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Abstract

This thesis aimed to understand the health benefits of urban green space by identifying
associations between green space characteristics/exposure indicators (quantity, type,
proximity, etc.) and child health. This is timely, as swift urbanization, notably in low- and
middle-income countries, has resulted in more than half of all children living in urban areas
and surge of urban disparities and challenges. There is increased public appreciation of the

health value of green space in urban environments.

It begins with a systematic review of 140 studies from 28 countries. The review highlighted
research concentration in North America and Europe, underscoring significant gaps in
Oceania, South America, and Africa. Green space exposure was categorized into
presence/level of green space, proximity, usage, and visual access, reflecting the diversity
in measurement methodologies. It also revealed a lack of consensus, especially in birth and

respiratory health studies, warranting further explorations.

To address these knowledge gaps, the subsequent analyses utilized refined green space
exposure metrics tailored to each study, drawing on extensive data from Brazil, Australia,
and China. The analysis using a nationwide Brazilian birth cohort focused on the association
between maternal green space exposure and preterm births (PTB). A robust link was found,
particularly among younger mothers and those with fewer years of education, who were
typically from lower socio-economic status (SES) backgrounds. Additionally, regional
disparities highlighted more pronounced effects in highly urbanized areas experiencing

declining green space.



In Australia, the study covered Sydney and Brisbane, establishing positive associations
between green space exposure in each pregnancy trimester and favorable birth outcomes,
including reduced risks of PTB, low birth weight (LBW), and small for gestational age (SGA).
These benefits were greater in areas with more nighttime light (NTL). The thesis further
delves into the interplay between extreme heat, green space, and PTB in Sydney,
highlighting a susceptible exposure window during the third trimester for both daily mean
and nighttime extreme heat exposure. This study in the thesis crucially evaluated the

mitigating effect of green space, especially tree cover, in reducing heat attributable PTB.

Then, the thesis explores how green space influence lung function of primary school children
in China. The findings underscored the beneficial effects of green space coverage and
proximity, mediated by reductions in ambient air pollution, with emphasis on areas with

dense traffic.

Throughout the thesis, a consistent theme emerges: the direct and positive impact of green
space on child health. Beyond direct influence, green space serves as a modifier and
mitigator of adverse effects related to environmental factors like nighttime light, air pollution,
road density, and extreme heat. With this evidence in hand, parents, caregivers,
communities, and governments can act to create greener spaces or improve existing green

spaces, prioritizing places where children live and receive education.
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Chapter 1. Introduction
1.1 Background and rationale

1.1.1 Child health in an urbanizing world

‘Child health is a state of physical, mental, intellectual, social and emotional well-being and

not merely the absence of disease or infirmity. Healthy children live in families, environments,
and communities that provide them with the opportunity to reach their fullest developmental

potential. ”

This concept was described by World Health Organization (WHO) ! in 1948 and remains
their current definition. Healthy child development is crucial for lifelong health and well-being,
with the early years shaping their ability for maturing into healthy adults 2. The environments
where children grow, including family, childcare, school, and neighborhood, can promote or

hinder healthy child development 34,

In today’s world, nearly half of all children live in urban areas, presenting both opportunities
and challenges. Urban environments have the potential to be child-friendly, featuring well-
designed and equipped green spaces. However, they also pose challenges such as
heightened air pollution ®, prolonged and intensified urban heat ¢, elevated ambient noise

levels 7, increased light pollution 8, and a surge in chronic illnesses within these settings °.

The trend driven by both urban migration patterns and population growth contributes to
widening child health inequities, characterized by large inequalities in economic, living, and
health-related conditions °. Maternal socioeconomic position is known to be a strong
correlate of adverse birth outcomes, and the health of a baby at birth is a key determinant

of subsequent health and wellbeing for children and adults 1.



In the pursuit of enhancing child health and minimizing health disparities, there is an
increasing call to establish healthy socio-ecological environments *2. This involves creating
a health-promoting environment in which a child grows up, with a particular focus on living

in greener areas or having access to green space.

1.1.2 Green space in the urban environment
Political awareness of health-promoting benefits associated with urban green spaces is on
the rise. The United Nation’s Sustainable Development Goals (SDGSs), introduced in 2015

and accessible at https://www.un.org/sustainabledevelopment/sustainable-development-

goals/, encompass the provision of access to green space and the enhancement of health
and well-being. Goal 11, dedicated to sustainable cities and communities, specially targets
the achievement of ‘provide universal access to safe, inclusive and accessible, green and
public spaces’ by 2030, aiming to ‘foster prosperity and quality of life for all’. Furthermore,
the WHO, in its 2016 review of evidence on Urban green spaces and health, also stated that

green spaces are indispensable for creating healthy, sustainable, and livable conditions 3.

The concept of leveraging green spaces to promote health is also gaining prominence in
various countries. The “European Green Capital” is awarded to a city each year by the
European Commission. Winning cities showcase leadership in environmental management,
green urban spaces, sustainable transport, and innovative solutions to environmental
challenges *. In Australia, initiatives such as the Healthy Spaces and Places program
exemplify a concerted effort to integrate health considerations into urban planning
throughout Australia, recognizing the pivotal role of green spaces in fostering healthier
communities 5. China, with its rapid urbanization, has also witnessed a heightened focus

on incorporating green spaces into urban planning 8. Cities like Beijing 1/, Shanghai 18, and


https://www.un.org/sustainabledevelopment/sustainable-development-goals/
https://www.un.org/sustainabledevelopment/sustainable-development-goals/

Guangzhou *° are implementing measures to enhance green infrastructure, recognizing its
potential to mitigate environmental health challenges and improve overall well-being. In
Brazil, a country grappling with unique urbanization challenges, there is an emerging

discourse on the integration of green spaces for public health %°.

1.1.3 Health impact of green space on children

The health impacts of green space on children are multifaceted. Recent research has
demonstrated green space can provide significant gains specifically for children’s physical,
mental and social health and development 2%, During early childhood, children residing
closer to green spaces and/or attending schools with greener schoolyards have been
reported healthier by their parents 2223, with one longitudinal study of Australian children

indicating a 14% improvement in general health 24,

e Physical development
Green spaces significantly impact children’s physical development, influencing factors such
as balance, motor coordination, engagement in physical activities, prevention of myopia,
promotion of healthy birth weight, nutrition, respiratory health, exposure to beneficial

microorganisms, and the provision of ample outdoor play opportunities.

Birth outcome is a key indicator of child health, with adverse birth outcomes increasing the
risk of infant mortality and poor health later in life 2526, Studies indicate that mothers who

live in greener neighborhoods generally give birth to higher birth weight babies ?’.

Early childhood is a critical period for the development of a child’s gross and fine motor skills.
Children who played daily in a neighbourhood with higher public green or natural space were

significantly less likely to show fine or gross motor development deficits 22.



Research shows that children of all ages tend to engage in more physical activities when
they have access to nearby green spaces 2°. As a result, there is direct improvement in child
health, including healthier cardiovascular profiles 3, developing higher peak bone mass 3!,
and lower risks of overweight and obesity 2. There is carry-over effect into adulthood. That
is, the timing of life events especially during sensitive developmental periods have

biopsychosocial consequences that could alter health trajectories 2.

The quality of air in and around green spaces can influence respiratory health 3334, Green
areas abundant with vegetation play a crucial role in filtering air pollutants, thereby providing
cleaner air 3%, which is vital for the respiratory development of children, including lung

function 6.

Myopia, or short sightedness, has reached epidemic proportions, with rates dramatically
rising among children worldwide *’. In addition to the increase in prevalence, there is
evidence of a rise in the severity of myopia 3. Research is beginning to show that children
residing in areas with higher residential green space are significantly less likely to develop

myopia or astigmatism, partially mediated by reduction in screen time .

e Mental development
The proportion of ‘green’ space surrounding schools and homes has been linked to
improved cognitive development in children 441, including evidence in higher density in
cognition-related brain regions 42. A growing body of literature points to the tantalizing
possibility that green space within and around school could boost academic performance 3.
Even a greener view through windows have been found by studies to improve concentration

44 and foster flexibility and imagination 4°, and the benefits of restoring attention can improve



the diversity of creative play. Exposure to higher levels of residential surrounding green
space is associated with better early childhood neurodevelopment 4, considered beneficial
to intellectual development #’. Children with attention-deficit/hyperactivity disorder (ADHD)

taking a walk in a natural park, can improve their concentration 4849,

According to Stress Reduction Theory, contact with or viewing green space and other
natural features can induce positive effects in individuals experiencing acute stress °°. This
process effectively blocks negative thoughts and feelings, offering a mechanism for stress
relief. For children, green spaces serve as vital arenas for play and recovery, significantly
boosting mental health and well-being by lowering levels of stress, anxiety, and depression
51, Studies also suggested that family environment and parenting stress could impact child
behavior and development %2, where parents/caregivers living in greener neighborhoods

experienced lower stress levels 53, presumably bringing less stress home to their children.

e Other developments
The presence of urban green spaces can encourage positive social interactions that
cultivate social cohesion in ways that green spaces can help build trust and tolerance in the
local community 4. In their early years, children living in greener neighborhoods and those

living close to urban public green spaces exhibit fewer behavioral and social problems 5.

Green spaces expose children to a variety of microorganisms, contributing to the
development of their immune systems 6. For example, one cross-sectional study of children
demonstrated that green space was associated with greater microbial diversity on the skin
and reduced levels of allergic disease °’. This exposure can be important for building

resistance to illnesses and supporting overall health 8.



1.2 Knowledge gaps

In epidemiological studies, various green space-related concepts have been introduced, but
the distinctions between them were not always clearly outlined. This thesis acknowledges
the interchangeable use of terms such as ‘green space’, ‘greenspace’, and ‘greenness’
within the existing literature. It avoids emphasizing the minor distinctions between these
terms, especially when referencing specific articles where original terminology is preserved.
Throughout this thesis, the term ‘green space’ is predominantly employed when referring to
open and accessible spaces, whereas the term ‘greenness’ is mainly used when describing

the overall level of vegetation or green cover in a particular area.

In Chapter 2, a comprehensive systematic review summarizes various types of
measurements employed in previous studies assessing green space (Table 2) and delves

into the associations between green space exposure and health in children.

The potential impacts of green space on child health remain largely unexplored,
emphasizing the need for more comprehensive epidemiological evidence to deepen our
understanding of this relationship. Discussions on the potential protective effects of green
space on children’s health have primarily taken place in high-income countries, leaving little
evidence from low- and middle-income countries. Diverse health outcomes have been
reported, encompassing protective effects of greenspace exposure on aspects such as
obesity/overweight, myopia, lung health, circulatory health, cognitive function, and general
health in children. While some health outcomes have only been explored in individual
studies, a consensus has yet to be established. The review noted inconsistencies,
particularly in respiratory health studies, and highlighted a gap regarding the influence of

greenspace on birth outcomes.



The absence of a standard definition for green space and the ensuing measurement
variations contribute to exposure misclassification, potentially explaining the observed
inconsistency in the current evidence °°. Studies evaluating average green space exposure,
commonly measured by quantity of ‘green’ in satellite imagery within specified buffer
distances around home, reported divergent results 0. Buffer intervals from 100m to 1000m
were frequently employed, with some studies opting for larger circular buffers 6. In some
cases, associations were significantly stronger (or solely significant) within specific buffers
62,63 while others found no substantial changes in the strength of associations in terms of
buffer distances 6455, Additionally, the majority of studies utilized static measures of green
space, such as peak values in summer, without incorporating exposure duration — a crucial
factor in evaluating environmental exposure, particularly in studies related to pregnancies
66, Moreover, the focus of studies in a single city or urban region raises questions about the
generalizability of findings to more rural areas. This raises questioning about whether these
associations merely reflected city-specific characteristics, complicating the extrapolation of

results from high-income to low- and middle-income countries 6.

The underlying mechanisms linking green space to health remain complex and largely
unestablished. Several frameworks attempt to conceptualize these mechanisms 689 with
Markevych et al. proposing three main domains: reducing harm, restoring capacities and
building capacities 8. In epidemiological studies, air pollution was frequently considered a
confounder in green space-health associations 7973, although mediation analysis found
support for partial mediation 4%74. Limited studies have investigated whether the beneficial
effects of green space on children’s health could be attributed to heat mitigation 7576, In
addition, noise and artificial light may also lie on the casual pathway between green space
and health, as these exposures have been associated with several related health outcomes

such as adverse pregnancy outcomes, cognitive impairment, and sleep disorders 77-7°,



Despite these insights, the validity of potential mechanisms requires further investigation

and confirmation.

Moreover, socioeconomic status (SES) emerged as a significant factor influencing
individual's access to and utilization of green spaces, potentially modifying the relationship
between green space and health, particularly for children and mothers. Household level
factors (e.g., income, parental education, ethnicity, employment status) and neighborhood
level factors (e.g., deprivation indices, degree of urbanization) can affect the frequency and
manner in which individuals engaged in neighborhood green spaces 881, Some studies
investigating the relationship between green space and birth outcomes have found stronger
protective effects among less educated mothers 8283, While there were some studies
observing more protective effects of green space for higher SES groups, a plausible
explanation is that they are prone to live in communities with better environmental resources,
including high quality green space 848, These differences are less studied and requires

further investigation.

1.3 Study aims

The overarching goal of this thesis was to contribute valuable insights into the relationship
between green space and health in children, with the aim of addressing critical knowledge
gaps and enhancing the evidence base for the effects of green space within urban

environments.

Building upon the findings of the literature review, which identified substantial gaps in
research, this thesis seeks to fulfill the following objectives:
e Comprehensive review and gap identification: Summarize various metrics used for

green space exposure assessment; evaluate existing evidence on the association



between green space exposure and health in children; and delineate key research
gaps in the current body of knowledge.

Explore and assess the relationship between green space exposure and birth
outcomes.

Investigate and analyze the associations between green space and lung function in
children.

Explore potential disparities and variations in the associations between green space
exposure and health in children.

Examine underlying mechanisms through which green space exposure influences

the health of children.

1.4 Thesis overview

This PhD thesis is presented as a thesis by publication, which includes five peer-reviewed

publications. There are seven chapters:

Chapter 1 introduces the background, rationale, aims and structure of the thesis.
Chapter 2 includes a systematic review of the association between green space and
health outcomes in children and adolescents. This review has been published in
Environmental Pollution.

Chapter 3 includes an original article evaluating the association between green space
exposure and preterm birth based on nationwide data in Brazil. This study has been
published in Environmental Pollution.

Chapter 4 includes an original article on the association between green space
exposure and multiple birth outcomes with birth records collected from two Australian
metropolitan areas, Sydney and Brisbane. This study has been published in Science

of the Total Environment.



e Chapter 5 includes an original article evaluating the role of green space on the
associations between heat exposure and preterm birth using birth data from Sydney,
Australia. This study has been published in JAMA Pediatrics.

e Chapter 6 includes an original article on the impacts of green space on school
children’s lung function using the data from two Chinese cities, Chengdu and Nanjing.
This study has been published in Science of the Total Environment.

e Chapter 7 summarizes the main findings of this thesis, and discusses the strengths
and limitations of current research, and recommendations for future studies. This
chapter also provides some conclusions based on this thesis and provides potential

suggestions for urban planning and public health interventions.

1.5 Significance
Children are our future, and their health is a foundation for overall societal well-being. The
early years of childhood play a crucial role in shaping a person’s lifelong health and well-

being. Early interventions can have a profound impact on their developmental trajectories.

My research on the relationship between green space and birth outcomes holds paramount
significance in shedding light on critical factors that influence healthier birth outcomes.
These outcomes, which are often linked to lead to long-term health implications such as
underdeveloped lungs, strokes and altered eye development, underscore the importance of
early life conditions for a person’s quality of life 8. In the context of low fertility rates and an
aging population, identifying green space as a contributing factor to healthier birth outcomes
provides actionable insights for public health initiatives and urban planning, creating

opportunities to design environments that foster positive maternal and child health 8.



In addition to prenatal period, childhood represents a critical phase of human developmental
that is vulnerable to environmental influences. The development of respiratory system during
childhood plays a pivotal role in determining long-term respiratory function, as evidenced by
studies demonstrating the tracking effect of lung function deficits from childhood into
adulthood 8. Moreover, pulmonary development in childhood has implications for health
outcomes extending beyond respiratory health 8°. Without well-informed policy there is likely
to be a heightened demand on healthcare expenditure °°. Therefore, it becomes imperative
to identify the environmental factors that either promote or hinder lung growth in childhood.
Despite its importance, there was a notable scarcity of studies investigating the association
between green space and lung function 2%. My exploration into the health impacts of green

space on children’s lung function could help shape policy decisions and clinical practice.

Green space, beyond its discussed direct health impacts, serves as a modifiable factor,
offering cost-effective solutions. The health challenges confronted by children in
contemporary urban landscapes are intricate and encompass multifaceted issues such as
air pollution and heat stress. Exposure to these environmental hazards is linked to higher
risks of mortality and morbidity °1, imposing a substantial economic burden on families and
healthcare services. Although they may contribute to a relatively small share to the overall
health burden compared to other well-known risk factors (such as poor nutrition and diet,
second hand tobacco smoke), these observed associations with green spaces are important

as they are largely preventable.

By unraveling the dynamics between green space exposure and child health outcomes, my
research aims to contribute valuable insights that extend beyond academic knowledge. The
findings could serve as a foundation for developing public awareness campaigns that

emphasize the diverse health benefits of green spaces. Importantly, the study of green



space seamlessly aligns with the Sustainable Development Goal, emphasizing the role of
green space in environmental conservation, community well-being, and addressing health
challenges comprehensively. Through this endeavor, this thesis not only contributes to
academic discourse, but also to raise public awareness. It encourages communities to
actively engage with and preserve green spaces for the benefit of present and future
generations. Additionally, my research provides valuable evidence for policy making,
interventional recommendations, and urban planning initiatives aimed at enhancing

children’s health and minimizing health inequity.



Chapter 2. Review of green space and health in children

Chapter 1 introduced the urban challenges on children and the role of green space in
improving different aspects of health. In Chapter 2, a systematic review, published in
Environmental Pollution after peer review 21, is presented with supplementary materials

available in Appendix 1 of this thesis.

This systematic review was the first and the most comprehensive summary of the
associations between green space exposure and physical and mental health in children. A
thorough research of studies indexed in MEDLINE and EMBASE up to April 11, 2022,
identified 9,291 studies, with 140 articles from 28 countries included in this systematic review

and meta-analysis.

Unlike previous reviews with a narrower focus on specific health outcomes, this review
embraces a broader perspective, exploring diverse health endpoints associated with green
space exposure, including but not limited to mental and cognitive development, nutritional
status, allergic and respiratory outcomes, and circulatory health. It incorporates additional
health outcomes identified in recent studies and provides an overview of methods for
measuring green space exposure, along with the mechanisms linking green space to various

health endpoints.

A critical contribution of the review is the comprehensive evaluation of the quality of current
evidence, including a thorough assessment of risk of bias. The study extracts reported
associations (e.g., relative risk, odds ratio, or correlation coefficient) and their corresponding

confidence intervals, pooling original effects through meta-analysis. Visualization tools, such



as maps and figures, depict the distribution of studies across designs, health outcomes,

years, and countries.

The review identifies key research gaps, including inconsistencies in evidence, a
predominant focus on green space quantity, potential bias in studies relying on subjective
health indicators, limited exploration of mechanisms and environmental factors, and a
scarcity of subgroup analyses to identify susceptible populations, particularly those with
socio-economic disadvantages. The findings of this chapter provide the background to the

subsequent original research to be presented in Chapters 3-6.
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ABSTRACT

An increasing body of evidence has linked greenspace and various health outcomes in children and adolescents, but the conclusions were inconsistent. For this
review, we comprehensively summarized the measurement methods of greenspace, resultant health outcomes, and potential mechanisms from epidemiological
studies in children and adolescents (aged <19 years). We searched for studies published and indexed in MEDLINE and EMBASE (via Ovid) up to April 11, 2022. There
were a total of 9,291 studies identified with 140 articles from 28 countries finally assessed and included in this systematic review. Over 70% of the studies were
conducted in highly urbanised countries/regions, but very limited research has been done in low-and middle-income countries and none in Africa. Measures of
greenspace varied. Various health outcomes were reported, including protective effects of greenspace exposure on aspects of obesity/overweight, myopia, lung
health, circulatory health, cognitive function, and general health in children and adolescents. The associations between greenspace exposure and other health
outcomes were inconsistent, especially for respiratory health studies. We pooled odds ratios (OR) using random-effects meta-analysis for health outcomes of asthma
(OR = 0.94, 95%CI: 0.84 to 1.06), allergic rhinitis (OR = 0.95; 95% CI: 0.73 to 1.25), and obesity/overweight (OR = 0.91, 95%CI: 0.84 to 0.98) with per 0.1 unit
increase in normalized difference in vegetation index (NDVI). These associations have important implications for the assessment and management of urban envi-

ronment and health in children and adolescents.

1. Introduction

The experience of childhood is increasingly urban. Unique to our
time, over half the world’s population - including more than a billion
children — now live in urban areas (UNICEF, 2012). Future increases in
urbanization driven population growth will take place predominantly in
the cities of the developing world. The urban environment presents
significant health challenges, such as increasing air pollution, traffic
noise, and higher temperatures. Children are particularly vulnerable due
to their developing organ systems and behavioural interactions with
their environment (Khreis et al., 2017). The importance of urban
greenspaces as an invaluable resource for delivering sustainable urban
health is acknowledged in the United Nations Sustainable Development
Goals (SDG) Target 11.7 of the SDG states: “provide universal access to
safe, inclusive and accessible, green and public spaces, in particular for
women and children, older persons and persons with disabilities”.

During the past two decades, how greenspaces may be causally
related to health in children and adolescents has become the focus of an
emerging field in environmental health assessment. Pathways linking
greenspace to beneficial health outcomes emphasize three general

* This paper has been recommended for acceptance by Dr. Da Chen.

functions of greenspace by reducing harm, restoring capacities and
building capacities (Fig. S1). (Markevych et al., 2017) In particular,
beneficial associations with greenspace have been observed for chil-
dren’s obesity (Jia et al., 2021) and mental health outcomes (Vanaken
and Danckaerts, 2018). However, inconsistences remain across studies
and locations (Lambert et al., 2017; Hartley et al., 2020). Some even
report opposite associations to different metrics of greenspaces, where
increasing neighbourhood greenspaces level was positively associated
with childhood risk of asthma in one Lithuanian study but inversely
associated with greenspaces (i.e., park) proximity for the same
(Andrusaityte et al., 2016).

While a number of systematic reviews have investigated associations
between children’s health and greenspace, they have some limitations.
First, they have a narrow health outcome focus, investigating a single
disease category, or very similar health endpoints. The specific health
outcomes investigated by the reviews include, obesity (Jia et al., 2021),
respiratory diseases, behavioural problems (Zare Sakhvidi et al., 2022),
neuropsychological development (Luque-Garcia et al., 2022), and
mental health well-being (Vanaken and Danckaerts, 2018; Zhang et al.,
2020). However, some studies have found additional health outcomes in
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children associated with greenspace, which are yet to be incorporated in
a systematic review. For example, researches on the association between
greenspaces exposure and hypertension (Xiao et al., 2020),lung health
(Zhang et al., 2022), and cognitive function (Dockx et al., 2022) in
childhood have accumulating increased. Second, the systematic reviews
do not include the large number of recently published studies on
greenness and health, considering an increasing interest in recent two
years. Third, there is a lack of comprehensive evaluation (e.g. risk of
bias) conducted by prior reviews on the health effects of greenspaces.
Lastly, a number of methods have been used to assess the presence and
proximity of greenspace in epidemiological studies, while the systematic
reviews have not summarized the types of greenspace measurement.
To address these limitations and respond to recent interest and calls
for greater focus on greenspace exposure and health outcomes in chil-
dren and adolescents, this systematic review aims to: summarize the
measurements of greenspace, compile the evidence of an association
between exposure to greenspace and a wide range of early onset of
health outcomes in childhood and adolescence, and explore the research
gaps on how greenspace affects human health at this early stage of life.

2. Methods
2.1. Searching strategy and selection criteria

We followed the Preferred Reporting Items for Systematic Review
and Meta-Analyses (PRISMA) guidelines as a reporting standard for our
systematic literature review.

We searched studies published and indexed in MEDLINE and
EMBASE up to April 11, 2022 via Ovid. We used a combination of
keywords of “greenspace” and “health” and ‘“children/adolescents”
searched in titles and abstracts. Searching terms were partially adapted
from previous systematic literature reviews on greenspace and overall
health outcomes (Rahimi-Ardabili et al., 2021), mortality (Rojas-Rueda
et al., 2019), childhood obesity (Jia et al., 2021), mental health (Mygind
et al.,, 2021), asthma (Hartley et al., 2020), childhood development
(Islam et al., 2020). See Supplementary Table S1 for the complete
searching strategy. We also extended the search to reference lists and
review papers identified for additional relevant citations. The search
was restricted to exposure and related health outcomes in children and
adolescents <19 years of age.

Study selection was completed via a two-step screening process using
Covidence software. We also manually cross-checked the results of the
title and abstract searches, to remove duplicates. Two authors (TY and
PY) independently screened the titles and abstracts, before coming to a
consensus, to determine whether studies should be included. Eligibility

Table 1
Inclusion and exclusion criteria of the review.
Component Included Excluded
Study e Peer-reviewed studies e Experimental studies and
design e Observational studies, i.e., trials

ecological, cohort, cross-sectional,
and case-control studies
Participants e Human studies only
e Study subjects <19 years No health effects were
Or, including a subgroup of subjects reported in subjects <19
<19 years years

Animal studies

.

Exposure e Outdoor greenspace o Indoor greenness at home
o Directly measured greenspace, or private gardens
objectively or subjectively o Indicator of natural space
measured including blue space
e Exposure during childhood or (water)
adolescence (<19 years old)
Outcomes e Objectively diagnosed and/or e No primary or secondary

subjective reported health
outcomes (Table S3)

health outcomes reported
Health outcomes
reported after 19 years of
age
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criteria (Table 1) were also applied to the full-text articles during the
final selection. We included studies if they were original peer-reviewed
journal articles; the exposure of interest was greenspace measured
during early life (<19 years of age); the endpoints of interest were
physical and mental health outcomes. We synthesised evidence based on
health outcomes, thus we kept each record of articles describing
different outcomes from the same study population.

2.2. Data extraction

TY and PY extracted data from eligible studies using a standardized
pre-piloted template, covering the following information for each cita-
tion: the first author’s name, publication year, country, study design,
sample size, case definition, number of cases/outcomes, age range, sex,
follow-up time (where applicable), exposure measurement, and health
outcomes. We summarized overall findings (direction and statistical
significance) in fully adjusted models, unless only unadjusted models
were available. We also extracted mediating and confounding cova-
riates, if assessed in the main models.

2.3. Effect measures

We extracted the reported associations (e.g. relative risk (RR), odds
ratio (OR), or correlation coefficient) and their corresponding confi-
dence intervals as the acceptable effect sizes in this study. In the case of
reporting crude and adjusted associations for specific exposure-outcome
pairs, we preferred the most complete adjusted one which did not
include the mediators in the model. We summarized the results of each
exposure-outcome pair in Table S4. For studies including more than one
metric, we presented multiple results. Based on each exposure-outcome
pair estimate, we conducted meta-analyses separately for estimates that
were largely harmonized. To be specific, we extracted and pooled
original effects from individual studies using the inverse variance
method. We then standardized all effect estimates (EE) unit to a 0.1
increase in NDVI within 500 m buffer distance according to the
following formula:

EEs[andardized = exp (ln(EEnrigin)/increaseorigin * increasexmndardized) (1)

2.4. Study risk of bias assessment

To provide a transparent risk of bias (ROB) assessment, we adopted
the methodology from Navigation Guide framework (Woodruff and
Sutton, 2014) for systematic reviews of observational studies in envi-
ronmental health. We assessed risk of bias on the individual study level
in five domains, mainly from exposure, outcome, and confounding bias
domains (Table S2). Each domain was categorized as “low”, “probably
low”, “probably high”, or “high” risk according to specific criteria. Only
studies with most of other criteria classified as “high” or “probably high”
were excluded from current systematic review.

3. Results

We summarized the study selection process in Fig. 1. The initial
searches resulted in 9,291 records and 8,324 remained after removing
duplicates, based on title/abstract screening. Full texts of 263 poten-
tially relevant articles were reviewed, and 140 articles were finally
included for this systematic review.

3.1. Study characteristics

All studies were published after 2007, and the number of studies has
increased with the years (Fig. 2). Of 140 studies, 103 (>70%) were
conducted in North American or European countries, 34 in the Asia-
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Fig. 1. Study selection diagram.

Pacific region (including 15 in China, 12 in Australia, 3 in South Korea, 3
in New Zealand, one in Nepal), two in Iran and one in Argentina (Fig. 2).
Although research on greenspace exposure among children has begun to
increase, limited work has explored potential effects in low- and middle-
income countries.

A) Number of studies across study designs and health outcomes
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Study samples were mostly a balanced proportion of boys and girls,
although gender proportion was not reported in a few studies. Two
studies were only conducted in boys (Bushover et al., 2020; Gernes et al.,
2019). The most frequently utilised design was cross-sectional design (n
= 74); other designs used were cohort (n = 41), case-control (n = 3) and
ecological (n = 8). Detailed study characteristics and main results are
summarized in Table S4 tabulated by health outcome categories.

The result of study risk of bias assessment is shown in Fig. S2.
Overall, none of the studies was excluded due to probably low risk of
bias across five domains. The major concern about the study quality lies
in exposure assessment. Most of the studies used more than one objec-
tively metrics of greenspace exposure, however, few of them assessed
using well-established methods that directly measure exposure (e.g.,
greenspace quality and type, greenspaces visits).

3.2. Greenspace measurement

Exposure to greenspace was measured in the majority of studies
reporting at least one objective or subjective parameter. Only a limited
number of studies (n = 11) used an objective measure of greenspace
(Schule et al., 2016; Aggio et al., 2015; Gubbels et al., 2016; Zach et al.,
2016; Feng and Astell-Burt, 2017a; McEachan et al., 2018; Feng and
Astell-Burt, 2017b; Feng and Astell-Burt, 2017c; Putra et al., 2022a;
Putra et al., 2022b; Feng et al., 2022). Perceived greenspace was a
student- or parent-led definition of greenspace quantity and quality.
Continuous vegetation indices such as Normalized Difference Vegeta-
tion Index (NDVI), Enhanced Vegetation Index (EVI), Soil-Adjusted
Vegetation Index (SAVI) derived from remote-sensing satellite images
(n = 85) were the most common measures. These variables of

B) Number of studies across years
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Fig. 2. The number of studies on this topic across A) study designs and health outcomes, B) years of publication, and C) countries.
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greenspace were measured within buffers of different sizes around a
residential address, varying from 100 m to 3000 m. Some studies
checked the robustness of results by using different buffers, and similar
results were observed (Markevych et al., 2020), whereas others found
the associations differed across buffers (Gernes et al., 2019). Measures of
greenspace coverage (n = 58), proximity to greenspace (n = 32),
perceived greenspace (n = 12), greenspace visits (n = 5), and street view
vegetation index (n = 4) were also used (Table 2).

Ecological studies generally only measured greenspace within census
tracts (Markevych et al., 2018). Most observational studies (n = 103),
only considered residential surrounding greenspace only, typically the
mean NDVI within a buffer around the home address. Some studies (n =
21), examined the health impact of both residential and school/-
kindergarten greenspace exposures on children. Of these, two involved
greenspace exposure surrounding the residence, within/around school,
and during commuting based on mode of travel to and from school
(Dadvand et al., 2017a; Dadvand et al., 2015).

3.3. The effects of greenspace on child health

A wide range of health outcomes was measured in the included
studies (Figs. 2a and 3). Health outcomes were grouped into five cate-
gories of: (1) mental health (n = 53), (2) nutritional status (n = 36), (3)
allergic and respiratory outcomes (n = 28), (4) circulatory health (n =
10), and (5) others, such as general health, myopia and astigmatism,
sleep quality, inflammatory bowel diseases, and leukaemia incidence
that did not fit into the above categories (n = 6).

3.3.1. Mental health

Mental health outcomes were measured in 53 studies, consisting of
16 cohort, 34 cross-sectional and 3 ecological studies. The outcomes
assessed by observational studies were categorized as: (1) mental and
behavioural disorders, including depression, anxiety, attention deficit
hyperactivity disorder (ADHD), psychological distress, or problematic
behaviours (Bushover et al., 2020; Aggio et al., 2015; Gubbels et al.,
2016; Zach et al., 2016; Feng and Astell-Burt, 2017a; Feng and
Astell-Burt, 2017b; Markevych et al., 2018; Amoly et al., 2014; Balse-
viciene et al., 2014; Markevych et al., 2014a; Younan et al., 2016; Larson
et al., 2018; Bezold et al., 2018; Yang et al., 2019; Srugo et al., 2019;
Weeland et al., 2019; Mueller et al., 2019; Donovan et al., 2019; Liao
et al., 2019; Lee et al., 2019; Wang et al., 2019; Madzia et al., 2019;
Sajady et al., 2020; Thygesen et al., 2020; Liao et al., 2020; Franklin
et al., 2020; Andrusaityte et al., 2020; Reuben et al., 2020; Hartley et al.,
2021; Yuchi et al., 2022; Naya et al., 2022; Wiley et al., 2022), and (2)

Table 2

Outdoor greenspace measurements in observational studies.
Measurement Description No.
NDVI, EVI, SAVI Continuous vegetation index deriving from remote- 85

sensing images. Main data sources: MODIS, Landsat

Surface Reflectance, etc.

The rate/proportion/percentage (%) of greenspaces 58
within a specific boundary. Main data sources: land
use/land cover with ‘greenery’ categories, eg, forest,

grass, parkland.

Accessibility and availability to the nearest 32

Greenspace
coverage

Proximity to

greenspace greenspaces, eg., the distance to the nearest park
(metres/miles), living within a walkable distance from
greenspaces (Y/N).
Perceived Student- or parent-led definition of greenspace 11
greenspace quantity and quality.
Greenspace visit eg. frequency of visits to greenspaces, time durationin 5
greenspaces
Street view green Vegetation index calculated from street view images, 4
index eg., Google Street View, Tencent Street View (China)

*NDVI, Normalized Difference Vegetation Index; EVI, Enhanced Vegetation
Index; SAVI, Soil-Adjusted Vegetation Index; MODIS, Moderate Resolution Im-
aging Spectroradiometer satellite.
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development of mind, i.e. cognitive, language, motor, and social abili-
ties (Dockx et al., 2022; Dadvand et al., 2015; Ward et al., 2016; Dad-
vand et al., 2017b; Scott et al., 2018; Dadvand et al., 2018; Reuben et al.,
2019; Dadvand et al., 2019; Julvez et al., 2021; Asta et al., 2021; Nordbo
etal., 2020; Lee et al., 2021; Anabitarte et al., 2022; Bijnens et al., 2022;
Binter et al., 2022).

Studies linked greenspace exposure to children’s mental health by
collecting ranked scores reported by children or guardians based on
scales, such as Strengths and Difficulties Questionnaire (SDQ) (Mueller
et al., 2019; Sajady et al., 2020; Andrusaityte et al., 2020), Child
Behaviour Checklist (CBCL) (Younan et al., 2016; Lee et al., 2019; Liao
et al., 2020), Spence Children’s Anxiety Scale (SCAS) (Hartley et al.,
2021), Digit Span Task-Backwards (DSB) (Faber Taylor and Kuo, 2009),
and Wechsler Intelligence Scale (Asta et al., 2021). Two cohort studies
investigated the protective effects of greenspace exposure against ADHD
by objective definition of diagnosed ADHD in hospital (Thygesen et al.,
2020) or receiving ADHD drugs (Donovan et al., 2019). Similarly,
cross-sectional studies assessed the association between diagnosed
ADHD symptoms in early childhood and residential greenspace (Mar-
kevych et al.,, 2018; Reuben et al., 2020). Dadvand et al. used
high-resolution 3D magnetic resonance imaging to determine regional
differences in brain volume, which partly overlapped with performance
in cognitive tests, associated with greenspace exposure (Dadvand et al.,
2018).

Most epidemiological studies observed a statistically significant as-
sociation between greenspace exposure and mental health with at least
one outcome, or one notable effect in the expected direction. Several
potential mechanisms supporting the beneficial impacts of greenspace
availability on mental health have been discussed (Fig. 3), (Yang et al.,
2021) mainly through three potential pathways: First, greenspace could
reduce harms from environmental hazards (i.e., air pollution, traffic
noise, extreme heat) — factors that are stronger and more prevalent in
urban areas. Second, greenspace promoted building capacities by facil-
itating physical activities and social cohesion. Third, greenspace affor-
ded restorative experience and stress reduction. Although not in
children, positive associations between greenspace and mental health
have been reported, that were mediated by microbiome diversity
(Pearson et al., 2020), which may positively influence cognitive devel-
opment (Asta et al., 2021).

However, results from several recent studies also showed adverse
effects. Larson et al. noted that greenspace coverage increased the risk of
anxiety in children with autism, but not in typically developing children
(Larson et al., 2018). Another cross-sectional study reported that higher
greenspace exposure in neighbourhood was associated with slightly
increased odds of perpetuating violence by threatening or injuring
someone with a weapon in American male youths (Bushover et al.,
2020). Limited in number, the potential mechanisms underlying
greenspace and adverse mental health remain unclear. A possible
explanation for the observed greater anxiety in children with autism,
was discussed by Xu et al. (2017). The authors proposed that higher
surrounding green coverage, like trees, might be positively correlated
with the presence of shielded areas (Xu et al., 2017), providing an op-
portunity for crime away from the eyes of guardians, which generates
greater concerns about children’s safety, especially for girls (Larson
et al., 2018).

Null associations were also observed by some studies, where neigh-
bourhood greenspace was neither protective nor promoted cognitive
development (Reuben et al., 2019), self-rated mental health (psycho-
logical distress, suicidal ideation, and suicide attempts) (Srugo et al.,
2019), or externalizing behaviour problems (Weeland et al., 2019). A
number of factors may influence these null results. First, not all green-
ness is equal. The type and quality of greenspace may modulate the
impact of greenspace on mental health (Srugo et al., 2019). Second,
greenspace use may be a more important factor. Families living in
greener places, especially in suburbs, may be concerned about children’s
safety and thus prevent them from spending time outdoors (Balseviciene
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Fig. 3. Potential pathways linking greenspace to health outcomes in children. Factors in red font are potentially related to adverse effects on health. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

et al., 2014). Third, socioeconomic status of the family may partially or
fully mediate the effects of greenspace, where families living in less
deprived neighbourhoods tend to enjoy high quality green environments
(Reuben et al., 2019).

3.3.2. Nutritional status

Mechanistically, exposure to greenspaces may promote outdoor ac-
tivities through three pathways. They provide more suitable facilities
and locations, reduce harmful environmental exposures by mitigating
air pollution, noise, and extreme heat, and they reduce mental stress (Jia
et al., 2021; Bao et al., 2021). All these beneficial effects of greenness
could be involved in the pathophysiologic pathways of adiposity in
children and adolescents (Fig. 3).

Nutritional and metabolic health outcomes were measured in 36
studies, including 12 cohort/longitudinal studies. Measures of obesity/
overweight (n = 19) were commonly calculated from body mass index
(BMI) that accounted for height, weight, sex and age. The BMI calcu-
lations used by the studies were not consistent. Calculations were based
on multiple references, including the World Health Organization (Bao
et al., 2021; Melo et al., 2021; Jacobs et al., 2021; Vrijheid et al., 2020;
Ribeiro et al., 2020; de Bont et al., 2020; Manandhar et al., 2019), the US
Centers for Disease Control and Prevention (Reuben et al., 2020; White
et al., 2021; Paciencia et al., 2021; Yang et al., 2018; Ortega Hinojosa
et al., 2018; Goldsby et al., 2016; Wasserman et al., 2014; Kim et al.,
2014; Colabianchi et al., 2014; Lovasi et al., 2013; Kowaleski-Jones and
Wen, 2013; Lovasi et al., 2011; Liu et al., 2007), Cole’s International
Obesity Task Force cutoffs (Schule et al., 2016; Bloemsma et al., 2019a;
Schalkwijk et al., 2018; Petraviciene et al., 2018; Dadvand et al., 2014),
the UK weight reference (Wilding et al., 2020; Mears et al., 2020), and
Kromeyer-Hauschild reference (Germany) (Zhou et al., 2020; Gose et al.,
2013). A number of other outcomes were also measured by some studies:
Continuous BMI and/or BMI trajectory (Ward et al., 2016; Sanders et al.,
2015a; Armstrong et al., 2015; Epstein et al., 2012; Duncan et al., 2012;
Wolch et al., 2011; Bell et al., 2008; Molina-Garcia et al., 2021), waist
circumference(n = 3) (Bao et al., 2021; Vrijheid et al., 2020; Sanders
et al., 2015b), waist-to-height ratio(n = 2) (Ward et al., 2016; Sanders
et al., 2015b), skinfold thickness(n = 2) (Vrijheid et al., 2020; Lovasi
etal., 2011), body fat mass(n = 2) (Vrijheid et al., 2020; Paciencia et al.,
2021), body fat percentage(n = 1) (Paciencia et al., 2021), and insulin

resistance(n = 1)114.

Results from above studies were mixed. Most studies found increased
exposure to greenspace had a beneficial health association for at least
one anthropometry attribute (Schule et al., 2016; Reuben et al., 2020;
Bao et al., 2021; Jacobs et al., 2021; Ribeiro et al., 2020; de Bont et al.,
2020; Manandhar et al., 2019; White et al., 2021; Paciencia et al., 2021;
Yang et al., 2018; Wasserman et al., 2014; Kim et al., 2014; Colabianchi
et al., 2014; Lovasi et al., 2013; Lovasi et al., 2011; Liu et al., 2007;
Bloemsma et al., 2019a; Schalkwijk et al., 2018; Petraviciene et al.,
2018; Dadvand et al., 2014; Wilding et al., 2020; Mears et al., 2020;
Zhou et al., 2020; Sanders et al., 2015a; Armstrong et al., 2015; Epstein
et al., 2012; Wolch et al., 2011; Bell et al., 2008; Sanders et al., 2015b;
Zhou et al., 2021a). Studies with null results (n = 7) all used BMI
measures, either objective (Ward et al., 2016; Vrijheid et al., 2020;
Kowaleski-Jones and Wen, 2013; Gose et al., 2013) or subjective (Melo
et al., 2021; Duncan et al., 2012). We performed a meta-analysis of 5
studies investigating obesity/overweight and surrounding NDVI in 500
m buffer. We found a 0.1-unit increase in NDVI was associated with
lower odds of obesity/overweight in children (OR = 0.91, 95%CI: 0.84
to 0.98, 12 = 7%) (Fig. S3).

Confounding effects of sex, age, social-economic status (SES), and
mediation effects of physical activity, air pollution were explored in
some studies to explain the inconsistency in results. Almost all studies
analyzed the effect modification of sex and age, and sex variations were
found in some (Lovasi et al., 2013; Sanders et al., 2015a; Wolch et al.,
2011; Zhou et al., 2021a). This potentially suggests greenspace and their
facilities, may have different attractions for boys’ and girls’ interactions
(Sanders et al., 2015a). Some studies measured SES using family level
characteristics (Schule et al., 2016; Reuben et al., 2020; Kim et al., 2014;
Kowaleski-Jones and Wen, 2013; Lovasi et al., 2011; Schalkwijk et al.,
2018; Dadvand et al., 2014; Sanders et al., 2015a; Sanders et al., 2015b),
such as single parents, parental educational levels, occupations, house-
hold sizes, family incomes, or number of cars. Some also used markers of
school-level SES (Yang et al., 2018; Wasserman et al., 2014; Schalkwijk
et al., 2018), such as school type (private vs public), or community and
neighbourhood SES (Kim et al., 2014; Liu et al., 2007; Bloemsma et al.,
2019a; Gose et al., 2013; Duncan et al., 2012; Wolch et al., 2011; Bell
et al., 2008) (e.g., poverty, the proportion of whites, residential density,
unemployment rate, crime events/rate). Some studies found evidence
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that children/adolescents with lower SES potentially had a greater
benefit from surrounding greenspaces, relative to children/adolescents
from higher SES (White et al., 2021; Schalkwijk et al., 2018).

Two studies reported the mediation effects of outdoor air pollutants
i.e., nitrogen dioxide (NO,), fine particulate matter (PMs 5) (Bao et al.,
2021; Bloemsma et al., 2019a). Bloemsma et al. found that NO, weak-
ened the odds of being overweight and residential greenspace in a 3,000
m buffer (Bloemsma et al., 2019a). Similarly, Bao et al. observed a 6.5%
mediation effect of lower level of NO5 and a 29.1% of PM, 5, in the as-
sociations between school greenspace and BMI (Bao et al., 2021).

A recent study examined the relationship between social and phys-
ical environmental attributes of the school environment and childhood
obesity with machine learning and multilevel methods. The distance to
the nearest green space ranked 11th most important, whereas physical
education participation ranked top five across grades (Ortega Hinojosa
et al.,, 2018). This suggests that proximity to greenspace may not
translate into being more active. However, only four studies assessed the
confounding (Melo et al., 2021; Paciencia et al., 2021) or mediating
effects of physical activity (Reuben et al., 2020; Dadvand et al., 2014),
one study controlled sedentary behavior as a confounder (Petraviciene
et al., 2018), and one controlled for screen time and mode of trans-
portation to school (Manandhar et al., 2019).

3.3.3. Allergic and respiratory outcomes

Current evidence on the association of greenspace exposure with
development of respiratory health and diseases is inconsistent, with a
marked heterogeneity both in the direction and strength of associations.
Overall, there were 28 observational studies measuring broad respira-
tory health outcomes with 14 cross-sectional, 9 cohort, 3 case-control,
and 2 ecological designs. Outcomes were allergy and asthma (Andru-
saityte et al., 2016; Gernes et al., 2019; Markevych et al., 2020; Dadvand
et al., 2014; Dzhambov et al., 2020; Hsieh et al., 2019; Yu et al., 2021a;
Eldeirawi et al., 2019; Sbihi et al., 2017; Chen et al., 2017; Li et al., 2019;
Ruokolainen et al., 2015; Squillacioti et al., 2019; Zeng et al., 2020;
Parmes et al., 2020; Feng and Astell-Burt, 2017d; Cavaleiro Rufo et al.,
2021; Aerts et al.,, 2020; Fuertes et al., 2016; Tischer et al., 2018;
Donovan et al., 2018; Gisler et al., 2021), bronchitis (Squillacioti et al.,
2019), pneumonia (Li et al., 2019), lung function (Zhang et al., 2022; Yu
et al., 2021b; Seo et al., 2015; Zhou et al., 2021b; Boeyen et al., 2017;
Fuertes et al., 2020; Cilluffo et al., 2022), nasal and pulmonary symp-
toms (Cilluffo et al., 2018).

Asthma was the most commonly diagnosed or self-/parent-reported
symptom, but the results were inconsistent. Although some studies re-
ported a higher risk of asthma (Andrusaityte et al., 2016; Hsieh et al.,
2019; Parmes et al., 2020), others reported protective effects with
higher greenspace coverage (Dzhambov et al., 2020; Eldeirawi et al.,
2019; Squillacioti et al., 2019; Zeng et al., 2020; Feng and Astell-Burt,
2017d; Cavaleiro Rufo et al., 2021; Donovan et al., 2018) and accessi-
bility to greenspace (Li et al., 2019). A recent large-scale cross-sectional
study in China reported that grass exposure had an increased risk of
doctor-diagnosed asthma and current asthma, while tree exposure was
negatively associated (Yu et al., 2021a).

Very few studies have examined the relationship between green-
space and children’s lung function. Five observational studies of lung
function which was measured objectively by spirometry, observed better
lung function and reduced impairment with higher greenspace expo-
sure, Three studies were based in China, 13,134136ne in Italy (Cilluffo
et al.,, 2022), and one in the UK. (Fuertes et al., 2020) Another
cross-section study in Australia using the forced oscillation technique
(FOT), found no associations between FOT outcomes and greenspace
(Boeyen et al., 2017).

Several mechanisms supporting the beneficial impacts of greenspace
availability on respiratory health have been discussed, mainly through
mitigating the impacts of air pollution and extreme weather events, and
facilitating physical activity (Fig. 3). (Yang et al., 2021) Thus, the po-
tential confounding effects of air pollution, such as PMs 5 and NOo, were
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considered in the associations between greenspace exposure and respi-
ratory health (Gernes et al., 2019; Markevych et al., 2020; Dzhambov
et al., 2020; Hsieh et al., 2019; Yu et al., 2021a; Li et al., 2019; Zeng
et al., 2020; Parmes et al., 2020; Aerts et al., 2020; Fuertes et al., 2016;
Gisler et al., 2021; Yu et al., 2021b; Zhou et al., 2021b). Although air
pollution regulated the mediation effects in most studies, a substantial
relationship with greenspace remained (Li et al., 2019; Parmes et al.,
2020; Feng and Astell-Burt, 2017d; Fuertes et al., 2016; Fuertes et al.,
2014). Large-scale cohort evidence from nine pooled European cohorts
estimated that an increase in greenspace coverage was significantly
associated with increased odds of childhood wheezing, asthma, and
allergic rhinitis, adjusted for residential outdoor NO3 or PM3 5 (Parmes
et al., 2020).

Another potential reason for the associations between greenspace
and lower risk of allergic symptoms is that greenness protects against
inflammatory responses through more diverse microbial exposure (Zeng
et al., 2020). The mechanisms underlying greenspace and adverse res-
piratory health received less attention and remain unclear. A mecha-
nistic bias in asthma prevalence could be attributable to allergens, such
as pollen, due to high vegetation biomass, species richness (e.g., trees,
grasses, flowers), and microbial biodiversity in greenspaces (Dzhambov
etal., 2020; Yu et al., 2021a). Furthermore, the most recent cohort study
by Lambert et al. found that adolescents with high residential greenness
were more susceptible to the effects of grass pollen on lung function
(Lambert et al., 2021).

In our meta-analysis, the ten studies (5 cohort and 5 cross-sectional)
which used the same measure of residential greenspace exposure (NDVI
at a buffer of 100 m) were meta-analyzed after standardisation. The
meta-analysis showed no significant overall association between asthma
and NDVI (OR = 0.94, 95%CI: 0.84 to 1.06, Fig. S4). This result was
significantly heterogeneous (I> = 86%, p-value < 0.01), and the het-
erogeneity persisted when considering cross-sectional studies (OR =
0.95; 95% CI: 0.80 to 1.13; 12 = 71%) and cohort studies (OR = 0.94;
95% CI: 0.75 to 1.19; I2 = 92%) separately. Similarly, the pooled effects
of allergic rhinitis showed no significant associations with NDVI for four
cohort studies (OR = 0.95; 95% CI: 0.73 to 1.25; I? = 88%) and for three
cross-sectional studies (OR = 0.93; 95% CI: 0.76 to 1.15; I? = 82%)
(Fig. S5).

3.3.4. Circulatory health

In children and adolescents, how the urban greenspace may affect
cardiovascular health is less investigated, consisting of two cohort
studies (Markevych et al., 2016; Bloemsma et al., 2019b) and eight
cross-sectional studies (Xiao et al., 2020; Markevych et al., 2014b;
Abbasi et al., 2020; Warembourg et al., 2021; Ribeiro et al., 2019; Luo
etal., 2022; Dzhambov et al., 2022; Chen et al., 2022). Children’s blood
pressure and risk of hypertension (Xiao et al., 2020; Markevych et al.,
2014b; Abbasi et al., 2020; Warembourg et al., 2021; Luo et al., 2022;
Dzhambov et al., 2022; Chen et al., 2022), blood lipids (Markevych
et al., 2016), a combined cardiometabolic risk score,144and an allostatic
load index representing four regulatory systems (Ribeiro et al., 2019)
were the indicators measured in the studies reviewed. Among these,
three studies from China reported significantly beneficial effect on blood
pressure and lower odds of hypertension from greater greenspace sur-
rounding schools (Xiao et al., 2020; Luo et al., 2022; Chen et al., 2022).
Similarly, Dzhambov and colleagues suggested that higher greenspace
coverage in residential and school surroundings helped maintain normal
blood pressure in children based on findings from samples in Austrian
and Italian mountain valleys (Dzhambov et al., 2022). Another observed
lower blood pressure in clusters with better urban environment i.e., low
in air pollution, traffic noise, and high in greenspace (Warembourg
et al., 2021). Others found non-significant associations.

Though there was insufficient evidence to draw firm conclusions, a
growing body of research suggests that exposure to greenspace is
beneficial on cardiovascular health for general population (Zhao et al.,
2022). The presence of greenspace improves ambient air quality,
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mitigates noise and extreme heat, reducing some of the cardiovascular
disease risks associated with such exposure (Ribeiro et al., 2019).
Additionally, neighbourhood greenspace may provide more opportu-
nities and motivation to increase physical activity and social connection,
alleviate stress, and promote relaxation (Fig. 3). (Warembourg et al.,
2021)

3.3.5. Other health outcomes

A few studies (n = 6) including one cohort study reported more
general health outcomes (Fig. 3). All studies measured health subjec-
tively. Of these, three revealed that characteristics of the greenspace
exposure, including higher greenspace coverage (Feng and Astell-Burt,
2017¢; Andrusaityte et al., 2020; Tillmann et al., 2018), perceived
greenspace quality (Feng and Astell-Burt, 2017¢; Putra et al., 2022a),
and more greenspace visiting (Andrusaityte et al., 2020), showed sig-
nificant protective effects. Morbidity (Maas et al., 2009), hospital ad-
missions (Putra et al., 2022b), sleep sufficiency and quality (Feng et al.,
2020; Mayne et al., 2021), myopia and astigmatism (Dadvand et al.,
2017a; Huang et al., 2021), development and maturity (Christian et al.,
2017; Kabisch et al., 2019), leukaemia incidence (Ojeda Sanchez et al.,
2021), and gastrointestinal tract problems (Cociancic et al., 2021; Elten
et al., 2021) were other outcomes measured.

Although evidence is inadequate to draw firm conclusions, green-
space could serve as a habitat/barrier for disease vectors that increase
the rate of infections (Gisler et al., 2021; Cociancic et al., 2021). A
protective effect of greenspace on myopia was consistent from current
evidence. Dadvand et al. investigated association between exposure to
greenspace and the use of spectacles by 2,727 school children in Spain.
They observed reductions in the risk with higher contact with green-
space at baseline and during a three-year follow-up period (Dadvand
et al., 2017a). A most recent cross-sectional study in China (n = 53,575)
reported the benefits of higher residential greenspace coverage on
myopia and astigmatism in preschool children, although the benefits
were partially mediated by screen time (Huang et al., 2021). Greenspace
proximity has also been associated with increased time children spent
outdoors (Dadvand et al., 2014), and less non-educational screen time
(Aggio et al., 2015), which in turn were associated with reduced risk of
myopia.

4. Discussion
4.1. Key findings

This systematic review identified 140 articles from 28 countries. We
conducted a most comprehensive evaluation of currently available data
on the association between greenspace exposure and a range of health
outcomes. The health outcomes examined by our systematic review
includes nutrition, respiratory, circulatory, and mental health, in chil-
dren and adolescents. Publication trends indicated a rapidly growing
interest in greenspace exposure and health research in children and
adolescents worldwide, especially during the past decade. However,
over three-quarters of the studies were conducted in highly urbanised
locations, primarily based in North American and European countries.
Low- and middle-income countries and more specifically South Amer-
ican, Middle Eastern, and African countries were underrepresented in
the literature.

To date, there is no standardized definition of “greenspace exposure”
consistently applied by epidemiological studies, systematic reviews and
meta-analyses. A range of objective measures of surrounding greenness
coverage and/or access to greenspace were used by the studies. Green-
space measures were derived from remote sensed vegetation indicators
including NDVI and land use/land cover maps. The geographic unit of
measurement used to represent children and adolescents’ accessible
neighbourhood areas also varied, including circular buffers, pre-defined
small administrative areas, and street network buffers. More recent
studies utilised newly developed greenspace metrics, such as green view
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index. The metric is derived using a computational method based on
deep learning in artificial intelligence, and evaluates the ground-level
greenspaces seen by residents (Yu et al., 2021b).

Overall, greenspace has been increasingly recognized to be associ-
ated with physical and mental health in children and adolescent. Studies
suggest that better contact with greenspaces may reduce the risk of
childhood adiposity and improve general health. While multiple studies
have assessed associations of greenspace with respiratory health and
mental health, the results were inconsistent. Some studies showed
beneficial effects but the others reporting null or negative associations.
Evidence for other outcomes like cardiovascular health, and infectious
diseases were limited and not conclusive warranting further
investigation.

4.2. Limitation of the body of evidence

The measurement of greenspace availability is a key issue in
assessing health effects of greenness exposure. In many cases, exposure
to greenspace was assessed on a very local scale. Metrics assumed that
youth spent the majority of their time within the immediate vicinity of
the home, often less than 1000 m. For example, many studies used
residential surrounding greenness as a surrogate for general outdoor
greenspace exposure. This metric was defined as the mean NDVI value in
a circular buffer around each participant’s home address, generally
limited to a distance of 100 m-500 m. Restricting greenness metrics to
small local areas may however limit the effectiveness of studies to
identify health associations, given the importance of considering
broader neighbourhood contexts, as highlighted by other studies (Wu
and Jackson, 2017). A second limitation with using a circular buffer
distance metric, is it may not reflect the active/passive commuting
patterns (e.g., walking, cycling, private car, public transport) of chil-
dren. Commuting patterns may be less related to greenspace connec-
tivity and instead span a wider spatial range, without an optimal
“buffer”. An additional limitation of studies based on the residential
surrounding greenness metric, was the exclusion of school-based
greenspaces. School environments provide an important opportunity
for promoting healthy development (Scott et al., 2018), however, the
present review identified few studies (n = 25) examining health status in
children related to greenspace at school.

Moreover, the measures of greenspace used in the studies primarily
focused on the amount available and not on the quality of greenspace (e.
g., type, function, structure, and constituents) (Sanders et al., 2015a).
The usability of the green area may influence health outcomes in chil-
dren differently. Additionally, most studies did not consider the quality
of the greenspace and its importance to the children. The few studies
who did (n = 9), used surveys to measure perceived greenspace quality,
as reported by the study participants. Only considering environmental
attributes rather than actual exposure (i.e., frequency, intensity, and
duration) could not yield additional insights regarding the engagement
with green exposure (Andrusaityte et al., 2020). A further consideration
for greenspace studies, is the stability of the landscape over time.
Though greenness coverage and green landscapes may be relatively
stable over time in well-developed regions, some developing countries
like China have seen an unprecedented urbanisation rate, which may
result in rapid greenspace deprivation. If there are significant changes in
landscapes over relatively short periods, it may be that cross-sectional
studies which assess greenspace exposure at a single point in time pro-
vide insufficient evidence for establishing a causal inference.

Consistent with other disciplines, the use of surveys to collect sub-
jective health outcome indicators may lead to some bias in the results.
The gold standard would be to collect objective data, rather than sub-
jectively reported data. Child-reported measures could result in less
reliable, or even invalid indicators (Duncan et al., 2012), attenuating the
strengths of any observed associations (Andrusaityte et al., 2020).
Reliance on guardian reports for their child’s health indictors may also
result in misclassification for some outcomes. For example, caregivers of
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overweight children tended to underreport child’s weight (Bloemsma
et al., 2019a) and parents of children with clinically diagnosed mental
disorders tended to underreport these conditions (Reuben et al., 2020).

The inconsistency of the analyses used by the studies to assess as-
sociations, was also considered a limitation. Different studies, controlled
for different confounding factors, have been controlled for, which may
impact the results obtained. Evidence of effect modification via chil-
dren’s sociodemographic characteristics such as age, sex, and SES on
associations between greenspace variables and health outcomes was
inconsistent. Studies on other potential confounders or mediators, such
as health-related behaviours (e.g., physical activity, social cohesion),
indoor environmental attributes (e.g., certain allergens, combustion and
disinfectant by-products, household pets) were limited. Additionally,
due to factors such as sparsity of human settlements and differing life-
styles, greenspace typically available in rural areas can have very
different physical characteristics and contrasting social connotations,
compared to greenspace in urban areas. These distinctions between
urban and rural greenspaces and the manner in which their residents
interact with them should be considered when designing studies and
interpreting their results.

4.3. Future perspectives

Firstly, further research assessing associations between greenspace
and health in low- and middle-income countries/regions are highly
warranted. This could include testing potential mediators and effect
modifiers informed by the climatically, economically, and culturally
varying contexts across different levels of urbanization. Secondly,
studies should also make an effort to draw a more specific and suitable
greenspace exposure. We recommend further thorough investigations
applying subjective and objective means of data collection, enabling the
comparison between different metrics of greenspaces exposure and the
“optimum” for a specific study. Objective metrics could be used to
quantify greenspace coverage and accessibility, as well as to differen-
tiate the types of greenspaces (e.g., parks) within a neighbourhood
context. Subjective measurement is of growing interests for giving an
insight into the ways and frequency of using greenspace. Thirdly, the
evidence on greenspace exposure and other health outcomes worth
investigation given the indirect effect of greenspace exposure on chil-
dren’s health. For example, though not included in this systematic re-
view, recent studies have seen growing interest in potential benefits of
residential greenspace during the pregnancy on birth outcomes (e.g.,
preterm birth, low birth weight) (Dzhambov et al., 2019). However,
more work needs to be done before conclusive words. Fourthly, mech-
anistic studies would enable understanding the real effect exposure to
greenspace has on children’s health outcomes. Though several pathways
have been discussed to explain the associations, further applications to
disentangle multiple mediators operating are needed to determine how
the different mediators (e.g., air pollution, physical activities, social
connection) interact with each outcome.

4.4. Strengths and limitation

To the best of our knowledge, our systematic review is the first study
to synthesize a comprehensive range of health outcomes during child-
hood and adolescence, associated with greenspaces exposure. Our sys-
tematic review included the most recent evidence on greenspace and
range of health outcomes (nutritional, respiratory, circulatory, mental
health, and others). An important strength of our review is that we
classified various metrics of assessing greenspace exposure in previous
studies. The studies have been assessed based on best practice guidelines
developed specifically for environmental health research. Additionally,
this review summarized the potential mechanisms of greenspaces
exposure in relation to different health outcomes, and has proposed a
variety of biopsychosocial pathways (Fig. S1). Moreover, this review
included studies from all locations, rather than focus on a specific
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country or region. We also suggested more studies exploring the rela-
tionship between greenspace and children’s health should be conducted
in developing countries, where the current stage of rapid urbanization
and the health status of children are noteworthy.

While this review covers a wide array of research and provides
valuable insight on the health impact of greenspace overall, there are
limitations that should be acknowledged. First, we were not able to
perform a meta-analysis for each exposure-outcome pair due to the
heterogeneity of studies (multiple scales defined greenspace differently,
a very wide range of health outcomes, target population in terms of age).
We did however performance meta-analyses and pooled quantitative
effects of NDVI on asthma, allergic rhinitis, and obesity/overweight.
Second, due to lack of study numbers, we were unable to stratify results
according to age group. Though the age range is relatively narrow in this
systematic review, there may be differences in exposure to and salience
of greenspace for children of different ages. Third, only observational
studies were included. Among the initially identified studies, experi-
mental and quasi-experimental study design has been applied mainly to
examine the impact of momentary contact with greenspace on mental
health-related outcomes by measuring the short-term changes in out-
comes such as mood states or inattention (Faber Taylor and Kuo, 2009;
Razani et al., 2019; Bang et al., 2018). In addition, sustained contact
with greenspaces over long periods may be crucial to see clear impacts
on more substantial health outcomes e.g., diagnosed mental disorders,
other non-communicable diseases.

5. Conclusions

This review comprehensively synthesised evidence of associations
between greenspace and health in children and adolescents. Though
inconsistencies remain, protective effects have been reported with
greenspace contacts on childhood obesity/overweight and mental
health. Limited but promising findings also indicate that greenspace
could be beneficial for children’s lung function and circulatory health,
and reducing the prevalence of myopia. Despite the rapid developments
of social, economic, and urbanization in developing countries like
China, socioeconomic-related health inequality has increased. There is
evidence that greenspace may be of more benefit to children with low
family- or neighbourhood-level SES who generally have poor health
status. Thus, environmental improvements could help reduce this
disparity in less developed regions. These findings warrant the attention
of policymakers, urban planners, and public health management.
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Chapter 3. Association between green space and preterm birth

Chapter 2 underscored the insufficient exploration of the impact of residential green space
on birth outcomes, particularly in low- and middle-income countries. Some studies
suggested potential protective effects of maternal exposure to green spaces against preterm
birth. However, inconsistencies persisted, likely attributed to variations in study populations,
exposure measurements, urban versus rural locations, and other factors. There was a
notable gap in understanding how green space influenced birth outcomes and the specific

populations most susceptible to these effects.

Chapter 3 addresses this gap with a nationwide population-based cohort study conducted
in Brazil, aiming to contribute insights to this relatively underexplored area of research. This
study investigates the relationship between area-level green space and preterm birth while
accounting for socioeconomic factors. Detailed findings from the original investigation,
published in Environmental Pollution after peer review %2, are presented in this chapter, with

supplementary materials available in Appendix 2.

The results of the study reveal a significant association between green space exposure and
a reduced risk of preterm birth, with stronger protective effects observed among younger

mothers and those with less education.
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Handling Editor: Admir Créso Targino In the dynamic landscape of maternal and child health, understanding the intricate interplay between envi-
ronmental factors and pregnancy outcomes is of paramount importance. This study investigates the relationship
between maternal greenness exposure and preterm births in Brazil using data spanning from 2010 to 2019.
Satellite-derived indices, including the Normalized Difference Vegetation Index (NDVI) and Enhanced Vegetation
Index (EVI), were employed to assess greenness exposure during whole pregnancy in maternal residential area.
Employing Cox proportional hazard models, we calculated the hazard ratios (HRs) with 95% confidence intervals
(CIs) for changes in NDVI, while adjusting for individual and area-level covariates. In total, 24,010,250 live
births were included. Prevalence of preterm birth was 11.5%, with a modest but statistically significant
decreasing trend (p = 0.013) observed across the nation over the study period. The findings reveal a significant
association between greenness exposure and a reduced risk of preterm birth. Specifically, for every 0.1 increase
in NDVI, there was a 2.0% decrease in the risk of preterm birth (95%CI: 1.9%-2.2%). Stratified analyses based on
maternal education and ethnicity indicated potential effect modifications, with stronger protective effects
observed among younger mothers and those with less years of education. Sensitivity analyses using EVI yielded
consistent results. In conclusion, this study suggests that higher maternal greenness exposure is linked to a
decreased risk of preterm birth in Brazil. These findings imply that enhancing residential greenspaces could be a
valuable public health strategy to promote maternal and child health in Brazil.
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1. Introduction strains on local healthcare services (Chawanpaiboon et al., 2019). Un-

derstanding the factors contributing to preterm birth is crucial for the

Preterm birth is a global public health challenge, with significant
implications for neonatal and long-term health outcomes (Chawanpai-
boon et al., 2019). The World Health Organization (WHO, 2023) esti-
mates that approximately 152 million babies were born preterm in the
last decade, and in 2020 alone, nearly 13.4 million preterm babies were
born worldwide, with nearly 1 million deaths resulting from complica-
tions. This translates to approximately 1 in 10 babies worldwide being
born early (before 37 complete weeks of pregnancy).

Brazil, in particular, has consistently experienced a relatively high
prevalence of preterm birth, with rates exceeding 11.0% (Chawanpai-
boon et al., 2019; Leal et al., 2016; Paixao et al., 2021; Charles et al.,
2023). This heightened prevalence not only poses a significant burden
on affected families but also imposes substantial economic costs and

* This paper has been recommended for acceptance by Admir Créso Targino.

development of effective preventive strategies to reduce both human
and economic burdens associated with this condition.

An expanding body of research indicates that residential greenness,
often referred to as greenspace, is linked to a range of beneficial health
outcomes. These include enhancements in mental health (Yuchi et al.,
2022; Dockx et al., 2022; Callaghan et al., 2021/03), reduced mortality
risks (Gascon et al., 2016; Rojas-Rueda et al., 2019), and favorable birth
outcomes (Ye et al., 2023; Zhang et al., 2022; Hystad et al., 2014).
Pregnancy, as a vulnerable phase characterized by heightened suscep-
tibility to environmental exposures (Dadvand et al., 2012), places spe-
cial significance on birth outcomes for overall population health. The
well-defined exposure window during pregnancy further highlights
the relevance of birth outcomes in assessing the potential impact of
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residential greenness on health (Cusack et al., 2017).

Despite the documented positive associations between residential
greenness and various health outcomes, research into its impacts on
preterm birth remains relatively limited (Ye et al., 2023; Zhang et al.,
2022; Xiao et al., 2022; Villeneuve et al., 2022; Tvina et al., 2021;
Margerison et al., 2021). The potential protective effect of greenness on
preterm birth has primarily been a subject of discussion in high-income
countries, with scarce evidence available from low- and middle-income
countries (Xiao et al., 2022; Zhan et al., 2020). While some studies in
these regions have suggested that maternal exposure to green spaces
may offer protection against preterm birth (Hu et al., 2021), the findings
have been inconsistent (Cusack et al., 2017; Agay-Shay et al., 2014;
Dzhambov et al., 2019; Glazer et al., 2018). These inconsistencies likely
stem from variations in study population, exposure measurement, study
location (e.g. urban vs. rural area), and other factors.

Studies assessing the impact of different buffer distances, commonly
ranging from 50 m to 1000 m, on average exposure calculations have
reported variations in results. In some cases, associations were solely
significant within specific buffer zones, although the models remained
consistent (Markevych et al., 2014; Lin et al., 2020). Conversely, others
found no substantial changes in the strength of the associations for NDVI
across different buffer intervals (Zhang et al., 2022; Villeneuve et al.,
2022). It is worth noting that most studies employed static measures of
greenness, typically from summer months or yearly maximum values,
while only a few included specific exposure estimates during pregnancy
— crucial for examining environmental exposure (Wang et al., 2018/12;
Nieuwenhuijsen et al., 2019a). Furthermore, the majority of these
studies were conducted in single urban areas, leaving uncertainty about
whether residential greenness exerts a similar effect across multiple
urban regions or if associations reflects city-specific characteristics and
population demographics (Ye et al., 2023; Tvina et al., 2021; Donovan
et al., 2019). Given the variations in the environmental characteristics
and diverse socio-cultural context, it remains unclear to what extent
findings from high-income countries can be extrapolated to low- and
middle-income nations like Brazil. Therefore, investigating the role of
greenness in different settings is vital, as it may provide valuable insights
into the potential protective effects of natural environments on birth
outcomes and inform targeted interventions.

Furthermore, socioeconomic factors can significantly influence in-
dividuals’ access to and utilization of green spaces, potentially modi-
fying the relationship between greenness and birth outcomes (Zhan
et al., 2020). These factors including income, education, and ethnicity,
can affect the frequency and manner in which individuals engage with
green spaces (Rigolon et al., 2021). Hence, studying the association
between greenness and PTB in different socioeconomic backgrounds is
critical for understanding potential disparities in health outcomes and
addressing environmental justice concerns.

In response to research gaps and recognizing the potential interplay
between residential greenness, our nationwide population-based cohort
study in Brazil aims to contribute to this filed. We investigated the
relationship between area-level greenness and preterm birth, consid-
ering socioeconomic factors. Utilizing a comprehensive dataset that
encompasses diverse backgrounds and geographical regions across
Brazil, our research offers a unique opportunity to discern the nuanced
relationships between greenness and preterm birth within a dynamic
and complex environment. These insights have the potential to guide
evidence-based interventions, urban planning strategies, and public
health policies not only in Brazil but also in analogous global settings.

2. Material and methods
2.1. Study location
This study was conducted in Brazil. With a population exceeding 200

million people, Brazil ranks among the top seven most populous coun-
tries globally in 2019 (Nations, 2019). However, despite its significant
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population, Brazil’s greenness trends differ from the overall greening
trend observed worldwide. Some studies (Song et al., 2018; Chen et al.,
2019) have highlighted that greening trend in Brazil ranks towards the
bottom due to the browning of its forests and Cerrado (tropical savanna)
biome, despite greening from croplands and pastures. Understanding
these unique dynamics of greenness in Brazil is crucial for investigating
the implications for public health and promoting sustainable land
management practices in this populous nation.

2.2. Study setting and sample

We obtained birth data from the Brazilian Information System on
Live Births (SINASC) (Szwarcwald et al., 2019), covering the period
from January 1, 2010 to December 31, 2019. The dataset included
essential information such as baby’s sex, gestational age, and date of
birth. Maternal information, included maternal age at birth, years of
education, ethnicity, and maternal residential municipality. The data
were collected at the municipality level, which is the smallest spatial
unit for administrative purposes in Brazil. With a total of 5570 munic-
ipalities across the country, each serving as a fundamental administra-
tive division, this dataset ensures nationwide coverage of Brazil.

To adhere to the WHO recommendations, we defined preterm birth
as births occurring before completing 37 gestational weeks. In total,
24,385,833 births were included during the study period. To ensure data
quality and exclude extreme values, we further excluded birth records of
mothers aged below 16 or above 45 years old (Requia et al., 2022) (N =
334,296), and gestational ages below 20 or above 44 weeks (Zhang
et al., 2023a) (N = 41,287).

This study was approved by the Human Research Ethics Committee
at Monash University, Australia. Informed consent was not required.

2.3. Exposure to greenness

For precise measurements, we utilized satellite image-derived
vegetation indices, specifically the Normalized Difference Vegetation
Index (NDVI) and Enhanced Vegetation Index (EVI) from MODIS13ql
product (version 061). In our analysis, we accessed 16-day gridded
NDVI/EVI data with a spatial resolution of 250 m, spanning from
January 2009 to December 2019. Both NDVI and EVI values range be-
tween —1 and 1, with higher values indicating a higher density of
greenness. We removed negative values that represented water bodies.

Recognizing the spatial heterogeneity of greenness distribution and
the varying population density across municipalities in Brazil, we took a
comprehensive approach by calculating the area-level population-
weighted NDVI, instead of relying solely on area-averaged NDVI (Fig. 1).
We obtained annual population counts data at a spatial resolution of 30
arc seconds (approximately 1 km) for the period of 2010-2019 from the
WorldPop project (Lloyd et al., 2019). Supplementary Fig. S1 and Fig. S2
present scatter plots illustrating the relationship between
population-weighted NDVI/EVI and area-averaged NDVI/EV 1. We
observed a high correlation between these two metrics, with a Pearson
correlation coefficient of 0.71 for NDVI and 0.70 for EVI. Area-level
population-weighted NDVI was calculated for every 16 day. We then
averaged the NDVI/EVI exposure during whole pregnancy based on the
participants’ delivery date and estimated conception date derived from
gestational age.

2.4. Area level socioeconomic status

Satellite earth observation data, exemplified by night-time light
(NTL), provides a promising approach to overcome the challenge of
limited data availability on socioeconomic development, particularly in
less developed countries and regions. The utilization of NTL satellite
imagery for socioeconomic studies has seen significant growth over the
past two decades, enabling various applications such as mapping urban
expansion, analyzing population dynamics, tracking electricity
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b. Population-weighted yearly maximum NDVI
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Fig. 1. Locations of study areas and the distribution of overall greenness (a) and area population-weighted greenness (b). Note: For each year, there is a yearly
maximum NDVI. The values presented in this figure refers to the average yearly maximum values in 2019.

consumption, estimating GDP, and measuring poverty (Pérez-Sindin
et al., 2021).

Recent research has demonstrated the effectiveness of NTL as a proxy
for economic activity in low- and middle-income countries, capturing
patterns of economic change at fine levels within developing nations
(Pérez-Sindin et al., 2021; Han et al., 2022). Drawing upon these ad-
vantages, we employed a harmonized global NTL dataset specific to each
birth year (Chen et al, 2021). Likewise, we calculated
population-weighted NTL for each municipality. This area level NTL was
categorized into low, medium, and high level, with ‘high’ indicating a
higher value associated with greater area-level socioeconomic
advantages.

Furthermore, we considered GDP per capita as an area-level indi-
cator of socioeconomic status (SES). Data were collected from the Bra-
zilian Institute of Geography and Statistics and standardized to US
Dollars, accounting for inflation rate (Zhang et al., 2023b).

2.5. Covariates

To account for potential confounding factors, we considered several
variables based on data availability and previous literature. These
included the baby’s sex (girl or boy), maternal age categorized into three
groups (16-25, 26-34, or 35-45), maternal ethnic background (“white”,
“brown”, “black”, “yellow” or indigenous), maternal education years
(<7, 8-11, or > 12), region (North, Northeast, Southeast, South, or
Central West), area level SES (population-weighted NTL and GDP per
capita), season of conception, and year of birth.

2.6. Statistical analysis

Statistical analyses were performed using R (version 4.2.2),
including packages of “survival” and “mvmeta”. We commenced with a
comprehensive descriptive analysis of the key characteristics of the
study participants, distinguishing between preterm and term births.
Subsequently, we employed Cox proportional hazard models to calcu-
late the hazard ratios (HRs) and 95% confidence intervals (CIs) for
changes in NDVI during the entire pregnancy in Brazil. These models
adjusted for both individual and area-level covariates, as described

earlier. The resulting associations were presented as a continuous vari-
able, reflecting a 0.1 increase in population-weighted NDVIL.

In order to explore potential effect modification, we performed
stratified analyses by considering various factors, including baby’s sex,
mother’s age, maternal education, maternal ethnicity, area level SES,
and season of conception. Furthermore, we estimated p-values for the
differences in hazard ratios (HRs) and their 95% confidence intervals
across subgroups using random-effect meta-regression (Xu et al., 2020).
Sensitivity analyses were conducted by rerunning the models with EVI,
following the same procedure employed for NDVIL.

3. Results
3.1. Characteristics of the participants

Our analyses included a total of 24,010,250 births, with 2,767,303
(11.5%) identified as preterm births. We observed a slight variation in
the prevalence of preterm birth between infants’ sex, with rates of
11.1% in girls and 11.9% in boys (Table 1). Maternal age showed a
moderate association with preterm birth, with the highest prevalence
observed among mothers aged >35 years (13.5%). Season of conception
also exhibited variations in preterm birth prevalence, with higher rates
observed during the winter (12.1%) and lower rates during the summer
(10.5%). In terms of ethnicity, indigenous mothers had the highest
preterm birth prevalence (15.5%), while “white” and “yellow” mothers
had relatively lower rates (11.3% and 11.5% respectively). A larger
proportion of preterm births occurred among mothers with lower edu-
cation levels (13.1% for <7 years of education) compared to those with
higher education levels (11.1% for >12 years of education).

We identified a modest but statistically significant decreasing trend
(p = 0.013) in the prevalence of preterm birth across the nation over
time (Fig. 2a). The prevalence decreased from 11.6% in 2010 to 11.2%
in 2019. This trend further validated our inclusion of “birth year” as a
control variable when examining the associations between greenness
exposure and preterm birth. Moreover, our analysis revealed a wide-
spread decline in population-weighted greenness across the majority of
municipalities, as illustrated in (Fig. 2b). While a small region in
Southern Brazil experienced an increasing trend in population-weighted
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Table 1

General characteristics of preterm births and term births, and prevalence within

each category.

Preterm births (N Term births (N = Prevalence
= 2,767,303) 21,242,947) PTB (%)
Gestational age 33.9 (2.84) 39.1 (1.30)
(SD weeks)
Baby’s sex — Girl 1,304,902 (47.2) 10,409,665 (49.0) 11.1%
Baby’s sex — Boy 1,462,401 (52.8) 10,833,282 (51.0) 11.9%
Mother’s age 26.5 (7.16) 26.4 (6.62)
16-24 years, N 1,200,957 (43.4) 9,061,506 (42.7) 11.7%
(%)
25-34 years, N 1,135,565 (42.7) 9,426,279 (44.4) 10.8%
(%)
35-45 years, N 430,737 (15.6) 2,754,980 (13.0) 13.5%
(%)
Season of conception
Spring, N (%) 723,620, (26.1) 5,369,117 (25.3) 11.9%
Summer, N (%) 609,776 (22.0) 5,176,531 (25.4) 10.5%
Autumn, N (%) 652,210 (23.6) 5,019567 (23.6) 11.5%
Winter, N (%) 781,697 (28.2) 5,677,732 (26.7) 12.1%
Maternal Ethnicity
White, N (%) 961,086 (36.2) 7,519,538 (36.8) 11.3%
Black, N (%) 159,313 (6.00) 1,148,759 (5.63) 12.2%
Yellow, N (%) 10,897 (0.410) 83,994 (0.412) 11.5%
Brown, N (%) 1,496,450 (56.3) 11,498,764 (56.4) 11.5%
Indigenous, N (%) 28,438 (1.07) 154,770 (0.758) 15.5%
Maternal Education
<7 years, N (%) 692,309 (25.4) 4,595,875 (21.9) 13.1%
8-11 years, N (%) 1,547,369 (56.7) 12,451,969 (59.4) 11.1%
>12 years, N (%) 487,286 (17.9) 3,899,604 (18.6) 11.1%
Area NTL*
High, N (%) 2,162,837 (80.1) 16,869,987 (80.4) 11.4%
Medium, N (%) 352,349 (13.1) 2,733,563 (13.0) 11.4%
Low, N (%) 184,358 (6.8) 1,372,860 (6.5) 11.8%

Note: *Area NTL was estimated using population-weighted night-time light data,
where ‘High’ indicated a higher value associated with greater area-level socio-

economic advantages.
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greenness, most regions showed signs of browning. We observed a
declining trend in national average population-weighted NDVI/EVI,
although it did not reach statistical significance (Fig. 2c).

3.2. Associations between greenness exposure and preterm birth

Fig. 3 summarizes the adjusted association between greenness
exposure during the whole pregnancy and preterm birth. Overall, a 0.1
increase in population-weighted NDVI was associated with a 2.0% (95%
CI: 1.9%-2.2%; HR = 0.980; 95%CI 0.978 to 0.981) decrease in risks of
preterm birth, while a similar increase in population-weighted EVI was
associated with a 2.4% (95%CI 2.2%-2.7%) decrease in risks of preterm
birth (Supplementary Fig. S3). We found no significant difference in the
association between greenness exposure and preterm birth among sex
subgroups. We observed a significant interaction with conception sea-
son, with stronger effects among babies born in winter (HR = 0.951;
95%CI 0.948 to 0.954). Regarding the interactions with maternal
ethnicity, significant protective effects of greenness exposure on preterm
birth were observed for mothers who were white (HR = 0.980; 95%CI
0.977 to 0.983), black (HR = 0.972; 95%CI 0.966 to 0.979), brown (HR
= 0.979; 95%CI 0.977 to 0.981), or indigenous (HR = 0.979; 95%CI
0.962 to 0.996), while no significant effects were found for those who
were yellow (HR = 0.988; 95%CI 0.960 to 1.016).

Conversely, the interactions of greenness exposure with maternal age
and education were statistically significant. Among the age subgroups
analyzed, all associations between greenness exposure and preterm birth
were statistically significant, with stronger effects among younger
mothers (<25 years; HR = 0.976; 95%CI 0.974 to 0.979) when
considering population-weighted NDVI. Compared to higher educated
mothers (>12 years of education; HR = 0.992; 95%CI 0.988 to 0.997),
the protective effects of greenness exposure on preterm birth tended to
be stronger for those with less education (<7 years; HR = 0.966; 95%CI
0.963 to 0.969) or a middle level of education (8-11 years; HR = 0.982;
95%CI 0.980 to 0.984). Regional variations were observed in the

Fig. 2. Trend in (a) preterm birth prevalence over time, (b) population-weighted NDVI across regions, and (c) national average NDVI/EVI over time. Notes: 1).
Trends were calculated using linear regression models. 2). The trend in NDVI/EVI is presented as changes per decade.



Chapter 4. Association between green space and multiple birth outcomes

Chapter 3 emphasized the significance of preterm births (PTB) and extended the exploration
of green space exposure during pregnhancy to encompass other critical birth outcomes, such
as low birth weight (LBW) and small for gestational age (SGA). These outcomes are
associated with increased risks of premature death and morbidity in later life 9394,
Consequently, there was a compelling need for additional studies to comprehensively

investigate the associations between green space exposure and various birth outcomes.

In Chapter 4, a study was conducted to explore associations between maternal green space
exposure and multiple birth outcomes, including birth weight, LBW, SGA, and PTB. The
analyses were based on birth records collected from two metropolitan areas, Sydney and
Brisbane in Australia. The original investigation, published in Science of the Total
Environment after peer review %, is detailed in this chapter, with supplementary materials

available in Appendix 3.

This study reveals increased birth weight and reduced risks of PTB, LBW, and SGA with
increased green space exposure, with trimester-specific models demonstrating slightly
stronger effects in the second trimester. Notably, the effects of green space exposure on
birth outcomes attenuated after adjusting for nighttime light, while stronger effects were

observed among babies born to mothers from areas with more nighttime light.



Chapter 5. The role of green space in associations between heat

exposure and preterm birth

As evident from Chapters 3 and 4, green space exposure during pregnancy has a positive
impact on birth outcomes, with discussions on variations in these associations related to
socio-economic status (SES) and nighttime light (NTL). The underlying pathways of how
green space affects pregnancies remained unclear, and specific vegetation types, such as

trees, have rarely been examined in previous studies.

Chapter 5 further investigated birth data from Sydney, exploring the interactions between
green space (i.e., Normalized Difference Vegetation Index [NDVI] and tree cover) and
extreme heat exposure during pregnancy and their impacts on preterm birth. The study,
published in JAMA Pediatrics after peer review %, is detailed in this chapter, with

supplementary materials in Appendix 4.

The findings indicated that both daily mean extreme heat and nighttime extreme heat
exposure during 3" trimester were associated with increased risks of PTB. Higher levels of
green space were associated with a decreased risk of PTB in the presence of extreme heat,
with a significant interaction observed. | estimate the number of preventable heat-
attributable PTBs by green space, showing that improving NDVI and tree cover could reduce
daily mean extreme heat-attributable PTB by 13.7% and 20.9%, respectively. Improved
NDVI results in reductions of 12.9% in nighttime extreme heat-attributable PTB, whereas

increased tree cover shows reductions of 17.2%.



Chapter 6. Association between green space and children’s lung function

In addition to birth outcomes examined in Chapters 3, 4 and 5, the systematic review in
Chapter 2 synthesized existing knowledge on green space and health outcomes in older
children, revealing large inconsistencies in respiratory health studies. It was known that even
moderate prematurity was associated with impaired lung function in adult life . However
limited research has examined the association between green space exposure and lung
development in children, with inconsistent evidence. Previous studies of child health faced
limitations in measuring green space exposure, often relying on green space quantity within
a specific buffer around residential addresses, neglecting greenspace exposure

within/around schools.

This chapter aimed to bridge this research gap by evaluating the impacts of green space on
children’s lung function using the data from two Chinese cities, Chengdu and Nanjing. This
study was published in Science of the Total Environment after peer review °7, with

supplementary materials available in Appendix 5.

Measurements included forced expiratory volume in 1 s (FEV1), forced vital capacity (FVC),
peak expiratory flow rate (PEF), and forced expiratory flow at 25% (FEF25) and 75% (FEF75)
of FVC. The outdoor surrounding green space index, incorporating residential, school, and
commuting green space, revealed an association with decreased FVC, but increased
FEV1/FVC, PEF, and FEF2s. Proximity to green space was linked to increased FEV1 and
FVC. Notably, beneficial effects were significant for children with less educated parents,
suggesting the importance of green space access to reduce disparities. Structural equation
modeling (SEM) indicated a mediating role of green space through lowering ambient air

pollution.



Chapter 7. Discussion and conclusions

This thesis offers a comprehensive overview of the association between green space
exposure and child health, identifying research gaps in Chapters 1 and 2. Despite some
consistent findings, the field lacks a thorough understanding of the mechanisms connecting
green space exposure during pregnancy and childhood to child health. Through original
investigations in Brazil (Chapter 3), Australia (Chapters 4 & 5), and China (Chapter 6), this
thesis addresses substantial research gaps, providing insights into the relationships

between green space and child health.

7.1 Summary of main findings

This thesis began with a systematic review (Chapter 2), offering a comprehensive overview
of the associations between green space exposure and child health based on findings from
140 studies across 28 countries up to April 2022. While providing valuable insights, this
review revealed a concentration of studies in North America and Europe, with notable gaps
in representation from Oceania, South America, Asia, and Africa. Green space exposure
measures in existing literature were categorized into four major types such as: the
presence/level of greenness, proximity, usage, and visual access, emphasizing the diverse
metrics used in existing literature. Notably, gaps persisted in establishing consensus,
particularly in birth and respiratory health studies, prompting further exploration of underlying

pathways.

Chapter 3 contributed to this exploration, presenting an analysis based on a nationwide birth
cohort in Brazil. The study expanded understanding of the associations between maternal
green space exposure and preterm births (PTB), particularly in less developed regions. Over
the study period from 2010 to 2019, although Brazil experienced a moderately decreasing

trend in PTB, there was a significant decline in greenness. My findings revealed a substantial



association between green space exposure and a reduced risk of PTB, suggesting a
stronger protective effect among younger mothers and those with less education, who were
more likely to belong to a lower SES group. Regional variations in these associations were
noted, with more pronounced effects observed in the Northeast, Southeast and Southern
regions, characterized by high levels of urbanization, relatively lower greenness, and a

significant decrease in greenness.

Extending the scope of investigation to other birth outcomes, my research conducted in two
large metropolitan areas in Australia (Chapter 4) demonstrated positive associations
between green space exposure during each trimester and throughout the whole pregnancy
with increased birth weight. Additionally, protective effects were identified, leading to
reduced risks of PTB, low birth weight (LBW), and small for gestational age (SGA)
associated with an increase in green space exposure. Adjustments for nighttime light (NTL)
revealed potential influences on birth outcomes, with stronger benefits observed in areas
with more NTL in fully adjusted models. Considering the detrimental effects of artificial NTL
on health, such as sleep disorders in pregnant women, these findings suggests that the

benefits of green space on birth outcomes were heightened through the effects of NTL.

Further exploring the data from Sydney, Chapter 5 delved into associations between heat,
greenness, and PTB, revealing a susceptible exposure window in the third trimester.
Stratified analyses highlighted increased positive associations between heat exposure and
PTB in areas with lower greenness levels. Interactions between extreme heat exposure and
greenness suggested varying impacts of extreme heat depending on urban greenness.
Consequently, a considerable portion of extreme heat-attributable PTB could be averted by
the presence of greenness. As the first of its kind, my study evaluated the mitigating effect

of greenness in alleviating the adverse effects of nighttime extremes heat on PTB. Notably,



tree cover emerged as a significant factor in preventing a larger proportion of heat-

attributable PTB.

In Chapter 6, the focus shifted to the developmental period of later childhood, investigating
the potential impacts of green space on lung function of primary school children in China.
Beneficial effects were observed for both green space coverage and proximity, with better
lung function. These associations were mediated by air pollution, suggesting one potential
mechanism through which green space benefited lung function by reducing ambient air
pollution. More pronounced effects were noted in children residing in areas with denser road
traffic, emphasizing the greater importance of green space in highly urbanized settings.
Stratified analysis revealed more pronounced benefits of green space for children whose

parents were less educated.

Direct comparison of the findings from different regions and outcomes is challenging due to
heterogeneity in study samples, geographical context, study periods, and levels of
socioeconomic development. For instance, the prevalence of PTB varied significantly across
regions and study periods: 11.5% in Brazil during 2010-2019, 6.4% in Sydney during 2016-
2019, and 5.4% in Brisbane during 2000-2014. This variation complicated direct
comparisons and highlighted the needs for context-specific study of green space impacts.
Specifically, the odds ratio (OR) for PTB associated with a 0.1 increase in NDVI was 0.980
(95% ClI, 0.978-0.981) in Brazil, 0.99 (0.98-1.00) in Sydney, and 0.98 (0.95-1.01) in Brisbane,

suggesting a similar effect in preventing PTB.

By leveraging extensive population datasets, employing multidimensional measures, and
incorporating comprehensive green space shapefiles, my research presented in this thesis

offers a comprehensive examination of the relationship between green space and child



health. Furthermore, in addressing the global imbalance in research representation, the
thesis spans diverse geographical contexts, including Brazil, Australia, and China,
effectively filling crucial evidence gaps in regions that had not previously been extensively

studied.

7.2 Implications of this thesis

The findings of my thesis illuminate the direct and positive impacts of green space on diverse
aspects of child health. These insights contribute novel perspectives to the understanding
of the relationship between green space and child health, effectively addressing substantial
research gaps. These discoveries carry significant implications for guiding future academic
research, into a deeper exploration of the intricate connections between green space

exposure and various dimensions of child health.

Moreover, the implications of these findings extend to policy and planning perspectives.
While setting quantitative standards to increase the supply of green space could be very
challenging in dense cities as limited land is available, my findings suggest specific areas
for improvement. | recommend that the provision of urban green spaces should not only
consider the amount of green spaces, but prioritize proximity and accessibility. Also, it
highlights the need to create effective environments where children live and in areas where
they receive education and play, such as schools. Furthermore, the findings emphasize the
importance of green space distribution in urban areas, particularly in highly urbanized areas,

such as those with higher levels of NTL or increased road density.

The time is opportune to enhance personal awareness of health interventions and
understanding how individuals may access and therefore benefit from their local green

space. My research in this thesis provides a basis for public health campaigns and



educational initiatives aimed at increasing awareness among individuals about the health
benefits associated with regular exposure to green space. Such campaigns could
emphasize the importance of incorporating green space into daily routines, whether through
leisure activities, exercise, or simply spending time outdoors and viewing ‘greener’. By
fostering awareness, individuals could make informed decisions to prioritize green space in
their lives, understanding that it contributes to better health outcomes for themselves and

their children.

Green space could be incorporated to formulate targeted interventions aimed at advancing
health equity. The documented stronger benefits of green space among disadvantaged
populations, particularly those with less education and younger mothers, indicate specific
demographic groups that would benefit most from green space initiatives. The identification
of significant positive associations between green space exposure and child health within
socioeconomic subgroups underscores potential inequalities in resource allocation. This
information could be utilized to strategically allocate resources and prioritize the
enhancement of green space in areas with higher concentrations of disadvantaged
populations, to ensure communities facing health disparities receive more attention.
Additionally, policymakers should engage with affected communities to involve residents in
the planning and design of green space projects, ensuring that the interventions are
culturally sensitive and meet the unique needs of diverse demographic groups. This
collaborative approach would enhance the effectiveness of green space initiatives and

promote inclusivity in promoting health equity.

Going beyond its direct effects, green space can act as a modifier and mitigator for other
environmental stressors. By exploring interactions between green space and factors such

as nighttime light, air pollution, road density, and heat, my research not only answers the



question of “whether” green space impacts health, but also elucidates “how” these
interactions occur. Understanding these mechanisms provides actionable insights for
interventions that consider a holistic environmental approach to child health. Notably,
environmental factors such as nighttime light, air pollution, dense traffic (also related to
heightened traffic noise), and heat stress have documented adverse impacts on increased
risks of mortality and morbidity of infants and children. In this context, green space emerges
as a potential mitigator, offering relief from the impairing effects of these environmental

stressors.

The explorations of green space connect to global health challenges, as part of climate-
resilient urban planning. Given the ongoing urbanization and the challenges posed by
climate change, including urban heat islands °8, heatwaves °°, and air pollution 1%, green
space emerges as a crucial component of sustainable urban development. By providing
potential solutions to health issues related to these challenges, green space interventions
contribute to addressing pressing health concerns on a broader, global scale. The strategies
presented in this thesis, such as those aimed at relieving heat stress (Chapter 5) and
improving air quality (Chapter 6) through green space interventions, have relevance beyond
individual cities and regions. These multifaceted benefits underscore the significance of
integrating green space into urban planning to create healthier and more resilient cities

worldwide.

7.3 Strengths of this thesis

The systematic review (Chapter 2) was the first and the most comprehensive study
summarizing prior studies on the associations between green space and adverse health
outcomes in children. It provided an up-to-date overview of the current evidence and

publication trend which indicated a rapidly growing interest in green space studies,



especially during the past decade. It was the first evaluating the global disparities and
representation, underscoring the need for more diverse and inclusive research to capture
the full spectrum of green space health impacts. The systematic review discussed the health
outcomes in childhood by outcomes (including but not limited to mental health, nutritional
status, allergic and respiratory outcomes, and circulatory health) and their links to green
space discussed in previous studies. By synthesizing measurements of “green space
exposure”, this review highlighted the inconsistency in exposure classification. With a clear
conceptual framework, this review served as an important knowledge map in this important
research topic, which provided clearer directions for future studies. Many ideas come up
after doing this review, and some of them have been applied in my original studies, such as

considering green space proximity, and a focus on the disparities by SES.

The main strengths of my original investigations lie in their novelty. These have made
important contributions to the literature for the first time, including:

e The first study evaluating the association between green space exposure and birth
outcomes in South America. The utilization of a large, nationally representative
dataset enhanced the generalizability and validity of the findings in less developed
regions (Chapter 3);

e The first study exploring effect modification by nighttime light on the association
between green space and birth outcomes (Chapter 4);

e The first study evaluating the preventable effects of green space on the associations
between nighttime extreme heat and preterm birth (Chapter 5);

e The first study considering green space exposure in the context of residence, school
and commuting when assessing the association between green space exposure and
lung function of school children (Chapter 6); and the first study evaluating the

association between green space proximity and lung function (Chapter 6).



These original investigations provided reliable findings by adjustment for some important
confounders, both at individual level and area level, including but not limited to sex, age,
education, season of conception, smoking, maternal medical status, area level index of
socio-economic advantage/disadvantage, and GDP per capita. For Chapter 6, which was a
cross-sectional study of school children’s respiratory health, controlling secondhand smoke
at home was very important, as it impaired children’s lung function. Considering factors such
as maternal age, education, and ethnicity could impact the ways children access to and
engage with green space, these analyses provide nuanced insights into the demographic

variations in the relationship between green space and health outcomes.

Furthermore, the stratified analysis by SES (like parental education, maternal age, and
maternal ethnicity) provided valuable insights into vulnerable populations. The identification
of subgroups within the populations, particularly among those in economically
disadvantaged and low-resource settings, allowed recognition of the specific needs of these

communities and consider targeted interventions.

My research within this thesis also advanced the methods applied to green space exposure
measurement by taking advantage of interdisciplinary geospatial methodologies. Chapter 3
calculated area level population-weighted NDVI, instead of relying solely on area-average
NDVI, recognizing the spatial heterogeneity of green space distribution and the varying
population density across municipalities. Chapter 4 assigned green space measures based
on maternal residential address and conception and birth date and calculate trimester-
specific exposure to avoid temporal mismatch, which has improvements from using a single-

year assessment of surrounding green space in previous studies 79101102,



Chapter 5 measured green space exposure by using overall greenness (measured by NDVI)
and a specific type of greenness (trees), delving into the understanding of green space.
Chapter 6 investigated the potential differential impacts of overall green space coverage in
the context of school, residence, commuting, and proximity to green space in living
environments. While an internationally established definition of green space is yet to be
agreed, these explorations of green space exposure metrics provide ideas for considering

different aspects of green space in future health studies and extend the potential implications.

7.4 Limitations of this thesis

However, there were also some limitations. Potential misclassification of green space
exposure exists in all birth outcome studies. The use of residential addresses at delivery
may not capture the duration spent at each address for those pregnant women who change
residence during pregnancy. But the impact of this misclassification was likely minimal due

to limited residential mobility, especially for short-distance relocations 193,

In Chapter 5, misclassification of heat exposure arose due to the absence of a standardized
definition for temperature extremes. | defined daily extreme heat and nighttime extreme heat
as above percentiles of the location- and trimester-specific daily mean and nighttime
temperatures, following previous studies 194-1%_\While | used location-specific cut-off points
to define heat exposure, accounting for individuals’ adaptation to their local climatic

conditions, the definition of heat was still relatively crude.

In Chapter 6, assumptions made during the calculation of mean outdoor surrounding green
space in the contexts of school, residence and commuting, considering factors like children’s
daily exposure hours and location splits between weekdays and weekends, may have

introduced uncertainties.



Despite adjusting for numerous relevant covariates at individual and area level, there might
still be unmeasured confounders that could lead to varying benefits from green space. Lack
of data for maternal alcohol consumption, occupation and family income, introduced
potential biases. The potential mediation of the relationship between greenness and birth
outcomes through maternal physical activities during pregnancy could not be confirmed due

to data unavailability.

The generalizability of the findings might still be limited due to constraints in conducting
analysis on various subgroups. The lack of detailed phenotyping of preterm birth subtypes
in routinely collected datasets hindered the ability to distinguish differences in underlying
mechanisms and risk factors, such as medically indicated versus spontaneous preterm birth
107 In Chapter 3, focusing on the birth study in Brazil, the analysis of subgroups, including
infants from multiple gestations and those born to mothers with specific medical conditions
or diseases, was constrained by data unavailability. However similar sensitivity analyses
were conducted in other studies (Chapters 4 and 5) and demonstrated no substantial
changes in findings. However, | acknowledge the need for similar assessments in Brazil,
considering the importance of medical care in economically developing and low-income

populations.

7.5 Recommendations for future studies

Building upon some constraints discussed in Chapters 1 and 2 (systematic review), my
subsequent four original studies conducted in Chapters 3-7 have addressed gaps or
limitations identified in the systematic review, contributing to understanding of the
associations between green space exposure and child health outcomes. Drawing on the

limitations identified above, and considering the rapidly expanding nature of research in the



field of health impacts of green space, following the systematic review and the publication
of my studies, there are a range of extensions of this work which would further benefit the

field. | recommend future research focus on:

Global Inclusivity: Prioritize representation from low- and middle-income countries in future
studies to foster a more comprehensive understanding of green space-health associations
across more diverse sociodemographic contexts. While the study in Brazil provided

nationwide data, additional studies are warranted to ensure broader representation.

Refinement of Green space Metrics: Develop a more nuanced characterization of green
space by conducting thorough investigations using both subjective and objective means of
data collection. Objective metrics, including quality and characteristics of green space, could
be quantified, while subjective measurements provide insights into green space usage
patterns and frequency. Studies should continue to be conducted at a level (manner)
appropriate to each study, as this thesis has shown variations in associations for different

metrics.

Mechanistic Pathways Exploration: Delve into the mechanistic pathways connecting green
space exposure and health outcomes, aiming for a deeper understanding of biological,
psychological, and social mechanisms. Mechanistic studies could help to disentangle the
interactions between green space exposure and various mediators like air pollution, physical

activity, and social connections.

Longitudinal and Experimental Designs: Utilize longitudinal and experimental designs to
strengthen causal inferences and examine temporal relationships between green space

exposure and health outcomes. Additionally, future research should investigate non-linear



exposure-response relationships to better understand how varying levels of green space
exposure impact health outcomes and identify optimal levels for achieving the greatest

benefits.

Interactions with Other Environmental Factors: Evaluate interactions between green space
and other environmental factors, such as noise, air pollution, and heat, as their combined
effects on health have been observed, but not fully confirmed. Given the complex and

indirect pathways involved, future research should explore the interactions comprehensively.

Consideration of Challenges: Acknowledge challenges and considerations associated with
green spaces, such as increased levels of allergens and pollen during certain seasons 1%,
While green spaces offer numerous benefits, it is essential to consider potential drawbacks

and address them in future studies for a more complete understanding.

7.6 Conclusions

Amidst rapid urbanization, where city space is a premium commodity, evidence-based
recommendations for health-promoting features are crucial. Examining birth outcomes and
lung function, this thesis explored green space metrics tailored to study designs and
discloses disparities in these associations by SES. Utilizing data from Brazil, Australia, and
China, the research incorporated a large Brazilian birth cohort and Australian datasets

covering two decades, ensuring representativeness and generalizability.

The systematic review discussed the complex associations between green space exposure
and child health, summarizing common green space exposure measures. Investigations into
green space, nighttime light, road density, air pollution, and birth outcomes shed light on

benefits of green space for promoting health and its complex interplay with other



environmental factors e.g., nighttime light, road density, air pollution. The study of heat-
related preterm births identified critical exposure windows and preventive effects of green
space. The examination of children’s lung function revealed independent associations,
particularly in highly urbanized settings. Consistent beneficial effects of green space on birth

outcomes and lung function were observed among individuals with lower SES.

This thesis advances understanding of green space as a pivotal determinant of children’s
health. While acknowledging the need for future research, it significantly expands current
knowledge on health-promoting green space which should prove instrumental for urban

planning and public health promotion.
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