
Stablelow 1,673,477 379,785 1.054 (1.004 to 1.106)  0.069 1,078,165 214,030 1.038(0.971t01.110) 0.28
Decreasing 30,828 5,248 1.014 (0.961 t0 1.070)  0.61 21,850 2,889 0.956 (0.888t0 1.029)  0.28
Increasing 124,012 26,791  1.051(1.001to1.104)  0.069 72,892 13,351 1.040(0.971t01.113) 0.28
CVD mortality
Walkability
Stable high 10,606 213 — 7,239 65 —
Stable low 1,673,477 55,830 0.994 (0.866 to 1.142) 0.94 1,078,165 19,599 0.876 (0.680 to 1.128) 0.30
Decreasing 30,828 654 0.986 (0.844 t0 1.152) 0.94 21,850 200 0.772 (0.583 to 1.024) 0.22
Increasing 124,012 3,939 0.991 (0.861 to 1.141) 0.94 72,892 1,100 0.862 (0.666 to 1.115) 0.30
Coronary heart
disease
Walkability
Stable high 10,606 416 - 7,239 227 -
Stablelow 1,673,477 86,871  1.074(0.972t01.186) 0.48 1,078,165 49,642  1.041(0.909 to 1.193)  0.68
Decreasing 30,828 1,255 1.036 (0.927 t0 1.158)  0.53 21,850 667 0.922(0.793t0 1.072)  0.68
Increasing 124,012 6,020 1.047 (0.946 t0 1.159)  0.53 72,892 3,093 1.029 (0.896 t0 1.182)  0.68
Stroke
Walkability
Stable high 10,606 173 - 7,239 90 -
Stablelow 1,673,477 43,893  1.153(0.989t01.343) 0.11 1,078,165 21,861 0.929 (0.748 to 1.152)  0.53
Decreasing 30,828 577 1.132(0.955t0 1.343)  0.15 21,850 280 0.914 (0.720t0 1.160)  0.53
Increasing 124,012 3,094 1.154 (0.987 to 1.349)  0.11 72,892 1,321 0.933(0.748t0 1.162)  0.53
Heart failure
Walkability
Stable high 10,606 73 - 7,239 30 -
Stable low 1,673,477 21,171 1.102 (0.870 to 1.395) 0.63 1,078,165 7,488 0.754 (0.518 to 1.097) 0.17
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Decreasing 30,828 232 1.042 (0.800 to 1.356)  0.76 21,850 64 0.547 (0.353t0 0.846)  0.020
Increasing 124,012 1,508 1.108 (0.872 to 1.407)  0.63 72,892 441 0.767 (0.523t0 1.125)  0.17

1HR = Hazard Ratio, Cl = Confidence interval
2 pvalues after false discovery rate correction for multiple testing
Models adjusted for age, sex, ethnicity, change in partner status, area level SES, mean

PM s exposure, urbanicity and residential relocation.
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Table S14. Associations between trajectories of neighbourhood walkability and incident CVD stratified by

area-level SES

Below average area-level SES

Above average area-level SES

p-
N EventN HR (95% CI)! p-value? N EventN HR (95% CI) value?
Any CVD
Walkability
Stable high 12,809 2,071 — 5,036 620 —
Stablelow 2,073,106 460,796 1.059 (1.013to 1.107)  0.034 678,536 133,019 1.014(0.934t01.101) 0.74
Decreasing 37,075 6,162 1.003 (0.954 t0 1.054)  0.91 15,603 1,975 0.944 (0.862t0 1.033)  0.63
Increasing 151,653 32,245  1.054(1.007 to 1.103)  0.035 45,251 7,897 1.016 (0.934 to 1.106)  0.74
CVD mortality
Walkability
Stable high 12,809 235 — 5,036 43 —
Stable low 2,073,106 63,418 0.992 (0.869 to 1.131) 0.90 678,536 12,011 0.786 (0.575 to 1.073) 0.13
Decreasing 37,075 734 0.973 (0.840 t0 1.128) 0.90 15,603 120 0.676 (0.476 to 0.960) 0.086
Increasing 151,653 4,451 0.982 (0.859 to 1.123) 0.90 45,251 588 0.771 (0.560 to 1.061) 0.13
Coronary heart disease
Walkability
Stable high 12,809 489 — 5,036 154 -
Stablelow 2,073,106 105,896 1.084(0.989to 1.188)  0.25 678,536 30,617  1.001(0.848t0 1.180)  >0.99
Decreasing 37,075 1,469 1.024 (0.924 t0 1.134)  0.66 15,603 453 0.885(0.737t0 1.063)  0.57
Increasing 151,653 7,282 1.054 (0.960 to 1.158)  0.40 45,251 1,831 0.990(0.835t01.172)  >0.99
Stroke
Walkability
Stable high 12,809 203 — 5,036 60 -
Stablelow 2,073,106 52,142  1.134(0.984to 1.307) 0.11 678,536 13,612  0.880(0.675to 1.146)  0.36
Decreasing 37,075 688 1.138(0.972t0 1.331)  0.11 15,603 169 0.795(0.592 t0 1.068)  0.36
Increasing 151,653 3,652 1.133(0.981t0 1.309)  0.11 45,251 763 0.882(0.673to 1.157)  0.36
Heart failure
Walkability
Stable high 12,809 83 - 5,036 20 -
Stablelow 2,073,106 24,160  1.071(0.858t01.336) 0.79 678,536 4499 0.663 (0.418t0 1.052)  0.10
Decreasing 37,075 253 0.966 (0.753t01.239)  0.79 15,603 43 0.535(0.314t00.912)  0.065
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Increasing 151,653 1,719 1.073 (0.857 t0 1.343)  0.79 45,251 230 0.673(0.419t0 1.080)  0.10

1HR = Hazard Ratio, Cl = Confidence interval
2 p values after false discovery rate correction for multiple testing
Models adjusted for age, sex, ethnicity, change in partner status, mean household income, mean PM;s

exposure, urbanicity and residential relocation.
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Abstract

Background: Green space exposure has been inversely associated with blood pressure
(BP) levels and hypertension risk. However, empirical evidence on the underlying
mechanisms are lacking. This study examined the association of green space exposure
with BP and hypertension, and assessed the mediating effects by air pollution, mental

health, physical activity, and weight status.

Methods: Survey data from 719 adults, who lived in Guangzhou (China) in 2016, were
used. Three area-level green space indicators, including network distance to the nearest
park, percentage of green space and Normalized Difference Vegetation Index within a
1km Euclidean buffer around residence and workplace, were calculated and linked to
individual-level BP measurements. Structural equation models were applied to estimate
the direct and indirect associations of the various green space indicators on systolic BP

(SBP), diastolic BP (DBP), and hypertension, respectively.

Results: After adjusting for multiple covariates, longer network distance to green space
was directly associated with higher SBP. Compared to the reference group (0-500m), the
differences were 0.11 mmHg (95% CI=0.03 to 0.19, P=0.006) for 500-1000m, 0.03 mmHg
(95% CI=-0.05 to 0.12, P=0.45) for 1000-1500m, and 0.16 mmHg (95% CI=0.09 to 0.23,
P<0.001) for >1500m, respectively. The overall and direct associations were significant
for all three indicators (distance or density) with or without considering workplace
exposure. The association between network distance to green and SBP was partially
(18.4%, 95% CI=0 to 42.1%) mediated by mental health. There was no statistical
evidence that air pollution, physical activity, or weight status mediate the association.

Secondary analyses for other indicators and other outcomes showed similar results.

Conclusion: Both distance to green space and more green space around residence and
workplace were associated with lower BP and lower risk of hypertension in adults living

in a Chinese metropolitan. Mental health partly mediated the association.
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Introduction

Hypertension remains the top risk factor for global burden of cardiovascular disease,
which is the leading cause of global disability and mortality . The number of
hypertensive adults aged 30 to 79 years has doubled from 650 million in 1990 to 1.28
billion in 2019 2. Most significant increase has been reported in low- and middle-income
countries 2. In China, the number of hypertensive adults increased from about 90 million
in 1990 to 244.5 million in 2012-2015 3% Identifying modifiable risk factors of
hypertension is urgently needed to inform policies and strategies to prevent adults from

hypertension.

Among modifiable risk factors against hypertension, green space exposure (areas with
vegetation) is an upstream determinant that drives other relevant factors, such as
mental disorders, BMI, and physical activity >. A recent systematic review and meta-
analysis on the association between green space and blood pressure (BP) identified 38
studies globally till 2021, and found a significant protective association of green space
exposure on BP ©. This review indicated that the underlying mechanisms linking green
space to BP have not been clearly established in previous research, and that additional
research is needed to examine potential underlying mechanisms . In the literature,
three main biopsychosocial pathways have been suggested on how green space
exposure can favorably affect BP 7. First, green space could reduce harmful exposures.
For instance, green space can reduce air pollution via deposition, and in turn reduced
air pollution is associated with lower BP 7%, Second, green space may can reduce
physiological stress and improve mental health, which is an important determinant of
BP 7. Third, green space may can encourage physical activity, which is protective against
high BP 7. Besides, green space exposure is associated with overweight and obesity °,
which are widely recognized as major causes of hypertension °. Although several
pathways have been proposed, empirical evidence on these mechanisms are currently

lacking 7.

In addition, the same review found inconsistent results for different measures of green
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space °. Significant pooled evidence was found for inverse associations of Normalized
Difference Vegetation Index (NDVI) and the proportion of green space in the residential
environment with BP, but not for the distance to residential green space ®. The credibility
of the pooled evidence was rated as low-to-moderate for NDVI, and very low for
proportion of green space and distance to green space °. In addition, previous studies
mainly focused on residential green space exposure and ignored the green space
exposure from workplaces. Therefore, high-quality research is required to provide
evidence for various measures of green space exposure, including green space exposure

measures from workplace.

The present study aims to examine the impact of objectively measured green space
exposure in the residence and combined residence-work environment on blood
pressure (BP) and hypertension in adults living in Guangzhou, China, and to assess
whether these associations are mediated by air pollution, mental health, physical
activity, and weight status. It is hypothesized that higher levels of green space exposure
are associated with lower BP and lower risk of hypertension, and that this can be partly
attributed to lower levels of air pollution exposure and Body Mass Index (BMI), and

higher levels of mental health and physical activity.

Materials and Methods

Data collection and study population

A cross-sectional study was conducted in January 2016 in Guangzhou city, China. A
stratified random sampling method was used to select a sample of participants who was
representative for the 34 communities in Guangzhou. Specifically, the sampled
communicates are located in central, transitional, and marginal areas of Guangzhou and
make a good representation for Guangzhou with regard to population and housing
condition . The study areas and sampled communities are shown in Figure 1. Based
on the population size of adults in each community, a total of 1050 questionnaires were
proportionally distributed to the 34 communities. Then, within each community, adult

participants were randomly selected. All participants underwent a face-to-face
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interview at home to complete a questionnaire and underwent a physical examination.
Trained interviewers and technicians administered the process. Each interview took
about 20 to 25 minutes. The questionnaire concerns sociodemographic information,
migration history, living and working conditions, health behaviours, and health
conditions. In addition, information on each participant’s home address and workplace
address were collected. The recruitment and data collection took two months. More
information on study design is available elsewhere . Ethical approval for this study was
obtained from the Review Board of Sun Yat-sen University. All participants provided

informed consent.

Adults aged 219 years, who lived in the corresponding community, and who were not
students were eligible for inclusion. Of all 1050 participants who received a
questionnaire, twenty-one participants with incomplete and inconsistent responses
were excluded, resulting a valid response rate of 98%. We further excluded seven
participants who had unrealistic values on height (<100 cm), weight (<10 kg), systolic BP
(SBP >300 mmHg), or diastolic BP (DBP <10 mmHg). These unrealistic values were
assumed to be measurement error or typos. Finally, we excluded 303 participants who

missed values on physical activity. The analytical sample included 719 participants.
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1. Huananxincheng; 2. Jide; 3. Tangdenan; 4. Tangdebei; 5. Qiaoting; 6. Yakang; 7. Huaxin;
8. Lvhe; 9. Xinjie; 10. Changleyuan; 11. Xincun; 12. Mingyuan; 13. Ruibao; 14.
Xiaogangwan; 15. Qiaocheng; 16. Zhongda; 17. Ermalu; 18. Liumalu; 19. Zhongmalu; 20.
Qingfuli; 21. Sanyuanxiang; 22. Zaozixiang; 23. Yuhuafang; 24. Heyixiang; 25. Yileli; 26.
Xiaoyoudong; 27. Huilongli; 28. Xinghuaxiang; 29. Yuntaili; 30. Jixiang; 31. Taihua; 32.
Baoyuan; 33. Xinfeng; 34. Zhibao

Figure 1. Study areas and sampled communities.

Dependent variables: blood pressure and hypertension

The questionnaire collected participants’ history of use of anti-hypertensive medicine.
After the 20-25 min interview, trained technicians followed a research protocol and
measured BP in mmHg of participants in seated position on the right arm. Using a

standard mercury sphygmomanometer, the SBP and DBP were measured once for each
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participant. Hypertension was ascertained by meeting at least 1 of 3 criteria: (1) SBP

>140 mmHg; (2) DBP 290 mmHg; (3) use of anti-hypertensive medicine.

Independent variables: green space exposure measures

Three objectively measured indicators of green space were calculated in the residential
environment and workplace environment of each participant: (1) network distance to
nearest entrance of a park, (2) percentage of area devoted to green space in a 1km
Euclidean buffer zone, and (3) the NDVI. These three indicators were calculated by

applying Geographical Information System techniques in ArcGIS 2.

The first indicator was the network distance (distance along roads) to the nearest
entrance of a park (public garden). A land classification database defining green space
and an open street map of Guangzhou in 2014 were used to identify all locations where
roads and paths crossed the entrance location of a park 3. Subsequently, various street-
network based service areas were calculated. A network service area is an area that
encloses all accessible streets within a specified street network distance. Service areas
of 500m, 1000m, 1500m, and 2000m around park entrances were created. Each address
was labeled to be located within a certain service area (0-500m, 500-1000m, 1000-
1500m, or >1500m). As an example, the network service area of 500 m is given in Figure

2.
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Figure 2. Network service area of 500m in a neighborhood of Guangzhou, China.

The second green space indicator was the percentage of total green space (parks and
other not specified green space categories) in an Euclidean buffer of 1km around each

address was calculated based on the land classification database in 2014 3,

The third green space indicator was NDVI in a Euclidean buffer of 1km around each
residential address. The NDVI was assessed by using Landsat 7-8 satellite images at 30m
x 30m spatial resolution . The cloud-free images in 2014 were derived. Guangzhou has
a maritime subtropical monsoon climate, which means there is little seasonal change in
vegetation. Therefore, seasonal differences were ignored when selecting a satellite
image. The NDVI values range from -1 to 1, with higher values indicating a higher density

of green vegetation. Negative values correspond to cloud or water, and were set to zero.

Potential mediators

Annual average outdoor concentrations of particulate matter with a diameter of
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<2.5um (PMy;s) in pug/m* were obtained at the 1 km ground-level for 2014 from the
ChinaHighAirPollutants dataset >!°, It is a product generated from big data (ground-
based measurements, satellite remote sensing products, atmospheric reanalysis, and
chemical transport model simulations) using the artificial intelligence approach by
considering the spatiotemporal heterogeneity of air pollution 1>, Mental health was
measured using the World Health Organization's Five Well-Being Index (WHO-5) Y7, The
WHO-5 consists of five questions each in a 6-point Likert scale. The questions are about
feelings of “cheerful and in good spirits”, “calm and relaxed”, “active and vigorous”,
“fresh and rested”, and “daily life has been filled with things that interest me” during
the past two weeks. The WHO-5 score ranges from 0 to 25, with O representing worst
possible and 25 representing best possible mental wellbeing. The time spent on outdoor
physical activity in hours during the previous week was self-reported. Weight (in kg) and

height (in m) were measured by trained technicians using standardized methods. BMI

was computed as weight divided by square of height.

Covariates

A directed acyclic graph was adopted to choose confounders (Appendix Figure S1).
Covariates that were included in this study were age, sex (male, female), educational
level (primary or middle school, high school, college, university bachelor or higher),
marital status (not married, divorced, or widowed; married), occupational status
(employed, unemployed), smoking history (yes, no), alcohol use (yes, no), household
income (<10000 Yuan/month, 10000-15000 Yuan/month, 15000-20000 Yuan/month,
>20000 Yuan/month), number of family members, district (Tianhe, Baiyun, Fanyu,
Haizhu, Liwan, Yuexin), and use of anti-hypertensive medicine (yes, no. only in blood
pressure models). They were also frequently included in previous studies of green space

and BP 8. Information on these covariates were collected in the questionnaire.

Statistical analysis
Structural Equation Models were used to estimate the direct and indirect associations
of the various green space indicators on SBP, DBP and hypertension. The theoretical

framework for these models is based on previous literature, and is presented in Figure

261



37.In primary analyses, the model was constructed for network distance to green space
from residence and for SBP. In order to evaluate the model fit, the Comparative Fit Index
(CFI, >0.90 good fit), the Tucker Lewis Index (TLI, >0.90 good fit), Root Mean Square
Error of Approximation (RMSEA, <0.05 good fit, <0.08 reasonable fit), and Standardized
Root Mean-square Residual (SRMR, <0.08 good fit) were used. In secondary analyses,
the models were constructed for the other two exposure indicators (percentage of total
green space and NDVI around residence) and for the other two outcomes (DBP and
hypertension). In addition, a combined residence and workplace exposure was
calculated giving weights of 2/3 for values of residence and 1/3 for values of workplace.
All statistical analyses were conducted using the lavaan package in R software 18,

Statistical significance was defined as P<0.05 (two-sided).

Air pollution

Mental health

Green space Blood pressure

BMI

Physical activity

\ / \ /i
\

Direct X to M DirectM to Y

v

Dircct and Indirect X to Y

Figure 3. Theoretical framework on which the Structural Equation Models were based.
Air pollution, mental health, physical activity, and weight status are mediators (M) in

the relation of green space (X) and systolic blood pressure (Y).
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Results

Characteristics of the study sample are shown in Table 1. The mean age of participants

was 42.3 years (SD=13.7). The percentage of male participants was 49.4%. The mean

SBP and DBP of participants were 119.2 mmHg (SD=16.3) and 78.5 mmHg (SD=10.2),

respectively. The hypertensive adults consisted 17.0% of all participants. The

percentages of participants in each category of network distance to green space were

17.1% for 0-500m, 45.5% for 500-1000m, 25.9% for 1000-1500m, and 11.5%

for >1500m, respectively. The mean annual average concentration of PM,s at

participants’ residence was 43.7 pg/m3 (SD=1.8). The mean WHO-5 score for mental

health was 12.1 (SD=3.8). The mean time spent on outdoor physical activity was 4.6

hours per week (SD=3.3).

Table 1. Characteristics of the analytic sample (n=719)

Variables

Participants

Age (years), mean + SD
Male (%)
Education (%)
Primary or middle school
High school
College
University bachelor or higher
Marital status (%)
Not married, divorced, or widowed
Married
Occupation status (%)
Employed
Unemployed
Smoking history (%)
Alcohol use (%)
Household income (%)
<10000 Yuan/month
10000-15000 Yuan/month

42.3+13.7
49.4

15.7
374
28.1
18.8

17.5
825

83.0
17.0
40.3
24.2

28.4
33.7
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15000-20000 Yuan/month 24.0

>20000 Yuan/month 13.9
Number of family members, mean + SD 33+0.9
District (%)

Tianhe 42.7

Baiyun 9.0

Fanyu 121

Haizhu 20.6

Liwan 8.8

Yuexiu 6.8
Use of anti-hypertensive medicine (%) 3.6
PMys (ug/m?3), mean + SD 43.7+1.8
Mental health, mean + SD* 12.1+3.8
Outdoor physical activity (hours in a week), mean £ SD 46+3.3

Network distance to green space from residence (%)

0-500m 17.1
500-1000m 455
1000-1500m 25.9
>1500m 115
Percentage of green space within 1 km buffer of residence, mean+SD 4.4+4.1
NDVI within 1km buffer of residence, mean + SD? 0.12 £ 0.04
Systolic blood pressure (mmHg), mean + SD 119.2+16.3
Diastolic blood pressure (mmHg), mean + SD 78.5+10.2
Hypertension (%) 17.0

! The mental health was assessed by the World Health Organization’s Five Well-Being
Index. The score ranges from 0 to 25, 0 representing worst possible and 25 representing
best possible quality of life.

2Normalized Difference Vegetation Index (NDVI)

Standardized total associations of all models between green space exposure and blood
pressure are summarized in Table 2. AiImost all models showed significant associations,
no matter using the SBP, DBP, or hypertension as the outcome; no matter using the
network distance, percentage of green space, or NDVI as indicator for green space

exposure; and no matter using the residence exposure or residence and workplace
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combined exposure. Higher distance to green space was associated with higher BP and

a higher risk of hypertension. Higher percentage of green space or higher NDVI was

associated with lower BP and a lower risk of hypertension.

Table 2. Standardized total associations between green space exposure! and blood

pressure using Structural Equation Model, n=719%2

Models Standardized estimate P value
(95% CI)®
Outcome: SBP
Model 1a: network distance from residence 0.07 (0.01, 0.13) 0.02"
Model 2a: percentage from residence -0.09 (-0.16, -0.03) 0.007*
Model 2b: weighted percentage from residence and workplace -0.07 (-0.13, -0.01) 0.03"
Model 3a: NDVI from residence -0.15 (-0.22, -0.08) <0.001""
Model 3b: weighted NDVI from residence and workplace -0.12 (-0.19, -0.06) <0.001""
Outcome: DBP
Model 1b: network distance from residence 0.11 (0.05, 0.18) 0.001"
Model 2c: percentage from residence 0.01 (-0.07, 0.08) 0.84
Model 3c: NDVI from residence -0.29 (-0.37,-0.21) <0.001""
Outcome: hypertension
Model 1c: network distance from residence 1.00 (0.94, 1.07) 0.98
Model 2d: percentage from residence 0.93 (0.87, 0.99) 0.03"
Model 3d: NDVI from residence 0.87 (0.81, 0.94) <0.001™"

! Total associations estimated in models 1a, 1b and 1c were calculated treating the

network distance as a continuous variable.

2For model 2b and 3b, the weights were 2/3 for value of residence and 1/3 for value of

workplace.

3The standardized estimates were beta for models using SBP and DBP as outcome. The

standardized estimates were OR for models using hypertension as outcome.

ko

*P <0.05, **P <0.01, ***P <0.001.
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Standardized direct association estimates of network distance to green space from
residence on SBP are presented in Figure 4. The model goodness-of-fit was acceptable.
After adjusting for age, sex, educational level, marital status, occupational status,
smoking history, alcohol use, household income, number of family members, district,
and use of anti-hypertensive medicine, longer network distance to green space was
associated with higher SBP. Compared to the reference group (0-500m), the differences
were 0.11 mmHg (95% CI=0.03 to 0.19, P=0.006) for 500-1000m, 0.03 mmHg (95% Cl=-
0.05 to 0.12, P=0.45) for 1000-1500m, and 0.16 mmHg (95% CI=0.09 to 0.23, P<0.001)
for >1500m, respectively. The direct pathways from green space exposure to air
pollution, mental health, and physical activity were all statistically significant. The direct

pathway from BMI to SBP was also statistically significant.
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Table 3 presents the standardized indirect associations and total associations of
network distance to nearest green space on BP. The indirect association of green space
exposure on SBP via mental health was significant ($=0.013, 95% CI=0.0003 to 0.026,
P=0.045). The indirect association via air pollution ($=-0.006, 95% CI=-0.013, 0.002,
P=0.12), via physical activity (=0.002, 95% Cl=-0.005 to 0.009, P=0.64), and via BMI
(B=0.001, 95% Cl=-0.008 to 0.009, P=0.90) were not significant. The total association
combining direct and indirect associations was significant ($=0.070, 95% CI=0.010 to
0.131, P=0.02). Therefore, 18.4% (95% CI=0 to 42.1%) of the total association between
network distance to green space and SBP was explained by the mediating effect of

mental health.

Table 3. Standardized indirect associations and total associations of green space

exposure! on blood pressure using Structural Equation Model, n=719

Standardized estimate Pvalue  Percentage of total
(95% CI) associations explained by
the mediation (95% Cl)

Specific indirect associations

Via air pollution -0.006 (-0.013,0.002) 0.12 8.2 (0,21.1)

Via mental health 0.013 (0.0003, 0.026)  0.045" 18.4 (0, 42.1)

Via physical activity 0.002 (-0.005, 0.009) 0.64 2.4(0,12.4)

Via BMI 0.001 (-0.008, 0.009) 0.90 0.8 (0, 12.6)
Total indirect associations 0.009 (-0.009, 0.027) 0.31 13.3(0, 40.1)
Total associations 0.070 (0.010, 0.131) 0.02"

! Network distance from residence. Associations were calculated treating the network
distance as a continuous variable.

"P <0.05, ""P <0.01, ""P <0.001

The secondary analyses, focusing on the associations of percentage of green space and
NDVI in relation to DBP and hypertension, showed similar results as the primary
analyses on network distance to green space. Compared to the primary analyses of

network distance, the models including NDVI revealed one contrasting finding: the
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significant indirect association via mental health was in the unexpected direction. The
same contrasting findings were found in models of SBP and hypertension, while models
of DBP did not find significant indirect association via mental health (Appendix Table S1
to S3). Appendix Figure S2 to S5 and Appendix Table S1 showed results for percentage
of total green space and NDVI from residence or from combined residence and
workplace exposure in relation to SBP. Appendix Figure S6 to S8 and Appendix Table S2
showed results for three indicators from residence in relation to DBP. Appendix Figure
S9 to S11 and Appendix Table S3 showed results for three indicators from residence in

relation to hypertension.

Discussion

This study examined the association of three area-level green space measures with BP
and hypertension in adults in Guangzhou, China, and assessed whether these
associations were mediated by air pollution, mental health, physical activity, and weight
status. The findings suggest that green space exposure may be associated with lower BP
and lower risk of hypertension through two pathways: (1) a direct beneficial association
of green space exposure on BP; and (2) an indirect association through the mediation
of mental health. Though, the current study did not provide statistical evidence for
mediating effects of air pollution, physical activity, and BMI in the relationship of green

space with BP and hypertension.

The current results further strengthen the evidence of a beneficial association of green
space exposure on BP. A recent systematic review and meta-analysis indicated mixed
results regarding the association of green space with BP, and attributed this to the
heterogeneity in green space exposure measures . Of all included studies, 65% reported
beneficial associations, of which the meta-analysis found significant associations for
proportion of green space and NDVI but not for distance to green space . Six studies
have been identified in China and all reported significant negative relationships =24,
Among those, five used NDVI 224 and one used proportion of green space °. The

current study provides robust evidence on green space exposure lowering BP for all
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three green space indicators.

With regard to mechanisms, a direct association of green space exposure with BP and
hypertension was found for all three green space indicators. The direct association was
shown to be independent of air pollution, mental health, physical activity, weight status,
age, sex, socio-economic status, and various lifestyle behaviours. There could be several
plausible biological mechanisms that explain the direct association of green space on
BP, which need to be confirmed in future research. First, exposure to green space may
increase heart rate variability and vagal tone ?°, which is associated with lower BP. Even
just viewing the green space can elicit the response . Second, trees can release certain
chemicals like phytoncides that may inhibit inflammation in the body 26, which is
associated with lower BP %7, Third, interacting with diverse plant life exposes us to
various microbes that may change the composition of gut microbiota 2%, which
influences metabolism, inflammation and decrease BP %°. Besides, the identified direct
association may also suggest residual mediation in the model. For instance, the current
measurement of mental health may not perfectly capture the stress level of participants.
However, green spaces exposure has been associated with decreased levels of cortisol

30 the stress hormone related to BP.

With regard to indirect associations, the findings in the current study support the view
that mental health mediates the association of green space exposure with SBP and
hypertension. This mediating effect was seldom tested by previous studies ® and was
not tested by previous studies in China 2224, A study in urban forest California and a
study in an alpine valley Austria tested the mediation association by mental health but
found no significant result 332, Some field and laboratory experiments and
observational studies have found evidence to support the potential role of green space
reducing stress or increasing calmness 33735, But there is a lack of empirical evidence .
In our secondary analysis, the mediating effect via mental health was in the unexpected
direction for NDVI. This was due to an inverse association between NDVI and mental
health. A previous study in the same region also found an inverse association between

NDVI and mental health 3¢. The authors suggested that this relationship was moderated
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by income level, i.e., there was a positive association in the low income group and an
inverse association in the middle and high income groups . It merits further research

with larger sample sizes to explore this moderating effect by income.

The current study did not provide evidence of the mediating effect of air pollution,
physical activity, and BMI. Previous studies in China found different results 22243738 QOne
study in central China found that the association of green space with BP was partly
mediated by physical activity ?2. One study in Northeastern China found that the
association was partly mediated by air pollution and weight status 23. One study,
covering a wide geographic area in China, found that the association was partly
mediated by air pollution 4. A nationwide study of Chinese middle-aged and elderly
population found that the association was partially mediated by BMI 3’. Another
nationwide study of Chinese children did not find evidence of mediation for air pollution
and BMI 38, They all used NDVI as green space indicator 22243738 One explanation of
this inconsistency is that mediating effect could be context-specific. The current study
took samples in South China where the climate, land form and culture are different from
other regions in China and from other parts of the world. For example, Guangzhou has
little seasonal change in vegetation, which makes the vision of green space different
from cities with four seasons. Guangzhou is mostly plain, which makes the distance to
green space different from mountain cities. The culture of long-distance commute and
work pressure makes the utilization of green space different from cities with different
culture. On the other side, emerging green space indicators like neighborhood street-
view greenery may be more directly associated with these mediators and should be

employed in future research 3°.

Strengths and limitations

The current study has several strengths, including the solid theoretical design, the
inclusion of different types of green space indicators (accessibility and coverage), and
taking into account exposures from both residence and workplace. However, there are
several limitations to consider as well. First, the cross-sectional design impedes the

inferring of causal relationship. Second, the relatively small sample size could limit the
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generalization of the current results. Third, we acknowledge that measuring BP only
once could lead to misclassification bias. However, it is unlike that the misclassification
would be different depending on residence. Therefore, the misclassification bias did not
impact the association between green space exposure and BP. Fourth, the green space
indicators did not include types of vegetation such as trees, shrubs, or grass. The
mechanism of how green space may decrease air pollution and further decrease BP may
vary by types of vegetation. Fifth, the studied mediators may include measurement
errors. Because the PM,s concentration was based on 1km raster not on specific
address, the WHO-5 only reflects state of mind in the recent period, and the physical
activity was assessed by recall. Lastly, despite comprehensive adjustment for multiple
covariates, there could be residual confounding due to unmeasured or imprecisely
measured determinants of BP related to the exposure. Therefore, future longitudinal
studies with a larger study sample, new indicators with specific types of vegetation and
better mediator and outcome measurements are needed to appropriately assess
mediating effects of air pollution, mental health, physical activity, and weight status in

this region.

Conclusions

Both distance to green space and more green space coverage around residence and
workplace were associated with lower SBP, lower DBP and lower risk of hypertension.
Our findings support policies aiming to increase green space in public areas and
especially for increasing the accessibility of parks in urban settings. The observed
inverse associations of green space exposures with BP and hypertension were partly
explained by better mental health. However, a mediating role for air pollution, physical
activity, and weight status is not supported by our findings. Generalizing the current
findings should take contextual factors, such as climate, land form and culture into

account.
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CHAPTER 6 Appendices

Figure S1. Directed acyclic graph of the association between green space and blood

pressure.

Figure S2. Model 2a. Structural Equation Model of percentage of green space within 1

km buffer of residence and systolic blood pressure.

Figure S3. Model 2b. Structural Equation Model of weighted percentage of green space

within 1 km buffer of residence and workplace and systolic blood pressure.

Figure S4. Model 3a. Structural Equation Model of NDVI within 1km buffer of residence

and systolic blood pressure.

Figure S5. Model 3b. Structural Equation Model of weighted NDVI within 1km buffer of

residence and workplace and systolic blood pressure.

Figure S6. Model 1b. Structural Equation Model of network distance from residence to

green space and diastolic blood pressure.

Figure S7. Model 2c. Structural Equation Model of percentage of green space within

1km buffer of residence and diastolic blood pressure.

Figure S8. Model 3c. Structural Equation Model of NDVI within 1km buffer of residence

and diastolic blood pressure.

Figure S9. Model 1c. Structural Equation Model of network distance from residence to

green space and hypertension.

Figure S10. Model 2d. Structural Equation Model of percentage of green space within

1km buffer of residence and hypertension.

Figure S11. Model 3d. Structural Equation Model of NDVI within 1km buffer of residence

and hypertension.

Table S1. Standardized indirect associations and total associations of green space

exposure on systolic blood pressure using Structural Equation Model, n=719.

Table S2. Standardized indirect associations and total associations of green space

exposure on diastolic blood pressure using Structural Equation Model, n=719.

Table S3. Standardized indirect associations and total associations of green space

exposure on hypertension using Structural Equation Model, n=719.
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CHAPTER 7

General discussion



The environment and cardiovascular disease: causality, confounding,

mediation and moderation

Cardiovascular diseases (CVD) are a major global health issue . Determinants of CVD
have been widely investigated in terms of behavioural and clinical risk factors 23. In
recent years, the “upstream” external determinants like the built environment and its

by-products have drawn more attention *.

The built environment has many attributes including air pollution, food environment,
physical activity environment (green space, walkability, and bikeability), urbanization,
light pollution, residential noise, and ambient temperature. A recent umbrella review in
the current thesis (Chapter 2) gathered current evidence of the associations between
built environment attributes and CVD in adults °. This review found a limitation in the
literature indicating that most existing systematic reviews and meta-analyses focus on
a single attribute of the built environment °. However, people are exposed to multiple
built environmental attributes at the same time, and many attributes may be
interconnected, leading to mutual confounding and interaction effects in relation to
CVD 8, These interrelationships among built environment attributes in relation to CVD

are not well understood. The empirical evidence is not sufficient °.

Several approaches to investigate the interrelationships among built environment
attributes in relation to CVD can be applied and are discussed below. Throughout the
discussion, the association between green space exposure and CVD was taken as an

example (Figure 1).
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Exposure —_—T Causal path

Outcome B ——— Association path

Adjusted variable

Observed variable —_— Moderation path

00 0 0

Box. Legend of symbols used in the current discussion.

® @

Green space Cardiovascular disease

Figure 1. Example study design of the association between green space exposure and

cardiovascular disease

Mutual confounding

The most common approach is to treat correlated attributes as confounders and adjust
for them in statistical models. This approach examines the independent effect of the
studied built environment attribute on CVD and thus facilitates causal inference. In the
example study, air pollution exposure might confound the association between green
space exposure and CVD, if we assume that air pollution is associated with green space,
air pollution is an independent risk factor of CVD, and air pollution is not an
intermediate step in the causal path between green space and CVD. In the statistical
model, we can adjust for air pollution to examine the “independent” effect of green

space on CVD as depicted in Figure 2.
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Air pollution

O ~@
Green space Cardiovascular disease

Figure 2. Example study design of the association between green space exposure and

cardiovascular disease, confounded by air pollution

Likewise, green space could also confound the association between air pollution and
CVD, if we assume that green space is associated with air pollution, green space is an
independent risk factor of CVD, and green space is not an intermediate step in the causal
path between air pollution and CVD. In practice, many studies examined both as

principle exposures and adjusted for each other as depicted in Figure 3.

®/ ‘®

Green space Cardiovascular disease

Figure 3. Example study design of the association of green space and air pollution

exposures in relation to cardiovascular disease, confounded by each other

There is some literature that considered mutual confounding of built environment
attributes in relation to CVD. One systematic review by Rugel et al. found an association
between higher noise exposure and increased CVD morbidity, after adjusting for traffic-
related air pollution in four studies ’. Furthermore, they found no indication of an

association between air pollution and CVD after adjusting for noise in eleven studies ’.
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A meta-analysis by Vienneau et al. observed an association between higher noise levels
and increased ischemic heart disease which remained robust after only including
studies that adjusted for air pollution exposure 8. An American cohort study found that
long-term air pollution exposure and colder temperatures are independently associated
with an increased risk of CVD °. A Dutch cohort study in the current thesis (Chapter 4)
found that the associations of air pollution and green space in relation to
cardiometabolic risk clustering among children were robust after adjusting for each
other 1°. Another Dutch cohort study in the current thesis (Chapter 5) found significant
associations between changes in neighbourhood walkability and CVD after adjusting for
air pollution *. However, this approach was not applied in most of previous studies >®.
Even when focusing on a single built environment attribute, it is recommended to adjust

for relevant built environment attributes that might act as confounders.

Specific interrelationships: moderation or mediation

When looking into specific interrelationships, interaction or moderation effects may
exist for some built environment attributes in relation to CVD. In the example study, air
pollution could moderate the association between green space and CVD: this implies
interrelationships between the variables beyond simple confounding. The mechanisms
of green space decreasing the risk of CVD include reducing stress, encouraging physical
activity, and promoting social interaction 2. However, if the green space is located in an
area with high levels of air pollution, the harmful effects of the pollution could offset
some of the benefits of the green space. In other words, in the presence of air pollution,
the beneficial association between green space and cardiovascular disease becomes

weaker. An example moderation model is shown in Figure 4.
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Air pollution

® ~@
Green space Cardiovascular disease

Figure 4. Example study design of the association between green space exposure and

cardiovascular disease, moderated by air pollution

Some previous studies investigated the moderation effects of built environment
attributes to the association between other attribute and CVD. An American cohort
study found that the association between higher PM, s and CVD was stronger in areas
with higher green space, lower ozone levels, and lower temperatures 3. Possible
explanation for the identified moderation effects are that green space and temperature
could influence the susceptibility to air pollution, and that temperature is associated
with the composition of air pollution mixture 3. An Australian cohort study found that
the associations of neighbourhood walkability with cardiovascular risk factors (blood
pressure and low-density lipoprotein cholesterol) were moderated by air pollution 4.

The associations were stronger in low air pollution neighbourhoods 4.

Another form of interrelationship is a mediation effect. In the example study, when the
context is about intervention that changes green space, air pollution can mediate the
association between green space and CVD. A theoretical pathway has been proposed
suggesting that green space may can decrease CVD risk via reducing the harmful

exposure to air pollution 2. The model should be built as in Figure 5.
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Green space Cardiovascular disease

Figure 5. Example study design of the association between green space exposure and

cardiovascular disease, mediated by air pollution

However, empirical research to support this assumption is limited 2. A Chinese study in
the current thesis (Chapter 6) tested the mediating role of air pollution in the
association between green space and blood pressure, and found no supporting
evidence for a mediating effect ¥>. A study in Northeastern China found that air
pollutants mediated up to 16% of the association between community greenness levels
and blood pressure levels 6, Another study, covering a wide geographic area in China,
found that the association was completely mediated by air pollution in urban areas and

was partly mediated by air pollution in rural areas *’.

Dual interrelationships

For some built environment attributes, the interrelationship could reflect both
mediation and confounding. The interrelationship between green space and air
pollution is a good example. In terms of mediation, green space can deposit air
pollutants. It has been suggested to be a unidirectional causal relationship 2. In terms
of confounding, areas with more green space may have less traffic thus less traffic-
related air pollution, and vice versa. It is a bidirectional association. The choice of
modelling mediation or confounding effect should be theory driven. A study by
Klompmaker et al. tested the independent effects of green space, air pollution, and
noise on mental health by using a mutual confounding approach 8. All associations
attenuated, but remained statistically significant 2. It has also been discussed that when
the context is causal like when studying intervention or seasonal changes in green space,
air pollution should better be treated as a mediator, instead of a confounder, in the

303



green space-CVD association 8,

The same goes with moderation and mediation. For example, both moderation and
mediation relationships for air pollution and green space with regard to CVD risk have
been found in previous studies 23, The choice of modelling should be context specific
and theory driven. Depending on the research question, it is also possible to apply the
moderated-mediation model to investigate how the mediation effect varies across
different levels of a moderating variable 1%, For example, the mediation effect of air
pollution on the green-CVD association may differ across different levels of air pollution

as shown in Figure 6.

7
~~Air pollution

® @

Green space Cardiovascular disease

Figure 6. Example study design of the association between green space exposure and

cardiovascular disease, a moderated-mediation model via air pollution

Composite exposure: index approach

The mutual confounding approach holds when there is no multi-collinearity between
several built environment attributes. Previous studies reported moderate correlations
between green space, air pollution, and traffic noise #2122, So, the mutual confounding
model can be applied to these attributes. However, there are some built environment
attributes that are intrinsically highly correlated and thus mutual confounding
adjustments are not possible. For example, when we consider green space as a
neighbourhood walkability component, other components like land use mix, density of

retail and service destinations, street connectivity are highly correlated in some settings
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like city centers.

Alternatively, researchers can develop a composite index to measure the relevant built
environment attributes together as a domain and relate it to CVD. Such an approach
ignores the complex interrelationships among attributes. For example, Lam et al.
developed and verified a Dutch walkability index, which consists of seven components:
population density, retail and service density, land use mix, intersection density, green
space density, sidewalk density, and public transport density (Figure 7) 23. Each
component was standardized into a z-score 23. The walkability index was then calculated
as averaging the component z-scores, and normalizing the result into a score between
0 and 100, with higher scores indicating higher neighbourhood walkability 23. A Dutch
cohort study in the current thesis (Chapter 5) investigated the changes of this walkability
index over time and its association with subsequent risk CVD *%. The study found that
exposure to stable low walkability, as well as increasing walkability, was associated with
an approximate five percent higher risk of CVD compared to stable high walkability *.

%6 Lam et al. also developed the

Based on theory 2% and empirical evidence
Obesogenic Built Environment CharacterisTics (OBCT) index based on five subdomains
and a total of 17 components ?’. The subdomains include driveability, walkability,
bikeability, sport facilities density, and obesogenic food ?’. The index approach is
context-specific and thus should also be developed in other countries. Because the

quantification of built environment quality is helpful for interpretation with regard to

CVD and can facilitate policy applications %’.
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Figure 7. Example study design of the association between walkability exposure and

cardiovascular disease, where walkability is a composite index of seven components

Pathways
Lastly, for causality inference, pathways from environmental attributes to CVD, as

IH

presented by directed acyclic graphs (DAG) 28, are an “ultimate tool” to comprehensively
understand the interrelationships among multiple built environment attributes (see
Figure 8 for an example). For practical public health, pathways with specific estimates
for the strength of each path can help identify critical paths, which may act as an entry

point for population-level action to prevent CVD.

There are several approaches to provide empirical evidence for these pathways. When
there is a theoretical framework of the interrelationships between built environment
attributes in relation to CVD, structural equation modelling is a proper method to
validate the framework. The moderation, mediation, and confounding effect can be
explicitly modelled together in such models. Furthermore, longitudinal structural
equation models provide stronger causality evidence because of the prospective design
2 In the example study, we can consider multiple built environment attributes in
relation to CVD at the same time (Figure 8). Temperature, air pollution, and traffic noise
are all mediators in the association between green space and CVD 2. Meanwhile,

temperature moderates the association between green space and air pollution, because
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temperature may affect the capacity of green space to absorb or filter pollutants 3.

A
Temperature
7

Ai lluti
//? pollution

> @
Green spacc\ Cardiovascular disease

i W

Traffic noise

Figure 8. Example study design of the association between multiple built environment

attributes and cardiovascular disease

However, in the field of built environment and CVD, there are a limited number of well-
developed theoretical frameworks. Exploratory approaches are available like some
extension methods of the Least Absolute Shrinkage and Selection Operator (LASSO)
regression 3! and Bayesian Network 32. They can start from scratch to develop pathways.
LASSO is a regression analysis method that performs both variable selection and
regularization in order to enhance the prediction accuracy and interpretability of the
statistical model it produces. Graphical LASSO 33 and Network LASSO 3* are extensions
of LASSO that are designed to infer the undirected structure of a network without
requiring the prior knowledge about the network structure. Further, Meinshausen and
Bihlmann developed the neighbor selection approach that use the LASSO to develop
DAG 3>, Bayesian Network is a probabilistic graphical model that generate DAG out of a
set of variables 3. However, it should be noted that the above mentioned exploratory
methods suggest potential causal relationships solely based on the data. These

relationships need to be validated through further analysis or experimental studies 3>3,
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Conclusion

In conclusion, the present thesis provides insights into the association between the built
environment and CVD. To deepen our understanding of the association between built
environmental attributes and CVD, future studies should take into account the
interrelationships between built environmental attributes. The decision of a proper
approach to deal with interrelationships should be based on study question, theoretical
framework, and the specific context. A comprehensive pathway from built environment

to CVD is at the exploration stage.
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Summary

This thesis has described the current evidence of the association between the built
environment and cardiovascular risk, and has originally investigated this long-term

association and its underlying mechanisms.

Chapter 1 introduces the epidemiology of cardiovascular disease (CVD), determinants
of CVD, and gaps in current evidence. To sum up, it introduces the outline of the current

thesis.

Chapter 2 provides a comprehensive overview of the current evidence on objectively
measured neighbourhood built environment exposures in relation to CVD events in
adults. We searched seven databases for systematic reviews covering at least one
domain of built environment and CVD events in adults between January 2000 and April
2021. From the 3,304 initial hits, 51 systematic reviews were included. There was strong
evidence of the associations between increased air pollutants (especially PM;s
exposure) and increased residential noise with greater risk of CVD. Highly suggestive
evidence was found for an association between increased ambient temperature and
greater risk of CVD. Systematic reviews on physical activity environment, food

environment, light pollution and urbanisation in relation to CVD were scarce or lacking.

Chapter 3 maps the spatial distribution of green space by all vegetation, trees, shrubs,
low vegetation, grass field, and agriculture in the Netherlands in 2017. Furthermore, it
assesses socio-demographic and socio-economic differences in the availability of green
space in the Netherlands. Data from 16,440,620 individuals aged one and above of the
Netherlands on January 1, 2017, were analyzed. Little differences in the availability of
green space were found across age and sex groups. Ethnic Dutch and Indonesian had
more green space coverage around residence than Turkish and Moroccan. People with
higher household SES had gradually more green space coverage, while in the highest
SES level, the coverage decreased a little. Higher urbanicity levels were monotonously

associated with lower green space exposure. The differences between ethnic groups
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and household SES groups were originated from the differences in the availability of low

vegetation, and mostly present in rural areas.

Chapter 4 originally investigates the longitudinal associations of air pollution and green
space with cardiometabolic risk among children in the Netherlands. Three Dutch
prospective cohorts with a total of 13,822 participants aged 5 to 17 years were included:
the Amsterdam Born Children and their Development (ABCD) study from Amsterdam,
the Generation R study from Rotterdam, and the Lifelines study from northern
Netherlands. Cardiometabolic risk factor clustering was assessed by a recommended
MetScore. More green space exposure at residence was associated with decreased
cardiometabolic risk over time. Some evidence was found for the association between
air pollution and increased cardiometabolic risk. Exposure to higher concentrations of
NO, and elemental carbon was associated with increased cardiometabolic risk in the
Lifelines cohort. No evidence was found for PM, s and PMy, probably due to the small

variations in exposures.

Chapter 5 presents findings from a nationwide cohort study that investigate the
relationship between changes in residential neighbourhood walkability and CVD
incidence in adults. Three million Dutch adults aged 40 and above were followed for 24
years. The growth mixture model identified four distinct trajectories of changes in
neighbourhood walkability from 1996 to 2008, which were described as a stable but
relatively low walkability trajectory (Stable low, 91.1 %), a stable but relatively higher
walkability trajectory (Stable high, 0.6%), a relatively higher initial neighbourhood
walkability which decreased over time (Decreasing, 1.7%), and relatively lower
neighbourhood walkability which increased over time (Increasing, 6.5%). In the
subsequent years till 2019, a total of 644,785 individuals (21.0%) developed CVD. As
compared to the stable but relatively higher walkability group, residing in stable low
and increasing walkability areas was associated with a higher CVD risk. These findings

were especially pronounced in middle aged adults, and urban dwellers.

Chapter 6 explores the underlying mechanism of the association between exposure to
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green space and blood pressure (BP) levels based on a theoretical framework. Three
area-level green space indicators were calculated, including network distance to the
nearest park, percentage of green space and Normalized Difference Vegetation Index
within a 1km Euclidean buffer around residence and workplace. Structural equation
models were applied to estimate the direct and indirect associations of the various
green space indicators on systolic BP (SBP), diastolic BP (DBP), and hypertension,
respectively. Both shorter distance to green space and more green space coverage
around residence and workplace were associated with lower SBP, lower DBP and lower
risk of hypertension. The observed inverse associations of green space exposures with
BP and hypertension were partly explained by better mental health. However, a
mediating role for air pollution, physical activity, and weight status is not supported by

the findings of this study.

Chapter 7 discusses several approaches to investigate the interrelationships among
built environment attributes in relation to CVD. To deepen our understanding of the
association between built environmental attributes and CVD, future studies should take
into account the interrelationships between built environmental attributes. Multiple
scenarios are discussed, including mutual confounding, moderation, mediation, dual
interrelationships, index approach, and pathways. The decision of a proper approach to
deal with interrelationships should be based on study question, theoretical framework,
and the specific context. A comprehensive pathway from built environment to CVD is at

the exploration stage.
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Samenvatting

Dit proefschrift beschrijft de huidige kennis over het verband tussen de bebouwde
omgeving en het risico op hart- en vaatziekten (HVZ) en heeft dit verband en de

onderliggende mechanismen verder onderzocht.

Hoofdstuk 1 introduceert de epidemiologie van HVZ, determinanten van HVZ en hiaten

in het huidige bewijs. Samengevat introduceert het de opzet van dit proefschrift.

Hoofdstuk 2 biedt een uitgebreid overzicht van de huidige kennis over objectief
gemeten blootstellingen aan de bebouwde omgeving in relatie tot HVZ bij volwassenen.
In zeven databases werd gezocht naar systematische reviews die minstens één domein
van de bebouwde omgeving in relatie tot HVZ bij volwassenen onderzochten tussen
januari 2000 en april 2021. Van de 3.304 hits werden uiteindelijk 51 systematische
reviews geincludeerd. Er was sterk bewijs voor een verband tussen verhoogde
blootstelling aan luchtverontreinigende stoffen (vooral PM2.5-blootstelling) en een
hoger risico op HVZ. Hetzelfde gold voor verhoogd blootstelling aan omgevingsgeluid.
Ook werd er zeer suggestief bewijs gevonden voor een verband tussen verhoogde
omgevingstemperatuur en een hoger risico op HVZ. Systematische reviews over de
fysieke activiteit omgeving, voedselomgeving, lichtvervuiling en verstedelijking in

relatie tot HVZ waren schaars of ontbraken.

Hoofdstuk 3 brengt de ruimtelijke verdeling van groene ruimte in kaart door te kijken
naar alle vegetatie, bomen, struiken, lage vegetatie, grasveld en landbouw in Nederland
in 2017. Daarnaast werden de sociaal-demografische en sociaaleconomische verschillen
in de beschikbaarheid van groene ruimte in Nederland onderzocht. Gegevens van
16.440.620 inwoners van één jaar en ouder in Nederland op 1 januari 2017 werden
geanalyseerd. Er werden weinig verschillen gevonden in de beschikbaarheid van groene
ruimte tussen leeftijds- en geslachtsgroepen. Inwoners met een Nederlandse of
Indonesische achtergrond hadden meer groene ruimte rond de woning dan inwoners

met een Turkse of Marokkaans achtergrond. De beschikbaarheid van groende ruimte
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nam geleidelijk toe met een hogere huishoudelijk sociaaleconomische status (SES),
maar op het hoogste SES-niveau nam de dekking een beetje af. Hogere niveaus van
verstedelijking waren eenduidig geassocieerd met lagere blootstelling aan groene
ruimte. De verschillen tussen etnische groepen en huishoudelijke SES-groepen konden
met name worden toegeschreven aan de verschillen in beschikbaarheid van lage

vegetatie en waren voornamelijk aanwezig in landelijke gebieden.

Hoofdstuk 4 onderzoekt de longitudinale associaties van luchtvervuiling en groene
ruimte met het cardiometabool risico bij kinderen in Nederland. Gegevens van drie
Nederlandse prospectieve cohorten met in totaal 13.822 deelnemers van 5 tot 17 jaar
werden gebruikt: de Amsterdam Born Children and their Development (ABCD) studie
uit Amsterdam, de Generation R studie uit Rotterdam en de Lifelines studie uit Noord-
Nederland. Het clusteren van cardiometabole risicofactoren werd beoordeeld door een
aanbevolen MetScore. Meer blootstelling aan groene ruimte bij de woning was
geassocieerd met een afname van het cardiometabool risico in de loop van de tijd. Er
werd ook bewijs gevonden dat wijst op een verband tussen luchtvervuiling en een
verhoogd cardiometabool risico. Blootstelling aan hogere concentraties NO2 en
elementair koolstof was geassocieerd met een verhoogd cardiometabool risico in het
Lifelines-cohort. Er werd echter geen bewijs gevonden voor PM2.5 en PMI10,

waarschijnlijk vanwege de kleine variaties in blootstellingen.

Hoofdstuk 5 onderzoekt de relatie tussen veranderingen in de beloopbaarheid van
woonwijken en het voorkomen van HVZ bij volwassenen in een landelijke cohortstudie.
Drie miljoen Nederlandse volwassenen van 40 jaar en ouder werden 24 jaar lang
gevolgd. Het gebruikte statistische model (growth mixture model) identificeerde vier
verschillende trajecten van verandering in de beloopbaarheid van wijken tussen 1996
en 2008. De trajecten werden beschreven als een stabiel maar relatief laag
beloopbaarheidstraject (Stabiel laag, 91,1%), een stabiel maar relatief hoger
beloopbaarheidstraject (Stabiel hoog, 0,6%), een relatief hogere initiéle
beloopbaarheid van de wijk die in de loop van de tijd afnam (Afnemend, 1,7%), en

relatief lagere beloopbaarheid van de wijk die in de loop van de tijd toenam
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(Toenemend, 6,5%). In de daaropvolgende jaren tot 2019 ontwikkelden in totaal
644.785 personen (21,0%) HVZ. In vergelijking met de stabiele maar relatief hogere
beloopbaarheidsgroep, was wonen in gebieden met een stabiele lage en toenemende
beloopbaarheid geassocieerd met een hoger risico op HVZ. Deze bevindingen waren

meer uitgesproken bij volwassenen van middelbare leeftijd en stadsbewoners.

Hoofdstuk 6 onderzoekt het onderliggende mechanisme van het verband tussen
blootstelling aan groene ruimte en bloedruk, op basis van een theoretisch kader. Er
werden drie indicatoren voor groene ruimte op gebiedsniveau berekend: de
netwerkafstand tot het dichtstbijzijnde park, het percentage groene ruimte en de
Normalized Difference Vegetation Index binnen een Euclidische buffer van 1 km rond
de woning en werkplek. Statistische modellen (structural equation models) werden
toegepast om de directe en indirecte associaties van de verschillende indicatoren van
groene ruimte met systolische bloeddruk (SBP), diastolische bloeddruk (DBP) en
hypertensie te schatten. Zowel een kortere afstand tot groene ruimte als meer groene
ruimte rond de woning en werkplek waren geassocieerd met een lagere SBP, lagere DBP
en een lager risico op hypertensie. De waargenomen associaties van blootstelling aan
groene ruimte met BP en hypertensie werden deels verklaard door een betere
geestelijke gezondheid. Echter, een rol voor luchtvervuiling, lichamelijke activiteit en
gewichtsstatus in het onderliggende mechanisme wordt niet ondersteund door de

bevindingen van deze studie.

Hoofdstuk 7 bespreekt verschillende benaderingen om de onderlinge relatie tussen
kenmerken van de bebouwde omgeving en hun invioed op HVZ te onderzoeken. Om
ons begrip van het verband tussen kenmerken van de bebouwde omgeving en HVZ te
verdiepen, moeten toekomstige studies rekening houden met de onderlinge relatie
tussen kenmerken van de bebouwde omgeving. Er worden meerdere scenario’s
besproken, waaronder wederzijdse verstorende factoren, moderatie, mediatie, dubbele
onderlinge relaties, indexbenadering en trajecten. De beslissing over een juiste
benadering om met onderlinge relaties om te gaan, moet gebaseerd zijn op de

onderzoeksvraag, het theoretisch kader en de specifieke context. Het begrijpen van alle
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onderliggende stappen in het verband tussen de bebouwde omgeving en HVZ bevindt

zich in de verkenningsfase.
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Ao REEE. Bt RV RMDE, REH—BN T 2R ZFMB=[E D5
EHRANAGHFIMSEFAERLNER . ARERDOTT 2007F1 7 1
H 16,440,620 £ 1 % Y E 9= R RAVEUR. S8Ry o] R MEAFR A 5I4A
BFERNER. FZRMNERATRERILIEARMESSERER, &
ERAEREZHZESE. AEERSHSZLFHUNA, TEFERFESZHNEE
TEBEER, BRERSHIKEFHUNANTERE KEeZHBEXREMRT
—R. FERBEHTHUEESZETBNXAZRBARR. FEME. AEHS
SR AREFesE TR ENER, TRRRTREERT R MENER
FEURMNEFERAPAERNIBX.

FNEFREMAR T KHZE. T ERESEHZ)LECMLE RGN
HXFR. AAREMANTRKBE=EZBAGIAY 13,822 7 5 5] 17 FILE, =1BA
B4 5 2 B A4 T A9 the Amsterdam Born Children and their Development (ABCD),
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FEFEFFHAY the Generation R study, FlfEF24E77 =41 the Lifelines study, Zliﬁﬁ?%ﬁ
A= #FR O ME R REEEE MetScore WE O MERF M ERERRSE. £
Rex, I EREEEAREZ SN =E 5 0 MEREMEREREX. Z'Kﬁ%ﬁi
RATHFENKPAFEN OO ERBNEIBMMEXMRME T —LIEE &
Lifelines BAZIH, KEARBE TS RER NO, FIXSITTHRIKA M E KRG MX e IE 0
X, TREEHTEMRABRRSERBKENERN, AMRIE LI PM2s F
PMi KEAREE 5/ O ME RN XM AYIETE.

BHRERR T W Z2ESEEMIIMRAER, AMRIBZTEEXNY
AERFEAKPEMSRFNOCNERRRERNXR. AMRIRERT 300 55
40 ZRINEMTZMEN 24 F, WBKMLEER LT 1996 F£F 2008 FHITK
FEEHTAMNNFAERIT, EMNSAE KPAREFENRME (91.1%) , K
HRREFENERS (0.6%) , MHENKRS IR E TR (1.7%) , MIREXNER
{RFFRERT[E] _EFF (6.5%) . 7£ 2008 FE/Z H B 2019 £, & 5E& 644,785 (21.0%)
ANBRUDERER. SKAREFENRSMARL, BEEPITAFEKRR
TE F AR AR AR 6 AE X BRI B A 18] £ FH 3t X AR B E e A O M E R B
X—EAMEPFEANBTERALABE.

BAEETERER, RRTSM=EKREMMEKFHEXNOEBENSG . K
MRUET =M XK TR =BREER BEl. THELREREAEN
MzKEERs, B, TS 1 ARRREAX AN =ENES L, MEE
. T 1 AERRKREAXNHE—ERER. AHREREHTTERE
DAMET =M= BB GEE. FKE. ISMENERE. BEXEK.
Bt T REEEAREE, EEHEESZB=ENEIEER, SWEE.
95k s ML BRNE R EE X AM RN EZ NS S HRBESMEE.
SMENXR, TUBPHRCERRX—EEMBE. B, AMREXEAESR
EH. ENASMMEERSH RN AR EE .

FEENRTAUCNERRNENHRERT, RREFAEZTHLEE
B EXEKHTTE. AMRBANEARRE SRR S CMERRZ B AR
B KROMRNIZFZRIERAREZTREAFROEEREK. AZNRT S5
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TRERES, BEEREALARRER. BERA. AR, REHEEXEK.
EHES. NRBREMT. BREENTIELERMIAR & IUEE RHEE XK
MIZETHRE@E. EER. MAKHNHARER. NERAREZTEHEZE)O
MERBHTEE AR RITELTRRI R
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