Curtin School of Population Health

Modelling the Effects of Fine Particulate Matter Air Pollution and Biothermal Stress on Birth
Outcomes in Australia and Ghana

Sylvester Dodzi Nyadanu
0000-0002-6233-0262

This thesis is presented for the Degree of
Doctor of Philosophy
at
Curtin University

May 2023

Curtin University




Acknowledgement of Country

I acknowledge that Curtin University works across hundreds of traditional lands and custodial groups
in Australia, and with First Nations people around the globe. | wish to pay my deepest respects to
their ancestors and members of their communities, past, present, and to their emerging leaders. Curtin
University’s passion and commitment to work with all Australians and peoples from across the world,
including our First Nations peoples, is reflective of the institutions' values and commitment to our

roles as leaders in the Reconciliation space in Australia.



Declaration

To the best of my knowledge and belief this thesis contains no material previously published by any
other person except where due acknowledgment has been made. This thesis contains no material

which has been accepted for the award of any other degree or diploma in any university.

This thesis contains both unpublished manuscripts and works that have been published in peer-
reviewed journals. The detailed contributions and signed statements from all co-authors are presented
in Appendix M. The permission to reproduce the published works from the publishers can be found

in the Appendix N.

The research presented and reported in this thesis was conducted in accordance with the National
Health and Medical Research Council National Statement on Ethical Conduct in Human Research
(2007) — updated March 2014. The proposed research study received human research ethics approval
from the Human Research Ethics Committees of the Western Australia Department of Health
(#2016/51), Curtin University (#HRE2020-0523), and Ghana Health Service (#GHS-
ERC016/12/20).

Signature:

Date: 1°May 2023



Statement from Principal Supervisor

This thesis has been prepared by Sylvester Dodzi Nyadanu in accordance with the guidelines for a

Doctor of Philosophy thesis by publication. 1 am recommending the thesis now be sent for
examination.

Signature:

Date: 1% May 2023



Acknowledgement

First and foremost, | thank the Almighty God for the gift of life, strength, and support through my
PhD journey.

I would like to express my profound gratitude to my amazing and supportive supervisors —Professor
Gavin Pereira, Dr Gizachew A. Tessema, and Professor Ben Mullins. Your invaluable guidance,
advice, mentorship, intellectual inputs, and continuous support throughout my PhD candidature were
paramount for the successful completion of my PhD and future endeavours. Your critical revisions
of my manuscripts and suggestions have helped me to significantly improve my research and
organizational skills and research writing. A further special thanks to Professor Gavin Pereira for
introducing me to Professor Michelle Bell and the international Perinatal Outcomes in the Pandemic
(iPOP) team for collaboration. I thank Professor Bernard Kumi-Boateng, my Ghanaian collaborator
who also contributed to the success of this thesis. Thanks to all co-authors for your inputs and
suggestions to improve the quality of the papers presented in this thesis. | thank my thesis
Chairperson, Dr. Jun Chih for your support, encouragement, and congratulation messages.

I would like to specially thank Curtin School of Population Health, Curtin University for the funding
support through Curtin University International Postgraduate Research Scholarship (CIPRS) for
making my PhD dream a reality.

I am thankful for the solidarity and support from the many PhD students at Curtin University. I
acknowledge the support and interaction from the G Pereira’s Epidemiology lab. This is an amazing
team that am privilege to be part.

I would like to express special appreciation to Data Linkage Branch of the Department of Health,
Western Australia and the Data Custodian for the Midwives Notification System, and the Centre for
Health Information Management of the Ghana Health Service for providing the birth data to support
my PhD project.

I thank Diana Blackwood, the Faculty of Health Sciences librarian of Curtin University for your
expertise and technical support in developing the search strategy for my systematic reviews.

I would like to deeply express my gratitude to my lovely wife and children for all the supports. You
are very important part of this success story.

Finally, I would like to express my sincerest gratitude to my parents abroad, other family members
and close friends who have provided me with unlimited support and encouragement throughout.
Indeed, this work would not have been possible without the network of mentors, colleagues, family,

and friends that | have met throughout my doctoral programme. Big thanks to all.



Abstract
Background and objectives

Air pollution and climate change are ubiquitous environmental exposures of leading global public
health concerns. Extensive epidemiological studies have shown positive associations between
maternal exposure to criteria air pollutants (particularly PM2:s) and extreme ambient temperatures
and the risks of birth outcomes. Yet, there were several limitations such as unknown critical
susceptible periods, exposure-response associations did not account for both intensity and timing of
past exposures, and the surrogate usage of ambient temperature instead of composite biothermal
metrics. Also, there is insufficient evidence from developing settings or other areas within the same
country. This thesis aimed to assess spatiotemporal PM2s and biothermal stress (Universal Thermal
Climate Index, UTCI) exposures and the risks of birth outcomes in Western Australia and Ghana
using robust study designs and statistical modelling techniques to identify potential critical

susceptible periods and vulnerable subpopulations.
Methods

Two comprehensive umbrella reviews were conducted to synthesise the current evidence on the
associations between ambient air pollution and temperature and birth outcomes. These were followed
by primary investigations that included a total of 414,771 singleton births obtained from the Midwives
Notification System between 1% January 2000 to 31 December 2015 in Western Australia. The
adverse birth outcomes assessed were stillbirth, spontaneous preterm birth (SPTB), the term small for
gestational age (SGA), large for gestational age (LGA), and low birth weight (LBW). The births were
linked to fine spatiotemporal monthly PM2s concentrations and daily UTCI based on the maternal
residential address as statistical area level 1 (SA1, second smallest geographical unit in Australia) at
the time of birth delivery. Distributed lag linear and nonlinear models (DLNM) integrated with Cox
proportional hazard regressions were performed to investigate maternal exposure to monthly PM3s,
both weekly and monthly UTCI for three months preconception to birth, and the adjusted hazard of
birth outcomes. Moreover, space-time-stratified case-crossover analysis of 15,576 singleton sPTB
and 2835 singleton stillbirths and short-term exposure to daily UTCI in a week before birth at SA1
levels were examined using DLNM conditional quasi-Poisson regressions. Due to data availability,
the Ghana study involved a district-level aggregated monthly 5,961,328 total births that included
90,532 stillbirths across all 260 local districts between 1% January 2012 and 315 December 2020 was
obtained from Ghana Health Service. The district-level births were linked to monthly PM2sand UTCI
exposures and exposure-lag-response associations were investigated using within-space time-series

design analyses with DLNM conditional quasi-Poisson regressions.
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Results

PM2s exposure: Results from the umbrella review indicated studies were mostly conducted in the
United States and China. Air pollution associated with increased risks of birth outcomes and PM2s
showed more consistent positive associations than other pollutants. Entire pregnancy period
exposures were more consistent than trimester-specific exposure averages with no clear susceptible
periods based on trimester-specific effect estimates. From our primary investigations in Western
Australia, PM2 s exposure mostly showed non-linear dose-response associations with birth outcomes.
Critical susceptible exposure periods were found during the 3"-7"" gestational months for stillbirth
and sPTB. Using 5 ug/m?® (new international annual limit) as a reference, the strongest hazards at the
99" centile (10.7 ng/m3) exposure were 1.10 (95% CI 1.02, 1.19) during the 7™ gestational month for
stillbirth and 1.04 (95% CI 1.01, 1.06) during the 5" gestational month for sPTB. For term fetal
growth outcomes, higher hazards were found during the 2"-6" gestational months but only term
LBW showed critical susceptible periods. The strongest hazards were 1.01 (95% CI 1.00, 1.02) for
term SGA for exposure above the median during the 4" gestational month, 1.03 (95% CI 1.00, 1.05)
for term LGA for exposure at 99" PM_ s centile during 1% gestational month, and 1.03 (95% CI 1.01,
1.05) at 50" PM.s centile during the 3" gestational month for term LBW. Monthly preconception
and late pregnancy exposures showed small ‘protective effects’ on birth outcomes. The ratio of hazard
ratios indicated joint effects of PM2s and biothermal stress exposures for all birth outcomes, except
SsPTB. The disproportionately affected subpopulations were births to mothers who were unmarried,
non-Caucasian, multiparous, smoked during pregnancy, rural residents, and complicated pregnancies.
For the Ghana cohort, PM2 s exposures above the 50" centile showed critical susceptible exposure
periods during the 6 —7" months before birth (early pregnancy periods) and the strongest risk was
1.17 (95% CI 1.06, 1.28) at the 99" centile during the 6™ month before birth, using 5 pg/m® as

reference. The preconception period showed a small ‘protective effect’.

Biothermal stress exposure: Despite the varied exposure metrics and windows for ambient
temperature, the synthesised evidence in the umbrella review revealed that high temperatures in
particular showed positive associations with PTB, stillbirth, and LBW for mostly short-term and very
few long-term (entire pregnancy and trimester-average) effects. Our primary investigations in
Western Australia found that short-term extreme biothermal stress exposures were associated with
increased risks of stillbirth and sPTB. As compared to the median, long-term exposures at both lower
(1%, 51 10" centiles) and higher (90", 95", 99" UTCI centiles showed positive associations with the
birth outcomes with identified potential critical susceptible periods. For example, the identified

critical susceptible periods were found during the 23"-42" gestational weeks with the strongest
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hazard of 1.15 (95% CI 1.04, 1.29) in the 42" week for stillbirth. Critical susceptible periods were
27"-36" gestational weeks with the strongest hazard of 1.12 (95% CI 1.09, 1.16) in the 36" weeks
for sSPTB at 1% centile (10.2°C) as compared to median exposure (14.2°C). For term fetal growth
outcomes, the long-term UTCI effects were more obvious in monthly than weekly exposures as fetal
growth is more observable within a month than a week. Positive associations were found during the
6"-10" gestational months for term SGA and LGA. The strongest hazards were 1.13 (95% ClI 1.10,
1.17) for term SGA and 1.07 (95% CI 1.03, 1.11) for term LGA in 10" month at 1% centile. The
strongest hazard of term LBW was 1.02 (95% CI 1.01, 1.04) during 3" — 5" gestational months at
99" centile as compared to median exposure. Almost the same disproportionately affected
subpopulations were identified as found for PM. s exposure above. For the Ghana cohort, the relative
risk of stillbirth ranged from 1.02 (95% CI 0.99, 1.05) to 1.18 (95% CI 1.02, 1.36) for the 90" centile
(30.8 °C), relative to the median UTCI (28.8 °C). But exposure at the 99" centile (33.2 °C) offered a
‘protective effect’, 0.61 (95% CI10.44, 0.86). The positive exposure-outcome association was stronger

in rural than urban districts.
Conclusion

PM2sand UTCI exposures independently and synergistically were associated with higher risks of
birth outcomes and the magnitudes of the effect estimates were stronger for UTCI than PMas
exposure. Despite slight variations in specific exposure-outcome association, we found that critical
susceptible periods for the birth outcomes were early to mid-gestational periods for PM2 s exposure
but mid to late gestational periods for the UTCI exposure. The potential critical exposure periods of
increased susceptibility and vulnerable subpopulations identified could inform clinical and public
health interventions and further investigations. As these pieces of knowledge are very important for
clinical and public health interventions and understanding biological mechanisms with diagnostic and

treatment potentials, further high-quality studies are required in these directions.
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Chapter 1: Introduction
1.0 Preamble

This chapter includes important information such as the background and reasons for the study, the
hypothesis being tested, the goals and objectives of the research, the significance of the study, and

its potential impact on public health. Additionally, it outlines the structure of the thesis.
1.1 Background and rationales

1.1.1 Ambient air pollution, extreme temperatures, and birth outcomes

1.1.1.1 The burden and plausible biological mechanistic pathways

Air pollution and air pollution events transcend geographical and political boundaries and pose a
global threat to public health.! Air pollution has moved from the fifth to the fourth global leading
risk factor for mortality (causing one in every nine deaths) with case fatalities more than those from
other well-known risk factors.? Air pollutants, either gaseous or particulates are derived from
biogenic (caused naturally) and/or anthropogenic (caused by a human) activities. Anthropogenic
activities such as the combustion of fossil fuels and biomass to generate energy for transportation
(with cars estimated as the highest contributor), industrial and domestic uses, and suspended
particles from construction activities are major sources of air pollution.?® Minor sources include
other human activities and several natural sources such as wildfires, desert dust, and volcanic
eruption.® The air pollutants that are known to have harmful effects on human health include both
gaseous pollutants such as nitrogen dioxide, carbon monoxide, ozone, and sulphur dioxide, as well
as particulate matter (PM) with aerodynamic diameter < 2.5 um (PMz5) and < 10 um (PMjg).%*
These pollutants are considered as criteria air pollutants. In 2019, more than 90% of the global
population, particularly low-to-middle income countries (LMICs) lived in heavily polluted areas
with ambient PM2s concentration exceeding the 2005 World Health Organization (WHO) air
quality guideline (AQG) of 10 ng/m® annual average.2* Although, air pollution in many countries,
particularly in LMICs has not improved substantially, WHO has recently updated the AQGs to
more stringent limits based on accumulating epidemiological evidence of increasing health burden
associated with air pollution. For example, the annual average AQG for PM2s is now 5 pg/m?® to
stimulate improved air quality and health benefits.> Among the criteria air pollutants, PMs has the
highest penetration capacity which makes it easily inhaled deep into the lungs and entering the
bloodstream to cause cardiovascular, cerebrovascular, respiratory, reproductive, and

neurodevelopmental disorders, cancers, developmental morbidities, and related mortality.?358



The formation and effects of air pollution are influenced by climate change,? which has been caused
in large part by human activities.” These activities have contributed substantially to the increasing
frequency, duration, and intensity of extreme weather events such as heatwaves, droughts, flooding,
hurricanes, and wildfires.” These events have direct and indirect adverse impacts on human health
and the ecological system, making it a matter of global public health concern.”® Climate change,
including extreme weather events, can have negative impacts on health similar to air pollution.
These impacts include respiratory, cardiovascular, neurological diseases, infectious diseases, and

premature mortality.®

Air pollution and extreme climate events are ubiquitous environmental exposures that affect
everyone but some subpopulations such as socioeconomically disadvantaged persons, the aged,
people with underlying chronic health conditions, young children, pregnant women and newborn
babies are disproportionately vulnerable.®® Given the long-term and intergenerational effects of air
pollution and climate change, the impacts on pregnant women and unborn babies are particularly
worrying.!% Adverse birth outcomes such as preterm birth, low birth weight, stillbirth, and fetal
growth restriction are critical markers of survivorship, health in early life and potential health later
in the lifecourse.'>* Several recent epidemiological findings have indicated both ambient air
pollution and extreme temperatures as risk factors for birth outcomes.!>® This is
pathophysiologically plausible as explored through environmental epigenetics understanding of
gene-environment interaction ¥ and experimental investigations in animals.?>?? The shared
patho-aetiological process for adverse pregnancy outcomes is suggested to involve cumulative
effects through synergistic interactions among maternal biologic factors, obstetric/health conditions,
social factors, sociodemographic factors, behavioural risk factors, and physical environmental
stressors (e.g., air pollutants and extreme temperatures) that induce placental modifications or mal-
pathophysiologies.?*? The environmental stressors disrupt normal maternal physiology and thereby
trigger pathophysiological responses, especially excess oxidative stress, immuno-inflammatory
dysfunction, and metabolic alterations or damage to the functional biomolecules (lipids, proteins,
DNA, RNA), irregular vascular constriction and dilation in both the mother and fetus (Figure
1.1).1722
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Figure 1.1: Plausible biological mechanistic pathways of reproductive health outcomes: a conceptual framework of the
shared pathoaetiological effects of physical and socio-economic environments on maternal biological factors resulting
in adverse birth outcomes and pregnancy complications. Note: LBW, low birth weight; SGA, small for gestational age;
FGR, fetal growth restriction; PTB, preterm birth; PROM, prelabour rupture of membranes; PA, placental abruption;
HDP, Hypertensive disorders of pregnancy.

1.1.2 Epidemiological evidence, methodological limitations, and gaps

PM2s has received the most attention because of the complex and heterogeneous mixture of
particulate matter, high inhalation capacity, high toxicity, and a better understanding of the potential
biological and molecular pathways of the plausible causality of PM2s on human health.2%%’
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Epidemiological findings from several systematic reviews with or without meta-analyses (SRMAS)
have shown that maternal exposure to ambient air pollution, particularly PM2s >2834 and ambient
temperature 11:16353% exposure during pregnancy has a putative causal effect on various adverse
birth outcomes. However, the SRMASs have varied scopes, quality, and conclusions. In situations
like this, it is advisable to conduct a systematic summary of reviews, also known as an umbrella
review. This type of review allows for a comprehensive and systematic evaluation of existing
evidence, enabling researchers to compare and contrast different studies and synthesise findings in
order to inform future research and policy decisions.3”*® Umbrella reviews on the association
between birth outcomes and other exposures such as periodontal disease 3 and antenatal depression
%0 have been conducted but not for air pollution or temperature. One exception is a broad summary
of meta-analyses which conducted a literature search in December 2011 #! and included only one
meta-analysis.?® Moreover, in addition to residual confounding by individual predisposition which
is difficult to rule out completely in observational studies, several other methodological limitations
and gaps have been identified in the current primary studies that require further rigorous
investigations to strengthen the evidence for timely and appropriate interventions.*? Specific issues
are, surrogate use of temperature instead of a biothermal metric, choice of statistical analysis of the
exposure-response association, unknown critical susceptible exposure windows and lack of
sufficient evidence from LMICs or from other areas within the same country. The geographical
variability in the effects of exposure is also a concern because spatiotemporal variations in the
exposures (PM2s and temperature), population characteristics, and acclimatisation make it difficult

to extend findings to other unstudied geodemographic settings.

The current variations in the exposure assessment techniques and geographically sparse
measurement of pollutants make it challenging to synthesise the results because applying different
exposure assessment methods on different study populations is highly likely to yield results of
different effect sizes or directions. Modern advanced assessments of national *#4 or global 44
PM25s concentrations by combining aerosol optical depth (AOD) data from multiple satellites,
simulations from chemical transport models, and ground monitoring measurements with an
application of Geographically Weighted Regression techniques at the fine spatiotemporal
resolutions are emerging to minimise the issue of exposure misclassification.** This provides a
suitable approach for the estimation of environmental exposures, especially for LMICs and areas
with sparse local ground-based measurements. For example, the few studies from Australia were
mostly restricted to cities, predominantly in Brisbane “¢ with only one on PM_s in Perth, Western
Australia.*® This is partly due to the geographic sparsity of air quality monitoring. The global PM2s
concentrations at fine spatiotemporal resolutions 4> as applied in related studies ** provide the
5



opportunity for state-wide investigation in Western Australia to fill this gap. The identification of in
utero critical susceptible exposure windows is one of the more commonly investigated objectives in
the perinatal and environmental epidemiology literature. However, investigation of air pollution-
birth outcome associations was commonly based on whole-pregnancy and separate models for
trimester-average exposures.’>>’ For ambient temperature-birth outcome associations, studies
mostly examined short-term or acute effects with varied exposure thresholds or definitions of
heatwaves while few investigated the whole-pregnancy and trimester-specific effects.!%1® It has
been shown that trimester-specific effects give bias effect estimates, identify incorrect critical
windows, and cannot identify other potential biologically fine temporal critical windows (e.g., days,
weeks, months) that might not follow pre-defined clinical trimesters.>® Time-varying environmental
exposures have immediate, delayed (lagged), and cumulative effects which require a unified
modelling framework to characterise both the exposure-response and lag-response associations to
flexibly describe unbiased estimates and to identify fine temporal critical susceptible exposure
windows.®®®  To address exposure-lag-response association and cumulative effects of
environmental exposures, distributed lag linear and non-linear model (DLNM) was proposed and
implementable with the ‘dlnm’ R package recently developed.®®% This novel approach was applied
to identify the potential critical susceptible exposure windows of the effects of ambient air pollution
and temperature on birth outcomes in other countries such as the United States,®®® China,%"*
Israel "2 and France.” High-quality methods such as this need to be investigated in other settings
such as Australia and particularly high-risk LMICs (e.g., Ghana) to identify potential critical

susceptible exposure windows of clinical relevance to guide public health interventions and policy.

Another important issue that is now receiving attention is the surrogate use of ambient temperature
or apparent temperature (combination of temperature and relative humidity) as a thermal metric to
assess the impact of heat and cold stress on health outcomes. Ambient temperature is easily
available and forecasted but it is well known that air temperature alone cannot represent the ambient
thermal environment which is a combination of air temperature, radiant temperature, humidity, and
wind.”*"™ Also, thermal stress imposed on a person with a resultant physiological response (thermal
strain) is a cumulative function of the total thermal environment, activity-based metabolic heat
production, and thermophysiological or behavioural responses such as clothing.”*’® Given
technological and computational advancement, it is, therefore, recommended recently that human
thermophysiological (biothermal) metrics rather than singular air temperature should be used in
related epidemiological research, thermal-health warning systems, and policy decisions.’*"
Comprehensive evaluation of several biothermal metrics identified four metrics as principally
appropriate: Universal Thermal Climate Index, Perceived Temperature, (Modified) Physiologically
6



Equivalent Temperature, and rational Standard Effective Temperature.”® Comparative studies
indicated Universal Thermal Climate Index (UTCI) to be most suitable as it has relatively high
climatic sensitivity and best simulates the thermal response of the human body.”®%° Recent
applications of UTCI in epidemiology, biomedical, weather forecasting, and thermal-health warning
systems studies have been reviewed elsewhere.®-82 Thus, there are methodological challenges in
environmental and perinatal epidemiological studies “*? but emerging novel approaches are

encouraging to strengthen the evidence.

The impact of air pollution on health, especially on vulnerable populations like pregnant women
and unborn babies, is well-documented. However, it is important to note that the effects of air
pollution and climate change-related health risks may vary across different regions due to varying
levels of exposure and vulnerability. This is why it is crucial to conduct further scientific inquiries
in regions that are most affected or vulnerable, particularly in LMICs like Ghana, which shares
many exposures and health vulnerabilities experienced in LMICs in the African region. By studying
the effects of air pollution and climate change-related health risks in Ghana, we can better
understand how these issues impact vulnerable populations in LMICs. In contrast, Australia, as a
high-income country, has unique attributes such as high temperatures and more prevalent bushfires,
which may also pose health risks to vulnerable populations. Additionally, while Australia has
relatively low city-wide average particulate matter air pollution emissions compared to other
countries, it is still important to investigate how air pollution affects vulnerable populations in this
context. Thus, by synthesising the available evidence and using birth cohorts in both Australia and
Ghana, this thesis aims to provide a comprehensive understanding of the effects of air pollution and
climate change-related health risks on vulnerable populations in different regions. By doing so, we
can inform development of more targeted and effective strategies to mitigate the impact of air

pollution and climate change on public health.
1.2 Study hypothesis, aims and objectives

We hypothesise that maternal exposures to fine particulate air pollution (PM25) and biothermal
stress will elevate the risk of birth outcomes substantially in high-exposure high-morbidity settings
that are under-researched (Ghana) as well as in low-exposure low-morbidity settings (Australia),
which will reveal that there is no safe lower limit of exposure. The primary aim of this project is to
estimate the exposure-lag-response effects of spatiotemporal PM2s and biothermal stress (measured
with UTCI) on the following adverse birth outcomes: preterm birth (PTB), stillbirth, low birth
weight (LBW), small for gestational age (SGA), and large for gestational age (LGA).



Specifically, this thesis aims

I. To employ systematic review of reviews (umbrella review) to synthesise the current evidence on
the association between ambient air pollution and birth outcomes.

ii. To estimate the risks attributable to PM2s on birth outcomes with identification of the potential
critical susceptible exposure periods and the vulnerable subpopulations.

iii. To employ systematic review of reviews (umbrella review) to synthesise the current evidence on
the association between ambient temperature and birth outcomes.

iv. To estimate the risks attributable to biothermal stress on birth outcomes with the identification of

the potential critical susceptible exposure periods and the vulnerable subpopulations.

1.3 Significance and public health implications

The umbrella review will provide the first comprehensive evidence synthesis of the systematic
reviews or meta-analyses on the environmental exposures (air pollution and extreme temperatures)
and adverse birth outcomes to guide policy and further studies. This thesis will address some
methodological limitations and gaps, contribute to, and strengthen the existing evidence on adverse
birth outcomes associated with two important environmental exposures. Potential susceptible
windows of the exposures will be identified to elucidate plausible biological mechanisms and to
inform time points for intervention during maternal care. This study will also provide empirical
evidence from low-exposure low-morbidity settings with high-quality data (Western Australia) and
high-exposure high-morbidity settings with less or low-quality data where the effects are poorly
understood (Ghana). The study's findings may provide insights into the exposure-response
relationships in environmental and perinatal epidemiology at both high and low exposure levels.
However, it is important to note that the study designs are different due to varying levels of data
availability. Therefore, the thesis is not intended for direct comparison of findings from Australia
and Ghana. Additionally, highlighting environmental health discrepancies within countries by
identifying biologically susceptible and sociodemographically vulnerable subpopulations is crucial
to prioritise public health interventions, targeted toxicological investigations, and a better
understanding of aetiologic pathways. This is also the first study to use a modern biothermal metric
(UTCI) rather than ambient temperature to examine the association and critical susceptible periods
of bioclimatic conditions and birth outcomes. Thus, this thesis will provide useful information for
the scientific community, healthcare providers such as public health officers and clinicians,

policymakers, and pregnant women to protect fetal health.



1.4 Structure of the thesis

This thesis included both peer-reviewed published articles and unpublished manuscripts. The thesis

has been structured into 12 chapters, divided into four parts as summarised in Figure 1.2.
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The Preface (Part I) is composed of Chapters 1 and 2 and provides an introduction and overview of
the methodology employed in this thesis, respectively.

Chapter 1 introduces the background and rationale, study hypotheses, aims and specific objectives,
significance, and public health implications, and ended with the structure of this thesis.

Chapter 2 provides a concise description of the overall methodology employed in this thesis which
included the study designs, data sources, outcomes and exposure measures, statistical analyses, and
ethical approvals.

Part Il covers Chapters 3 to 6 on the association between air pollution and birth outcomes.
Specially,

Chapter 3 provides umbrella review of systematic reviews and meta-analyses on ambient air
pollution and adverse birth outcomes. The up-to-date epidemiological findings, gaps, and
recommendations were presented.

Chapter 4 contains primary investigations of the long-term effects of maternal exposure to PMazs
and the risks of stillbirth and sPTB in Western Australia. Critical exposure periods of increased
susceptibility and vulnerable subpopulations and joint effects with biothermal stress were examined
in this chapter.

Chapter 5 contains primary investigations of the long-term effects of maternal PM_ s exposure on
the risks of adverse fetal growth (SGA, LGA, and LBW) in Western Australia. The identification of
susceptible exposure periods and vulnerable subpopulations and the joint effect of PM2s with
biothermal stress were also examined.

Chapter 6 contains a primary investigation of long-term maternal exposure to ambient PM2s and the
risks of stillbirth in Ghana. The identification of susceptible exposure periods and vulnerable
subpopulations and the joint effect of PM2.s with biothermal stress were also examined.

Part 111 covers Chapters 7 to 11 on the association between ambient temperature or biothermal
stress and birth outcomes. Specially,

Chapter 7 provides systematic umbrella review of systematic reviews and meta-analyses on ambient
temperature and adverse birth outcomes. The up-to-date epidemiological findings, gaps, and
recommendations were presented.

Chapter 8 contains primary investigations of maternal exposure to short-term biothermal stress and
the risks of stillbirth and sPTB and the identification of vulnerable subpopulations in Western

Australia.
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Chapter 9 contains primary investigations of maternal exposure to long-term biothermal stress and
the risks of stillbirth and PTB with the identification of susceptible exposure periods and vulnerable
subpopulations in Western Australia.

Chapter 10 contains primary investigations of the long-term effects of biothermal stress exposure on
the risks of adverse fetal growth (SGA, LGA, and LBW) with the identification of susceptible
exposure periods and vulnerable subpopulations.

Chapter 11 contains a primary investigation of long-term maternal exposure to biothermal stress
and the risks of stillbirth in Ghana with the identification of susceptible exposure periods and

vulnerable subpopulations.

Part IV covers Chapter 12 concludes the thesis with general discussion and conclusions.
Specifically, this chapter gives summary of the main findings, implications, strengths, limitations,

recommendations, and conclusions.

References and appendices are presented at the end of this chapter.
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Chapter 2: Methodology overview
2.0 Preamble

This chapter provides a concise summary of the overall methodology utilised in this thesis, covering
the umbrella reviews of systematic reviews and meta-analyses, and retrospective observational
studies conducted in Western Australia and Ghana on ambient particulate matter, biothermal stress,
and birth outcomes. Successive chapters contain detailed descriptions of the methodology applied to
investigate each specific objective outlined in chapter 1 of this thesis.

2.1 Ambient air pollution, temperature, and birth outcomes: An umbrella review of

systematic reviews and meta-analyses

Objectives 1 and 3 were achieved by adopting an umbrella reviews approach to systematically
synthesise the existing evidence in the systematic reviews and meta-analyses on ambient air
pollution, ambient temperature, and adverse birth outcomes. Before the umbrella review, a
comprehensive  protocol was developed, registered prospectively in  PROSPERO
(CRD42020200387), and published as a peer-reviewed working document.®® The umbrella reviews
were conducted by following Preferred Reporting Items for Systematic reviews and Meta-Analyses
(PRISMA) 8 and the Joanna Briggs Institute (JBI) umbrella review guidelines.>”# Search terms
and strategies were developed to conduct an advanced search in electronic databases such as
PubMed, CINAHL, Scopus, Medline, Embase, the Web of Science Core Collection, systematic
reviews repositories, grey literature databases, and internet search engines. References of included
studies were also used as the data sources. The results were synthesised by adapting a semi-
quantitative and narrative synthesis method as reported elsewhere.®¢-% The umbrella review was
reported separately for ambient air pollution and temperature as detailed in Chapters 3 and 7,
respectively.

2.2 Ambient particulate matter, biothermal stress, and birth outcomes: retrospective

observational studies in Western Australia and Ghana
2.2.1 Study populations and settings

To address objectives 2 and 4, primary studies were conducted in Western Australia and Ghana.
Western Australia is the largest state in Australia by area, covering 2.5 million km? with a
population of 2.7 million in 2021.% This state has diverse climatic conditions, ranging from tropical
north, temperate south-west, and arid or semi-arid in the other parts. There are generally four
seasons —summer (hottest months December—February), Autumn (transition months March-May),
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winter (coldest months June—August), and spring (transition months September—November). In
2016, a total of 35,890 births at or greater than 20 completed weeks of gestation or more than 400
grams in weight were recorded in Western Australia. Of these, 0.7% were stillbirths and 6.5% were
LBW (5.5% of LBW were among singleton births). PTB prevalence was 8.9% of which 7.3% were
among singleton births and 2.2 % of PTB died during labour while 3.9% died before the onset of
labour or at an unknown time.®! Ghana is a Sub-Saharan Africa (SSA) country along the coast of
West Africa. According to the 2021 census, Ghana’s population was 30.8 million at a growth rate of
2.1% with a population density of 129 persons/km?2.92 The country currently has 16 administrative
regions which are further subdivided into 260 local districts. The local districts are the lowest level
of policy implementations, including health services management. Due to the data availability,
these 260 geographical local districts are the unit of analysis in the Ghana study. Ghana has a
tropical and humid monsoon climate with two seasons — a dry winter season (“harmattan season’)
characterised by the Sahel dust (December-March) and a rainy summer season (April-November).
Recent Ghana demographic or maternal health surveys reported that 2% of births ended in stillbirth
% and 10% in LBW.** The state of global air report in 2019 indicated average PM2s values of 8.6
pg/m® and 35.0 pg/m® in 2017 for Australia and Ghana, respectively.® The average yearly

temperature of Australia is 23°C and 30 °C for Ghana.
2.2.2 Study designs, birth data, and variables

Longitudinal retrospective birth cohort study designs were conducted at the individual-level in
Western Australia and local district-level in Ghana using birth delivery registries. Electronic record
in the form of a de-identified Midwives Notification System (MNS) was obtained from Western
Australia Health Departments from 1% January 2000 to 31 December 2015 to define a birth cohort
from conception to birth delivery (either live or stillborn). The MNS is a statutory routine data
collection system that includes all births with >20 completed gestational weeks or >400 g birth
weight if the gestational length is unknown.®® The MNS contains sociodemographic and clinical
information on both mother and baby, including maternal residential address as statistical area level
1 (SAL, second smallest geographical unit in Australia) at the time of birth delivery. This thesis
included singleton births with SA1 addresses (n= 426,465). Further inclusion and exclusion criteria

were applied depending on the specific study as detailed in each chapter.

Ghana is now piloting electronic birth or maternal and child health registry with individual-level
details. Thus, as a common challenge in LMICs, particularly SSA countries, including Ghana,
individual-level electronic maternal or birth registries are currently unavailable to conduct large

population-based birth cohort studies.’” However, Ghana Health Service (GHS) recently started
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using an integrated internet-based electronic District Health Information Management System
(DHIMS?2) to routinely aggregate monthly health reports as counts, including birth records from
public and private health facilities. The records are collated by local district health directorates and
remotely transferred into a centralised depository.®®% The monthly district-level stillbirth in Ghana
from 1% January 2012 to 31 December 2020 were obtained from the Centre for Health Information
and Management (CHIM) of GHS.

A Dbirth from at >37 completed weeks of gestation is defined as term birth. The adverse birth
outcomes considered for Western Australia were sPTB (<37 completed weeks of gestation with
spontaneous onset of labour and vaginal delivery), stillbirth (fetal death at > 20 completed weeks of
gestation based on Australian definition!®), and adverse fetal growth which included term LBW
(birth weight <2,500 g), and term SGA and LGA (birth weight below the 10" and 90" centile,
respectively for that gestational age and sex). The birth outcome included in the Ghana study was

stillbirth (fetal death at > 28 completed weeks of gestation based on the WHO classification
93.94,100)

Covariates or potential confounding factors were selected a priori and included based on biological
mechanism and epidemiological evidence in the literature!>®1%1 and data availability. For the
Western Australian birth cohort, this included sex (male or female), year and season of conception,
maternal age, race or ethnicity (Caucasian or non-Caucasian), marital status (married or unmarried),
smoking during pregnancy (non-smoker or smoker), parity (nulliparous or multiparous), remoteness
indicator (urban or rural) and area-level socioeconomic status (SES) derived by the Australian
Bureau of Statistics as Relative Socio-economic Disadvantage.!®? The covariates included for
Ghana were district-level percentages of sex (male and female) and maternal age at delivery (10—
19, 20-34, and >35 years), SES, and population density.

2.2.3 Exposures and other socio-environmental data

The main exposures assessed in this thesis were PM2s and UTCI. The annual average of PMas
concentrations for both total mass and dust/sea-salt removed “647 and monthly total mass PM2s
concentrations “° at grid cell resolution of 0.01° x 0.01° (~1km x 1 km) covering the global land
surface were obtained freely from the Atmospheric Composition Analysis Group. The PMas
estimates were derived by combining aerosol optical depth estimates from multiple satellite
instruments, GEOS-Chem chemical transport model, and ground-based monitoring measurements
of PM2s to calibrate the global gridded PM.s concentrations using geographically weighted
regression with good performance.”**’ The biothermal metric, UTCI is a composite bioclimatic
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metric that captures the total ambient thermal environmental condition (air temperature, wind speed,
relative humidity, and radiation) and non-meteorological variables, and the thermal properties of
clothing derived from the advanced Fiala multi-node model of human heat balance under reference
conditions.'®®1% Daily or 24-h averages of the global gridded UTCI derived from ERAS reanalysis
at 0.25°x 0.25°spatial resolution (~27 km x 27 km) were obtained freely from the Climate Data

Store of Copernicus Climate Change Service.!%

The spatiotemporally resolved monthly PM.sand daily UTCI datasets were obtained over the study
periods and processed at SAL1 for Western Australia and local districts of Ghana using ArcGIS
software (version 10.8.1) and ‘terra’ R package. For the Western Australia birth cohort, exposures
were assigned to each birth based on dates of birth and conception and SA1 maternal residential
address. The annual average PM2s concentrations with both total mass and dust/sea-salt removed
4647 and other gridded datasets such as population,®”1% and Gross Domestic Production 1% were

additionally processed at the local districts in Ghana.
2.2.4 Statistical analyses
2.2.4.1 Analysis of Western Australia birth cohort

Preconception periods, especially 12 weeks or three months before pregnancy have been suggested
as a critical window as this is the period for gametogenesis 111! and fetal and children’s health
outcomes were associated with maternal preconception environmental exposures.'!? To identify the
critical susceptible exposure periods, DLNM was incorporated into Cox proportional hazard (Cox
PH) regression to investigate long-term maternal exposure to monthly PM2s exposure from three
months preconception to birth to estimate monthly specific adjusted hazard of birth outcomes
(stillbirth, sPTB, term SGA, LGA, and LBW) in Western Australia as reported in several previous
studies.®+®5675% Cumulative exposure models such as preconception, whole pregnancy, and
trimesters were also reported. The adjusted hazard ratios (HRs) and 95% confidence intervals (ClIs)
were reported. Several stratified analyses by sociodemographic and biologic factors were also
performed to identify the more vulnerable subpopulations. Details on model specifications,
stratified and sensitivity analyses were described in Chapters 4 and 5. R statistical software (version
4.2.1) was used for all analyses and the package ‘dlnm’ was used to fit DLNM %% pefore fitting the
Cox PH regression with the package ‘survival’.}'® Short-term effect of PM,s was not conducted as

only monthly PM2s concentrations were assessed due to data availability.

For biothermal stress (UTCI) exposure, both short and long-term effects were investigated. Short-

term or acute effects were investigated for birth outcomes with abrupt onset (that is stillbirth and
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SPTB) due to transient effect of the exposure.’'* Small area-level (SA1) aggregated analysis with a
novel design known as a space-time-stratified case-crossover was conducted.!® DLNM was
combined with conditional quasi-Poisson regression to estimate the relative risk of stillbirth and
SPTB attributable to UTCI exposure during the days of the last gestational week.5%6%115-118 Using
the median UTCI as a reference, the relative risks (RRs) and 95% confidence intervals (CIs) were
estimated for the immediate (delivery day) and cumulative short-term (up to six preceding days)
exposures to different thresholds of UTCI.1%12! The analyses were performed using R package
‘dlnm’ to fit DLNM %% pefore fitting a conditional quasi-Poisson regression with ‘gnm’

package.!??

For long-term effects analyses to identify the critical susceptible UTCI exposure periods, DLNM
Cox PH regression at individual level was performed as described briefly above for PM2 s exposure.
Here, both weekly and monthly UTCI exposures from twelve weeks or three months preconception
to birth and the adjusted hazard of birth outcomes (stillbirth, sPTB, term SGA, LGA, LBW) were
investigated. Cumulative exposure models such as preconception, whole pregnancy, and trimesters,

and stratified analyses were also reported. Details were described in Chapters 9 and 10.
2.2.4.2 Analyses of Ghana birth cohort

Within-space time-series analysis with DLNM combined with conditional quasi-Poisson regression
was used to estimate the risks of stillbirth due to monthly UTCI and PM2s exposures. Also, the
annual PM2s with source decompositions was used to estimate the risks associated with
anthropogenic and natural sources of PM2s exposure by applying a variant difference-in-differences
design with conditional quasi-Poisson regression.5%23124 Details on model specifications, stratified
and sensitivity analyses for UTCI and PMas exposures were described in Chapters 6 and 9,
respectively. All statistical analyses were performed using the R statistical software (version 4.2.1)

and main packages ‘dlnm’ and ‘gnm’ were used.

2.2.5 Ethical approval

Ethical approvals were obtained from the Human Research Ethics Committees of the Western
Australia Department of Health (#2016/51), Curtin University (#HRE2020-0523), and Ghana
Health Service (#GHS-ERCO016/12/20). Participants informed consent was waived because of the
implausibility of obtaining retrospective consent for de-identified routinely collected secondary
data.
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Chapter 3: Maternal exposure to ambient air pollution and adverse birth outcomes: An
umbrella review of systematic reviews and meta-analyses

3.0 Preamble

This chapter provides an umbrella review that comprehensively synthesised the existing systematic
reviews and meta-analyses of the epidemiological evidence on prenatal exposure to ambient air
pollution and the risks of adverse birth outcomes globally with recommendations for practice,
policy, and further studies. Before the conduct of the umbrella review, a general systematic review
protocol was registered prospectively in a PROSPERO (CRD42020200387) and then developed
into a peer-reviewed published article in the International Journal of Environmental Research and
Public Health.® The umbrella review was presented in this chapter as it was published in
Environmental Pollution with the title ‘Prenatal exposure to ambient air pollution and adverse birth

outcomes: An umbrella review of 36 systematic reviews and meta-analyses’.}?

3.1 Abstract

Multiple systematic reviews and meta-analyses linked prenatal exposure to ambient air pollutants to
adverse birth outcomes with mixed findings, including results indicating positive, negative, and null
associations across the pregnancy periods. The objective of this study was to systematically
summarise systematic reviews and meta-analyses on air pollutants and birth outcomes to assess the
overall epidemiological evidence. Systematic reviews with/without meta-analyses on the
association between air pollutants (NO2, CO, Oz, SO2, PMa2s, and PMio) and birth outcomes
(preterm birth; stillbirth; spontaneous abortion; birth weight; low birth weight, LBW; small-for-
gestational-age) up to 30" March 2022 were included. We searched PubMed, CINAHL, Scopus,
Medline, Embase, and the Web of Science Core Collection, systematic reviews repositories, grey
literature databases, internet search engines, and references of included studies. The consistency in
the directions of the effect estimates was classified as more consistent positive or negative, less
consistent positive or negative, unclear, and consistently null. Next, the confidence in the direction
was rated as either convincing, probable, limited-suggestive, or limited non-conclusive evidence.
Final synthesis included 36 systematic reviews (21 with and 15 without meta-analyses) that
contained 295 distinct primary studies. PM2s showed more consistent positive associations than
other pollutants. The positive exposure-outcome associations based on the entire pregnancy period
were more consistent than trimester-specific exposure averages. For whole pregnancy exposure, a
more consistent positive association was found for PM2s and birth weight reductions, particulate
matter and spontaneous abortion, and SO, and LBW. Other exposure-outcome associations mostly

showed less consistent positive associations and few unclear directions of associations. Almost all

18



associations showed probable evidence. The available evidence indicates plausible causal effects of
criteria air pollutants on birth outcomes. To strengthen the evidence, more high-quality studies are
required, particularly from understudied settings, such as low-and-middle-income countries.

However, the current evidence may warrant the adoption of the precautionary principle.

3.2 Introduction.

Increasing urbanisation and modernisation contribute to higher levels of environmental toxicants,
among which air pollution is a significant contributor.8%? Globally, air pollution is ranked as the
51 leading risk factor for mortality. Air pollution causes one in every nine deaths worldwide from
non-accidental mortality due to noncommunicable diseases such as lung cancer, chronic obstructive
pulmonary disease, ischemic heart disease, stroke, and lower respiratory infections %127 with a
high economic burden.’?® As a ubiquitous environmental risk factor, air pollution has impacts on
everyone with no geopolitical boundaries. 242" Notably, there is early evidence that some
subpopulations such as people with chronic diseases, children, older adults, and pregnant women
and their children in utero are more susceptible to the health outcomes associated with air pollution
exposure. 126127129 Ajr pollutants vary in chemical composition and physical characteristics and can
have negative impacts on vulnerable groups differently and at multiple stages in the life course.
24121130 The general physiological changes associated with pregnancy (e.g., changes in the
endocrine system, increased rates of inhalation and cardiac outputs) put pregnant women and the
developing fetus at a potentially greater risk of air pollution exposure. This results in adverse
pregnancy outcomes and elevated risk of morbidity from cardio-respiratory and

neurodevelopmental disorders later in the life course, 26127129

Many air pollutants have negative impacts on human health and the environment.> Commonly
regulated markers of ambient air pollution, the criteria air pollutants are nitrogen dioxide (NO>),
carbon monoxide (CO), ozone (Os), sulphur dioxide (SO2), and particulate matter (PM) with
aerodynamic diameter < 2.5 um (PMzs) and <10 um (PMio).* Prenatal exposure to the criteria
ambient air pollutants (hereon pollutants) has been documented as a potentially modifiable risk
factor for adverse birth outcomes.'?"1?® For example, even at concentrations lower than the 2005
World Health Organization (WHO) guideline annual average of 10 pg/m3, PM2s has been found as
a contributor to the risk of adverse birth outcomes.*?*!?" There are multiple relevant biological
mechanisms by which pollutants can influence birth outcomes.?* Prenatal exposure to pollution
initiates a sequence of pathophysiological responses, including oxidative stress, metabolic,
cardiovascular, and immuno-inflammatory alterations.*®>* These responses have the potential to
disrupt normal fetal development, resulting in adverse birth outcomes.!®?* The associations can be
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modified by climatic factors, infection, obstetric conditions, socio-economic status, nutrition, and

psychosocial environment.?%2>40

Systematic reviews and meta-analyses (SRMAs) have the potential to improve upon precision,
provide answers to unanswered questions, and settle conflicting findings in primary studies.'®
However, meta-analysis “also have the potential to mislead seriously, particularly if specific study
designs, within-study biases, variation across studies, and reporting biases are not carefully
considered.” 13! Several SRMAs have been conducted on the pollutants and birth outcomes with
findings indicating greater risks, but also with inconsistent findings, including null association, and
lower risks.283133132133 Ag the number of SRMAs increase with varied quality, scope, and
conclusions, umbrella reviews are recommended to systematically compare, contrast, and
synthesise the emerging evidence from the SRMAs to provide overall concise direction and strength
of the observed associations.®”3® Except for one related broad summary of meta-analyses ** that
included only one meta-analysis,?® to our knowledge, no umbrella review has been conducted to
systematically evaluate the exposure-outcome associations for ambient air pollution and adverse
birth outcomes. This study aimed to provide an overall clear synthesis of the available
epidemiological evidence through an umbrella review to evaluate if sufficient evidence is available
to adopt the precautionary principle; protecting the health of pregnant women and their fetuses by

minimising air pollution while scientific uncertainty is resolved.3*

3.3 Methods

3.3.1 Umbrella review methodology

This umbrella review involved a critical evaluation of SRMAS on the association between criteria
air pollutants and adverse birth outcomes. The review was based on a published protocol, %
prospectively registered in PROSPERO (CRD42020200387), and followed reporting guidelines,
including PRISMA statement 8413 and JBI umbrella review guideline."8

3.3.2 Eligibility criteria

Eligibility criteria were defined according to the PECOS (Participants, Exposures, Comparators,
Outcomes, and Study design) statement®®” as described in the published protocol.® Briefly, the
‘Population’ was pregnant women or in utero infants. ‘Exposures’ were the pollutants: NO,, CO,
O3, SO2, PMy5 and PMjo. ‘Comparators’ were pregnant women unexposed or exposed to lower
levels of the exposures as compared to those with higher exposures. ‘Outcomes’ were the birth
outcomes: preterm birth (PTB), pregnancy loss (spontaneous abortion or stillbirth), reduced birth

weight, and fetal growth restriction (low birth weight, LBW; and small-for-gestational-age, SGA),
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and related outcomes such as very low birth weight. ‘Study’ designs were systematic reviews with
or without meta-analyses that included quantitative human epidemiologic studies on the exposure-
outcome associations of interest. Assisted reproductive technology studies were excluded. A review
study was included if the review article specified inclusion or exclusion criteria, was based on the
search of at least one electronic database and described the search strategy or protocol, reported
results on the exposure-outcome association as the main objective, provided sufficient information
on the included primary studies ¥ and included no fewer than three primary studies for the

exposure-outcome association.***

3.3.3 Data Sources

We conducted a systematic search in (i) six major bibliographic databases: PubMed, CINAHL,
Scopus, Medline/Ovid, Embase/Ovid, and Web of Science Core Collection; (ii) systematic reviews
repositories: Cochrane Database of Systematic Reviews, JBI Database of Systematic Reviews and
Implementation Reports, and Epistemonikos (www.epistemonikos.org/); (iii) electronic grey
literature databases: OpenGrey (http://www.opengrey.eu/) and WorldWideScience.org; (iv) Internet
search engines: Google and Google Scholar in Incognito mode, screening the first 200 search
results 4°; (v) the World Health Organization website; and (vi) manually searched references of the

identified eligible studies.

3.3.4 Study selection and data extraction

Searches were restricted to the English language with no limitations on the date of publication. We
developed comprehensive search terms with the relevant medical subject heading (MeSH) terms,
keywords, and previous reviews’ search terms for advanced search in the databases (Table S1). An
experienced librarian from the Faculty of Health Sciences, Curtin University was consulted to refine
the search strategies. The literature search was conducted for the broader umbrella review described
in the protocol.® The databases were searched on September 21, 2020, and with weekly alerts and
updates up to 30" March 2022 using the same criteria. The titles and abstracts of all identified
citations were imported into the EndNote library and duplicated records were excluded. Studies
were first screened for relevant titles and abstracts. The full texts of potentially eligible studies were
retrieved and assessed comprehensively per the eligibility criteria. The JBI SUMARI was used to
aid the selection process at the full-text level.1*! Data were extracted from the selected studies with
the data extraction tool * and was piloted by two investigators (SN and JD). Study selection and
data extraction were conducted independently by two investigators (SN and JD) and any
disagreements were resolved by discussion or with a third investigator (GT, BM, and GP). Authors

were contacted for additional or unclear information where necessary.
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3.3.5 Risk of bias assessment

Two authors independently assessed the risk of bias (SN and JD) of the included reviews and any
disagreements were resolved by discussion or with a third investigator (BD). The JBI standardised
critical appraisal tool 8 for review studies and the JBI SUMARI software '4* was used. The 11
items were checked as ‘yes’ (1), ‘unclear’ or ‘no’ (0). Item 9 was scored not applicable (NA) for
reviews without meta-analyses. The ‘yes’ items were summed to total scores, which were

categorised as 0-5, 6-8, and 9-11 and rated ‘high’, ‘moderate’, and ‘low’ risk of bias, respectively.

3.3.6 Data Synthesis

The general characteristics and scope of the included reviews were presented using tables and
figures such as forest plots and a map with textual descriptions. To account for multiple inclusion of
primary studies (overlaps) in the review articles, we constructed separate citation matrices for
systematic reviews with and without meta-analyses for computing the overlaps according to
Corrected Covered Area (CCA) algorithm; 138

N-r

CCA = ,

rc—r

where N is the sum of the number of included primary studies (the total number of times studies
appeared in the reviews) in the umbrella review, r is the total number of distinct indexed primary
studies and c is the number of reviews. The CCA score < 5% implies slight, 6-10% moderate, 11-
15% high, and >15% very high degrees of overlaps.t® Overlap of primary studies across the
reviews is unavoidable. However, higher overlap indicates that synthesised evidence in the umbrella
review is based on different review studies that largely integrated the same primary studies. This

could bias the results or decrease the confidence in the evidence as compared to low overlap.*®

Systematic reviews without meta-analyses (hereon systematic reviews) were narratively
synthesised. For systematic reviews with meta-analyses (hereon meta-analyses), we adapted the
similar approaches described elsewhere 88 to provide overall epidemiological evidence.
Specifically, the two updated grading scales ® were adapted as described in our protocol.*3 Briefly,
by considering the consistency in the direction and statistical significance of the meta-analyses
results, each pollutant-outcome association was graded as demonstrating a more consistent positive
association (++) in all results and without null in the confidence intervals, or a less consistent
positive association (+) for which there was agreement in at least 75% of the results in the direction,
otherwise a mixed/unclear or contradictory direction (0). Similarly, lower risks were graded more
(--) or less (-) consistent negative associations. Consistently null association in all meta-analyses

was graded (00). Where only one meta-analysis was available for a particular pollutant-outcome
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association, the criteria were applied to the included primary studies in the meta-analysis while
considering agreement in the direction of association in at least 80% of the included primary
studies.!*? Next, informed by the benchmarks developed using Bradford Hills’ guidelines for

143 as applied previously,®® the confidence in the observed direction or plausible

causation
causation was rated as; i)‘convincing evidence’ (Ce), ii) ‘probable evidence’ (Pe), iii) ‘limited-
suggestive evidence’ (Lse) and iv) ‘limited, no conclusive evidence’ (Lnce) by considering the level
of strengths and weaknesses in the reported associations, including imprecision and heterogeneity in
the meta-analyses results, and the number and quality/study designs of the pooled primary studies.
Here, ‘convincing evidence’ of an observed direction or causality is that there is low heterogeneity
and high precision in all pooled estimates and included at least two cohort studies of large sample
sizes, and experimental studies.®813> Before the evidence synthesis, all effect estimates (odd ratios
for dichotomous outcomes and beta coefficient for continuous outcomes) were standardised as an
increase in exposure per 10 pg/m? for PM2s and PMio; 10 parts per billion (ppb) for NO2, SO, and
Os; and 100 ppb for CO as described elsewhere ¥ and applied in one of the included meta-

analyses.'#4

3.3.7 Protocol Amendments

Few amendments were made to the published protocol.®* We did not use the AMSTAR2 critical
appraisal tool for the further assessment of the methodological quality. Given that AMSTAR2 was
originally developed for randomised and non-randomised intervention studies,'* modifying it
within the context of environmental health studies may create discrepancies. Moreover, the JBI
critical appraisal tool,® which was more general as compared to the AMSTAR2, captured the
necessary items for assessing the risk of bias of the included systematic reviews or meta-analyses.
Also, considering the small number of meta-analyses for each pollutant-outcome association for
each pregnancy period, we applied at least 75% agreement of meta-analyses in each direction of
association for grading the less consistent associations as reported previously 8% instead of the
80% stated in the protocol.!®* We, however, maintained the 80% agreement in the direction of
association for the included primary studies in instances where only one meta-analysis was

available.
3.4 Results
3.4.1 Systematic literature search results

The initial literature search in the electronic databases identified a total of 3,663 records, of which

1,513 were retrieved after deduplications. Title and abstract screening excluded 1,460 records. An
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additional six potentially eligible studies were identified from the other search sources. The full-text
assessment included 59 studies and 34 were further excluded for other reasons, including retraction
(n =1), non-English (n = 4), a summary of reviews or general literature reviews (n = 16), unrelated
outcomes or pollutants (n = 4), and fewer than three or insufficient details on the included primary
studies (n = 9). From the prospective literature search based on the weekly databases’ alerts and
updates using the same criteria after the initial search up to 30" March 2022, we added 11
additional reviews.'#®1% Thus, 36 systematic reviews, 15 (42%) without and 21 (58%) with meta-
analyses were included in the final synthesis (Figure S3.1). The full lists of excluded studies after

the full-text examination with reasons were provided (Table S3.2).

3.4.2 Characteristics of the included reviews

The detailed descriptions of the general characteristics of the included reviews were summarised
(Tables 3.1 and 3.2 and Tables S3.3 and S3.4). The 36 SRMAs were published between January
2004 2 and October 2021 1531%* py authors from multiple countries (Figures S3.2 and S3.3). Most
of the reviews (30 of 36, 83%) included primary studies from several countries, although some
countries and regions of the world were more represented in the included studies than others. The
other six reviews were restricted to the USA,3*1571%8 China,'>°, Europe ,**” and Australia.’®? The 36
SRMAs included a total of 295 distinct primary studies that included eight multi-country studies
(including one each from 33 African countries * and three South Asian countries,'®! both based on
Demographic Health Survey data) and 287 country-specific studies from 31 countries. The
geographical distribution of the 287 country-specific primary studies was skewed towards studies
from the USA, 113 (39%), and China, 44 (15%). South Asia and Africa each contributed only one

study from India and Tanzania, respectively (Figure 3.1).

:I Studied lbcalioxls with number of studies

:] Unstudied Tocations

Figure 3.1 Spatial distribution of 287 country-specific primary studies from 31 countries included in

the 36 systematic reviews and meta-analyses on ambient air pollution and adverse birth outcomes.
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Note: Number of studies for US, United States (113); CA, Canada (12); ME, Mexico (1); RQ,
Puerto Rico (1); PE, Peru (1); BR, Brazil (11); UY, Uruguay (1); TZ, Tanzania (1); AU, Australia
(12); IN, India (1); CH, China (44); TW, Taiwan (5); JP, Japan (4); SK, South Korea (11); RS,
Russia (1); IR, Iran (4); IS, Israel (1); IT, Italy (5); SP, Spain (10); FR, France (9); BE, Belgium (3);
GM, Germany (1); CZ, Czech Republic (5); HR, Croatia (1); NL, Netherlands (4); UK, United
Kingdom (8); PL, Poland (7); LH, Lithuania (2); SW, Sweden (5); FI, Finland (1); NO, Norway (2).

The included systematic reviews sourced literature from an average of four databases. Out of the 15
systematic reviews, three searched the literature in both English and Chinese languages 14619162
while the remaining were restricted to only English. The number of primary studies included in
each systematic review ranged from three 1*3 to 82,15 with an average of 27 primary studies. The 15
systematic reviews included a total of 211 unique primary studies with a moderate overlap of 6.8%
(Table S3.5).

Most of the systematic reviews (n=13) investigated the association between PMas and LBW while
only one review investigated the association between the pollutants with spontaneous abortion
(SAB).1** Study design classifications varied among reviews. The total sample sizes studied ranged
from 146,271 births %° to 41,793,876 births 157 with an average of 12,792,818 births. The reported
average ranges of the concentrations for particulate matter were 1.1-71.9 pg/m?® for PM2s and 3.2-
889.7 pg/m? for PMao. The exposure levels of the gaseous pollutants reported (most likely for entire
pregnancy periods, although specific pregnancy periods were not clearly stated) ranged from 9.4 -
117.9 pg/m? for NOg, 3.8 - 308 pg/m? for SOz, 33 - 91.4 ug/m? for Os, and 0.5 -17.8 mg/m?® for CO.
The majority, 9/15 (60%) of the systematic reviews did not assess the risk of bias in the included
primary studies. The majority, 9/15 (60%) of the systematic reviews explicitly stated having used
systematic review guidelines, mostly PRISMA. Only one review had a protocol registered which is
available at Open Science Foundation.>® Two reviews, however, stated that a pre-specified review
method was available but not registered or published prior to the conduct of the review 32163 (Table
3.1). Other details were provided in Table S3.3.

The earliest meta-analysis, published in 2010 analysed the association between PM.s/PMjo and
LBW and PTB.? The number of meta-analyses increased over time with 15 published between
2016-2021 (Figure S3.2) that investigated the various pollutants and birth outcomes. The majority,
14 of 21 (67%) meta-analyses (Table 3.2) were restricted to only PM2s/PMio. Only one meta-
analysis searched one electronic database (PubMed) *#7 and the rest searched in two or more
databases. Restriction to only English articles was typical but six meta-analyses included both

English and Chinese,3233154.166-188 The number of included primary studies per meta-analysis ranged

25



from six to 62 with an average of 27. A total of 228 different primary studies were included with a
moderate overlap of 7.6% (Table S3.5). The average number of births or pregnancies per meta-
analysis was 12,149,542 births, ranging from 735,719 natural pregnancies ' to 57,960,152

births.'*® There were few unreported sample sizes for some included primary studies.
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Table 3.1 Characteristics of systematic reviews without meta-analysis, ordered from most recent to earliest publication

First author, Exposure Outcome Number Search date  No. of Publication  Total Risk of Quality Reporti  Evidence of
date [number type and of range and primary year range  births bias tool rating ng pre-
of authors, range or Databases languages studies, summary guidelin  specified
countries] IQR , grey applied study e review
literature design, protocol
searched coverage
1. Edwards 1*  PMys, PM1, LBW, Db =3 01/1989 - 3 total: all 2010-2019 663,255 Adapted 2 ‘probably  PRISMA Open
12/10/2021 NO3, SO, SGA,PTB  Grey=No  10/2020. cohort the low’ and 1 Science
[4;3UKand Ranges: NA English Navigation ‘probably Foundation
1 Nepal] Guide tool  high’.
2. Walter 2, PMys, PMy, LBW,BW, Dbh=2 Inception-  9total: 8 2006-2019 356382 NOS, Moderate PRISMA No
08/06/2021 NO2, SO, SGA,PTB  Grey=No 01/07/2019. cohort, 1 Navigation and high
[6; all 03, CO. English case- Guide, and
Australia] Ranges NA Crossover. Mustafic’s
Australia criteria
3. Luo 46 PMzs: 1.1- PTB,BW, Db=6 Inception-  39total: 35  2007-2019  10,533,97 NOS 7-9 No No
09/03/2021 20.1 pg/m® LBW, SGA 01/05/2019.  cohort, 4 4
[6; 5 China PMio: 3.3 - Grey =No Englishand case-control
and 1 UK] 39.2 pg/m® Chinese.
NO: 9.4 -
64.1 pg/m®
NO: 2.7 -
39.5 ppb
NOy: 19.6 -
102.8 ppb
4. Bekkar * PM35:1.3 - PTB, Db=3 01/01/2007 51 total: (43 2007-2019 30,731,00 No No Arskey No
18/06/2020 6.9 ng/m® LBW, and - retrospectiv 1 O’Malle
[4; all USA] SB Grey =2 30/04/2019. e cohort, 2 y
03 7.1- English Cross- PRISMA
11.5 ppb sectional, 4
time series,
3 case-
control.
USA
5. Heo ¥’ PMio, PM2s  PTB, Db=1 01/01/2000 44 total: 35  1999-2019  41,793,87 No No STROB  No
12/11/2019 (PMz,s.lo, LBW, - case- 6 E,
[3; AllUSA] PMi, PMg1)  SGA, and Grey =No 07/07/2019. control, 5 HEQAT,
Ranges NA SB English cohort, 1 Cochran
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6. Yuan 162
20/03/2019
[4; all China]

7. Tsoli 62
31/01/2019
[3; 2 Greece
and 1 UK]

8. Grippo &4
25/09/2018
[8; 3 USA and
5 China]

PMz,sl 1.8 -
71.9 pg/m®

PM25, PMy,
PM2.5.10,
PM3, TSP
Ranges NA

TSP, PMyy,
PMzs, CO,
SOz, NO2, Os
Ranges NA

PM2,51 9.1-

BW, LBW,
SGA, PTB

TBW,
TLBW

SAB
(miscarriag
e) and SB

TLBW

Db=1

Grey = No

Db=2

Grey = No

Db=1
Grey =No

Db=2

01/2008 -
22/07/2017.
English and
Chinese.

Inception -
08/2018.
English

Inception -
03/2018.

No language
indicated

Inception —

case-
control/coho
rt, 2 time-
series, 1
ecologic.
USA

42 total: 6
prospective,
35
retrospectiv
e cohort and
1 nested
case-
control.
Global

82 total:: 73
cohort, 6
ecological, 2
case-
control, 1
Cross-
sectional.
Global.

15 total: 3
each
prospective
cohort,
retrospectiv
e cohort,
and time-
series, 4
case-control
and 1 each
Cross-
sectional
and
ecological.
Global

6 total: 1

2008-2017 No
33,419,56
5

1997-2018 39,056,18 No

9

1998-2018 4,432,632 No

2013-2016 5,149,128 No

No

No

No

No

No

No

No

No

No

No#

No

No
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Westergaard 32.4 ug/m® Grey=No  21/08/2016. prospective, births
169 06/04/2017 NO2: 13.4 English 4
[4;2 ppb (one retrospectiv
Denmark, 1 study) eand 1
Netherlands, SO2: NA nationwide
and 1 France] Os: NA longitudinal
SPM: NA survey.
Global.
10. Jacobs ¥ PM,s. 61 BW, LBW, Db=5 1980 - 2015. 17 total: 2 1995-2015 505,734 Berman Stated but PRISMA No
01/02/2017 ug/me (one PTB, SB Englishand  prospective births and Parker  not reported
[9; 8 Australia  study) Grey =No  Chinese cohort, 4 (2002)
and 1 USA] PMyo: 40 - retrospectiv criteria
212 pg/m?, e cohort, 3
NO,: 24 - 61 case-
ug/m?, SO;: control, 1
16 -102 case-
ug/m® CO: crossover, 7
814 -1730 Cross-
ug/m® sectional.
Os: 61 pg/m® China
(one study)
11. Shah % PMyo, PM2s,  LBW, Db=3 Inception-  40total: 30  1987-2011 7,476,326  Referred 38/40 MOOSE No*
(26/11/2010)  NOg, SOy, PTB, Grey =No 15/10/2010. cohorts, 4 births to their included
[2; both CO, 03, TSP.  SGA/IUGR English case- previous studies had
Canada] Ranges NA , BW control, 5 checklist an overall
ecological moderate
RoB,
whereas 2
studies had
Global. a low RoB
12. Bonzini PMzs: 5.1 - PTB, Db=1 01/2004 - 18total: 12 2004-2008 1,987,093 No No No No
170.09/2010 25.4 ug/md LBW, Grey =No  12/2008. birth cohort,
[6; All Italy] PMi: 16.3-  SGA, BW English. 1 matched
89.7 ug/m® case-
NOz: 10.4 - control, 5
117.9 pg/md time-series.
03:33-91.4
ng/m?
C0: 0.5-17.8
mg/m?3
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13. Bosetti 17
06/02/2010
[6; 5 Italy and
1 Spain]

14. Ghosh 16
09/05/2007
[4; all UK]

15. Glinianaia
29

09/01/2004
[5; all UK]

PMg;s: 5.3 -
21.9 pg/m3
PMi0:3.2 -
889.7 ug/m?®
TSP: 68.5 -
375 ug/m?®

PMg;s: 10.3 -
43.0 pg/m3
PMjo: 31.5 -
85.9 ug/m®
TSP: 5.93
ng/m?
CO:10-17
ppm

SO,: 3.8 -308
ug/m®

NO2: 12.1 -
43.5 ppb Os:
18 - 27.23
ppb

TSP,
TSPSO,,
PMyo, PM25s
Ranges NA

PTB,
LBW,
VLBW,
SGA

BW, LBW,
VLBW,
PTB

LBW,
VLBW,
IUGR,
PTB, and
SB

Db=1

Grey = No

Db=10

Grey = No

Db=12

Grey =3

1966 -
06/2009.
English

1966 -2005.

English

01/01/1996

31/12/2001.

English

30 total : 22
Cross-
sectional*, 4
time series,
3 case-
control, 1
ecological
Global

5 total: 2
retrospectiv
e cohort, 1
prospective
cohort, 2
case-
control.

1995-2008

1997-2004

Global

11 total: 8
cohorts, 1
case-
control, 1
time-series,
1 ecological

1997-2001

Global

2,848,020

146,271

Not
provided
for
primary
studies

No

Developed
a checklist
from other
guidelines

No

No No

4 studies Cochran

were rated e.

‘fully meet

the quality

criteria’ and

1 rated

‘satisfactory

No CRD’s
Guidanc
e and the
U.K.
National
Health
Service
Centre
for
Reviews
and
Dissemi
nation

No

No

No

Note: NO2, Nitrogen dioxide; NOx, Nitrogen oxides; CO, Carbon monoxide; Os, Ozone; SO, Sulphur dioxide; PM2s, particulate matter at aerodynamic diameter < 2.5um; PMjo,
particulate matter with aerodynamic diameter < 10um; TSP, total suspended particles; SPM, suspended particulate matter; pg/m?*, micrograms per cubic meter; ppm, parts per
million; ppb, parts per billion; NA, not available; IQR, interquartile range; PTB, preterm birth; BW, birth weight; LBW, low birth weight; TLBW, term low birth weight; VLBW,
very low birth weight; SGA, small-for-gestational age; IUGR, intrauterine growth retardation; SB, stillbirth; SAB, spontaneous abortion; Db, database; NOS, Newcastle- Ottawa
scale; USA, United States of America; UK, United Kingdom; PRISMA, Preferred Reporting Items for Systematic reviews and Meta-Analyses; MOOSE, The Strengthening the
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Reporting of Observational Studies in Epidemiology; STROBE, Strengthening the reporting of observational studies in epidemiology; HEQAT, Health Evidence Quality
Assessment Tool. Statement” “A review protocol reporting inclusion and exclusion criteria was available during the screening process to consolidate reviewers' judgement. The
review protocol was not registered.” Statements”™ “The methods adopted by our group for systematically reviewing birth outcomes of various determinants have been described
previously and are briefly outlined below (Shahand Zao, 2009; McDonald et al., 2010). A decision was made a priori to systematically review these data rather than to perform meta-
analyses, as heterogeneities were identified in previous reviews”. *The cross-sectional used in this review included studies for birth cohorts classified in almost all reviews as
retrospective cohort study design.

Table 3.2 Characteristics of systematic reviews with meta-analysis, ordered from recent to earliest.

First author, date  Exposure  Outcome Number of  Search No. of Publicati Total RoB tool Quality Reportin  Evidence of
[number of type and databases date range primary onyear  births rating g pre-
authors, countries] range or (Db) and and studiesand  range summary guidelin  specified
IQR grey languages  study es review
literature applied designs, protocol
searched coverage
1. Gong % PM2.5: TBW Db =6 Inception— 3ltotal:all  2008- 24,824,520 NOS 22/31 PRISMA  No
04/10/2021 [5; 4 Range: (continuou  Grey=No 03/03/2021  cohort. 2021 for studies had
Chinaand 1 USA]  8.43-66.09 s outcome) . English quality high NOS
ug/m?® and assessme  score (>7;
Chinese. nt. high quality)
GRADE and 9 had
handboo  medium
k to scores.
grade “Very low’
certainty  quality of
of the effect
evidence  estimates in
all meta-
analysis due
to high
heterogeneit
y but
moderate for
the LUR-
models
subgroup.
2. *Zhu 1% PM3s, SAB Db=3 Inception — 6 total: 3 2014- 735,719 NOS for  All studies PRISMA No
03/08/2021 [ 11; all  PMyo Grey=No 01/02/2021 cohort, 3 2021 natural quality were “high
China] Range: NA . English case-control pregnancie  assessme  quality”
s (65,726 nt. (NOS score
SABs) GRADE >7).
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pro app GRADE
tograde  results of
the PM2.5 and
certainty  PM10 were
of both
evidence  “moderate”
3. Ju 1% PM3s, PTB Db=2 Inception- 60 total: all  1995- 21, NOS Included No No
09/07/2021 [7; all PMig, SO,, (including  Grey=No 10/2020. cohort 2020 872,454 only studies
China] NO;, CO, subtypes: English (1,499, with a total
Os. moderate, 479; score of 7-9
Ranges: very, and 6.86% (‘high
NA extremely PTB) quality”)
PTB).
2.8-
11.76%
4, Xie 11 PM,s: 11.8  Stillbirth  Db=4 Inception— 7 total: 6 2012- 4,342,251  Navigati  “Low” or PRISMA  PROSPERO
13/06/2021 —70.6 Grey=No 18/10/2020 cohortsand 2020 on Guide  “Probably
[10; 9 Chinaand1  pg/m® . English 1 case- RoB low” risk of
USA] control. criteria bias
Global
5. Rappazzo 0s:17-57 PTB Db=2 Inception - 20 total:17 2005 - 5,031,661 OHAT One high, No No
12/05/ 2021 ppb Grey=1 31/01/2021 cohort, 3 2021 and 9 each
[4; all USA] . case-control ranked
English Global medium and
low
confidence
overall
6. Zhang 4 PMzs, SB Db=4 Inception— 14 total: 3 2007- 7,227,534 NOSand “Most PRISMA No
22/02/2021 PMjio, SO, Grey=No 11/12/2020 prospective 2020 OHAT included
[7; All China] NO2, CO, .No and 5 tools studies
Os language retrospective showed
Ranges: indicated cohorts, 2 “low” or
NA case-control, “probably
3 case- low” risk,
crossover, 1 and “were of
time series. high quality.
Global
7. Uwak 148 PM; s, BW Db=3 Inception 54 total: 43 2003- 57,960,152 Navigati PMys: 12/30  Navigati PROSPERO
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25/01/2021 [13, Al PMyo, and Grey=No - retrospective 2020 on Guide studies were  on guide
USA] PM2s.10 27/02/2020 ,9 RoB rated overall ~ systemati
Ranges: . English prospective criteria as “low” or C review
NA cohorts, 2 as “probably methodol
Cross- low”. PMio:  ogy
sectional. 10/29
Global. studies were
rated overall
as “low” or
“probably
low” but
high risk for
all 5 studies
on coarse
PM.
8. Simonici 4 PM;s, BW/LBW, Db=1 Inception— 30total: 20  2002- 3,466,265  Adapted  Minimum PRISMA  No
03/11/2020 PMio, NO,  PTB, SGA 01/04/2020 cohorts, 9 2019 from score was
[4, All France] Ranges: Grey=No . English ecological Croteau 0.806 out of
NA time series, et al 1.000
1 spatial. (2009)
Europe and Doi
and
Thalib
(2008).
9. Thayamballi 8 PMzs: 1.0- BW, Db=4 Inception — 18 total. 2007- 17,779,343 Unclear  Unclear No No
08/09/2020 7.6 ng/m®  LBW/TLB Grey=No 30/06/2018  Unreported 2017
[4; all USA] PMy: 2.7- W, PTB, . English study design.
7.4 ug/m®  SGA, USA
Stillbirth
10. Li 14 PM_s, LBW Db=2 Inception — 54 total: all 1997- 27,087,009 NOS High No No
04/08/2020 PMij, Grey=No 06/2020.E  cohort 2020 qualities:
[7, all China] NO2, SO, nglish scores 7-9.
CO, and Global
Os
Ranges
NA
11.7i % PMzsand ~ TLBW Db=5 Inception— 14 total: all ~ 2004- 933,272 NOS 7 high PRISMA  No
30/05/2017 PMyo Grey = No 06/03/2017  cohort 2016 quality and 7
[6; All China] Ranges . English moderate
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12. Liu 16¢
15/06/2017 [7; all
China]

13. Li %7
28/04/2017
[17; all China]

14. Zhang %
30/11/2016
[8; All China]

15. Siddika 172
24/05/2016

[4; 3 Finland and 1
Ghana]

NA

PM2s: 5.1-
70.8 ng/m?®

PMz,sl 1.8
-22.1
ug/m?

PMzs,
PMio
Ranges:
NA

PM 1o,
PM 25,
NO;, SO,
CO, Os.
Ranges:
NA

PTB Db=5
Grey=No

TLBW, Db=4

PTB Grey=No

SGA/IUG  Db=4

R, SGA, Grey=No

SB, SAB

SB Db=3
Grey=No

and
Chinese
No date
indicated
English
and
Chinese

12/2015 -
07/2016
in English
and
Chinese

Inception -
31/12/2015
. English

Inception —
04/2015
“without
any
language
restriction.

2

Global

11 total: 7
retrospective
and 3
prospective
cohorts, 1
nested case-
control.
Global

24 total : 19
retrospective
cohort, 1
prospective
cohort, 2
case-control,
land 1
Cross-
sectional.
Global

17 studies: 2005-
14 2015
retrospective
cohort, 2
case-control,
1 cross-
sectional.
Global.

11 total :1
prospective
cohort, 5
retrospective
cohort, 1
case-control,
1 case-
crossover, 1
daily time-
series, 2
ecological.
Global

2007-
2016

1,207,542  NOS

NOS and
AHRQ

2006-
2016

14,600,860

6,506,961 No

1984-
2015

4,467,963  NOS

quality
Average MOOSE
NOS score is

8

Mean score MOOSE

ranged 6 to 8

No No

Very high No
quality (3

studies),

high quality

(1 study).

No

No

No

No
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16. Sun 168
29/12/2015 [8, all
China]

17. Sun %
18/11/2015

[7; 5 Chinaand 2
Australia]

18. Lamichhane 2°
03/11/2015

[4; All Incheon,
Korea]

19. Zhuy 173
28/08/2014 [6, all
China]

20. Stieb 3t
21/06/2012
[4, all Canada]

PMgjs: 5.1-
43.8 pg/m3

PMz,sl 5.1-
22.1 pg/md

PM,s: 5.1
-21.9
ug/m?
PMio: 3.0 -
142.1
ug/m®

PM2s
Ranges:
NA

PM;s: 1.8
-44.2
pg/m®

PM 10+ 3.3
-89.7
pg/m®
NO: 6.2 -
36.6 ppb
SO, 1.1 -
12.2 ppb
CO:0.5-
4.6 ppm
03134 -

LBW, BW Db=5
Grey=No

PTB Db=5
Grey=No

PTB,BW. Db=2
Grey = No

BW, LBW, Db=3

PTB, SGA, Grey=1

and

stillbirth

BW, Db=8

LBW/VLB Grey = No

W (3.5-

17.3%),

PTB (3.3 -

10.3%),

SGA/IUG

R

Inception —
03/2015.
English
and
Chinese

Inception —
12/2014.
English
and
Chinese

01/1980 -
04/2015.
English

Inception —
01/03/2014
. English

01/01/1980
-01/2011
English

32 total: 4
prospective
and 28
retrospective
cohorts.
Global

19 total: 13
retrospective
and 6
prospective
cohort
studies.
Global

44 total: 40
cohort, 4
case-control.
Global

26 total: 25
cohort
studies and 1
case-control.
Global

62 total: 54
cohort, 6
case-control,
2 ecological.
Global

2004-
2015

2005-
2014

2000-
2015

2005-
2014

1987-
2011

15,951,040

6,091,718

11,502,353

10,719,453

9,697,911

No

NOS

Downs
and
Black
checklist
S

No

No

No

The average
NOS quality
score is 8

“14 studies
were rated as
relatively
high quality
(score>15)
and 13 rated
as relatively
low quality
(score <15).”
No

No

No

PRISMA

MOOSE

No

No

No

No

No

No

No
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34.1ppb

21. Sapkota 28 PMays: 5.1 LBW/TLB Db=2
23/11/2010 [5, all -21.9 W, PTB Grey = No
USA] ug/m®

PMlol 11.8

-71.1

ug/m*

Inception —
07/2009.N
0
informatio
non
language

20 total: 2000- 3,134,406  No No No No
Unreported 2009

study

designs.

Global

*Zhu et al (2022) included 6 articles with 7 studies because one cohort study additionally reported separate results from case-crossover design.

Note: NO2, Nitrogen dioxide; CO, Carbon monoxide; O3, Ozone; SO,, Sulphur dioxide; PM. s, particulate matter with acrodynamic diameter < 2.5um; PMjo, particulate matter with
aerodynamic diameter < 10pm; pg/m®, micrograms per cubic meter; ppm, parts per million; ppb, parts per billion; NA, not available; IQR, interquartile range; PTB, preterm birth;
BW, birth weight; LBW, low birth weight; TLBW, term low birth weight; VLBW, very low birth weight; SGA, small-for-gestational age; IUGR, intrauterine growth retardation; SB,
stillbirth; SAB, spontaneous abortion; Db, database; RoB, Risk of bias; USA, United States of America; UK, United Kingdom; PRISMA, Preferred Reporting Items for Systematic
reviews and Meta-Analyses; MOOSE, The Strengthening the Reporting of Observational Studies in Epidemiology; NOS, Newcastle-Ottawa Scale; OHAT, Office of Health
Assessment and Translation; AHRQ, Agency for Healthcare Research and Quality; PROSPERO, International prospective register of systematic reviews.
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From 11/21 (52%) of the meta-analyses that provided the exposure levels for the included primary
studies, the reported mean concentrations of pollutants in the primary studies (most likely for entire
pregnancy periods, although specific pregnancy periods were not clearly stated) ranged from 1.8-
70.8 pg/m?3 for PMzs, 3.0-142.1 pg/m?® for PMo, 6.2-36.6 ppb for NO2, 1.1-12.2 ppb for SO, 13.4 -
57.0 ppb for Os, and 0.5 - 4.6 ppm for CO.

Two meta-analyses provided the prevalence ranges of 3.5-17.3% for LBW 3! and 2.8-11.76% for
PTB.™ The majority, 15/21 (71%) of the meta-analyses reported the risk of bias in the included
primary studies, which were mostly rated low. Two meta-analyses had registered their protocols a
priori.}4815! Effect estimates were often reported as odds ratios and most meta-analyses did not
indicate if other effect estimate metrics were converted or not. The pooled odds ratios were often
reported as per 10 pug/m? increment for particulate pollutants but the reference units for the gaseous
pollutants differed greatly among meta-analyses (Table S3.4).

3.4.3 Risk of bias assessment

Out of the 10 maximum scorable points for systematic reviews using the JBI critical appraisal
checklist, 12 systematic reviews scored 6-8 points (moderate risk of bias) and three reviews scored
9-10 points (low risk of bias). The major areas of weaknesses were limited sources of literature
searched, searching a single electronic database (n = 5), lack of risk of bias assessment for included
primary studies (n = 8), and critical appraisal (n = 12) or data extraction (n = 11) were not
conducted independently by at least two authors (Figure S4). Out of the 11 scorable points for meta-
analyses, 19 meta-analyses scored 9-11 points (low risk of bias) and two scored 6-8 points
(moderate risk of bias). The main reasons for lower scores were failure to appraise and report the
risk of bias in the included primary studies (n = 5) and lack of at least two independent authors

appraising the risk of bias (n = 7) (Figure S5).
3.4.4 Major findings

The detailed results from the systematic reviews were summarised in the supplemental material
(Table S3.3). Earlier global systematic reviews indicated that there were some associations between
the pollutants and birth outcomes, particularly for PM2s/PMz1o. and SO but concluded that the
available findings were generally either of “no effect”, “very small”, or “inconclusive” to provide
convincing epidemiological evidence.?®132170171 Three recent global systematic reviews showed
that particulate matter, especially PM2s, had been consistently linked in many observational studies

to a higher risk of birth outcomes at varied prenatal periods.'%2-*64 However, another recent
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systematic review restricted the inclusion to only primary studies that utilised the land-use

146 and concluded

regression model for exposure assessment that mainly investigated PM2sand NO>
otherwise. That review found that prenatal PM2s exposure increased the risk of reduced birth
weight but with an unclear link with other birth outcomes investigated.*® The authors also observed
that although NO: consistently showed an increase in the risk of reduced fetal growth and
development, its association with PTB was unclear and the associations of other pollutants with
birth outcomes were found to be generally uncertain.X*® Similarly, another systematic review also
found “insufficient or conflicting evidence” for an association of NO, and SO with stillbirth and
SAB.% However, a recent systematic review of the USA population indicated higher risks of PTB,
LBW, and stillbirth following prenatal exposure to PM2s and ozone and with heightened risk
among infants of Black-American mothers.®* A systematic review of studies from the Chinese
population on the impacts of the six pollutants on birth weight, LBW, PTB, and stillbirth found only
SO; to be consistently associated with LBW and PTB.™® Another systematic review that included
nine primary studies conducted in Australia also indicated that there was some evidence for PTB
and intrauterine growth retardation (IUGR) but stated that the discrepancies in the results hindered
overall firm conclusions.’® A review on maternal relocation during pregnancy included three
studies and found limited evidence of the influence of relocating into environments of different

concentrations of pollutants on birth outcomes.*>

Three systematic reviews 7165169 explored the associations between the pollutants and birth
outcomes by maternal or neonatal underlying sociodemographic or obstetrical conditions. It was
found that while females were at a higher risk of LBW, males were at a higher risk of PTB.1°
Furthermore, a higher risk of term LBW was observed for neonates whose mothers smoked tobacco
during pregnancy, were under/overweight or obese, or had lower socio-economic status.'®® The
third review that included studies from the USA population on exposure to particulate matter
concluded “suggestive evidence” of higher risk of PTB and LBW in infants of Black-American
mothers but “weak evidence” of higher risk for neonates of mothers with lower educational

attainments.®’

The most frequently pooled exposure-outcome association was PM2s with LBW and PTB (n=7)
during the entire pregnancy period. There was only one meta-analysis on the association between
gaseous pollutants (O3, SOz, CO) and reduced birth weight 3! (Table 2). The meta-analyses reported
the pooled effect estimates based on single-pollutant models and the effect metric for dichotomous
birth outcomes were odd ratios (ORs) with random effect model. The pooled effect estimates

showed inconsistencies in terms of direction and magnitude of effects, statistical significance,
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precisions, and heterogeneities but publication bias was often found to be absent based on Egger’s
or Begg’s test with funnel plots (Table S4). By geographical regions (defined as Asia, North or
South America, Europe, Oceania), although with varied magnitude of the effect estimates, positive
associations between particulate matters and birth weight 248> and all pollutants and PTB > were
found across all regions (Table S4). The direction of effect estimates, and consistency differed for
each exposure-outcome association at different pregnancy periods, resulting in different gradings in
the overall direction of the association. However, high heterogeneity, as high as 99%,331%6:168 gng
imprecision were reported across almost all meta-analyses. Also, due to the nature of the exposure,
no study included an experimental or randomised controlled trial (RCT). Consequently, the
maximum possible confidence of the evidence according to the adopted classification was probable
evidence (Pe). Thus, unless stated otherwise, the confidence of the evidence observed across

exposure-outcome associations described below was probable evidence.

i) Birth weight reduction

PM2s: Six meta-analyses examined the association with exposure over the entire pregnancy period,
and the overall results showed a more consistent positive association. The largest pooled effect
estimate was -28 g (95% CI = -48, -7) per 10 pg/m?® increase in exposure with heterogeneity of
94%, from 15 studies of 15,424,198 births.1*® For trimester-specific exposures, less consistent

positive associations were observed for each trimester (Table 3.3, Figure 3.2).

PMio: Entire pregnancy exposure from three meta-analyses 231148 showed a less consistent positive
association with birth weight reduction. The largest reported pooled effect estimate was -10 g (95%
Cl = -14, -7) per 10 pg/m? increase in exposure with 0% heterogeneity based on five cohort studies
of 477,123 births that adjusted for prenatal tobacco smoking.® All trimester-specific results showed
less consistent positive associations (Table 3.3, Figure S3.6).

NO.: The overall evidence from the results of one global study®! and one SRMA from Europe 4
was graded with a less consistent positive association for the entire pregnancy period, first and third
trimesters. However, the second-trimester exposure showed an unclear or contradictory direction
(Table 3.3 and Figure S3.7).

Os: Only one meta-analysis® was conducted that found a positive association between exposure
during the entire pregnancy period with high heterogeneity; the effect estimate was -5 g (95% CI = -
16, 6; 1> = 81%) per 10 ppb increase in exposure. This meta-analysis pooled four cohort studies
where two of the cohort studies each reported positive and negative associations with the change in
birth weight. Given that only one meta-analysis was identified, applying the grading criteria to the
results of the included primary studies (available in the original meta-analysis) indicated unclear or
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contradictory direction for the entire pregnancy period, first and third trimesters. However, the

second-trimester exposure showed a less consistent positive association (Table 3.3).
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Figure 3.2 Forest plot of the association between change in birth weight (BW) per 10ug/m?® PM_ s increase at different
pregnancy periods. Solid points represent point estimates of the individual meta-analyses results, and the whiskers
represent 95% confidence intervals (CIs). The vertical green dashed line represents change in birth weight of 0 grams.
Note: PM;s, particulate matter with aerodynamic diameter <2.5pm.

SO2: Only one meta-analysis was included that pooled three to six studies and found lower risks for
the entire pregnancy period, second and third trimesters but higher risk for the first trimester.3! In all
pregnancy periods, the results of the included primary studies (available in the original meta-
analysis) showed both higher and lower risks. Hence overall evidence was considered unclear or
contradictory direction for each pregnancy period (Table 3.3).

CO: Only one meta-analysis pooled this exposure-outcome association for each pregnancy period
based on four to eight cohort studies.3! The pooled effect showed a 1 g decrease in birth weight for
the entire pregnancy but no association for trimester-specific effects per 100 ppb increase in the
exposure. However, less than 80% of the included primary studies reported both higher and lower
risks for each pregnancy period. Hence the overall evidence was graded in unclear or contradictory

directions for each pregnancy period (Table3.3).
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PMa5 or PM1o by race/ethnicity: Two meta-analyses pooled the effect estimates by race or ethnicity

for PM2s and PMyo over the entire pregnancy exposure, dominated by studies conducted in the USA

148.1%8 -~ Applying the grading criteria, the overall evidence for PMs showed a more consistent

positive association for White persons, a less consistent positive association for Hispanic persons

and Black persons but an unclear or contradictory direction for Asian persons. The largest pooled

effect estimate was -32 g (95% CI = -60, -4) per 10 pg/m? increase in exposure among the White

population.?*® Only one meta-analysis pooled results for PM1o and birth weight association.'*® The

overall evidence based on the results of the primary studies showed a less consistent positive

association for White persons and unclear or contradictory directions for both Black and Hispanic
persons (Table S3.6, Figure S3.8).

Table 3.3 Association between birth weight and ambient air pollution

Pollutant Exposur Meta- Change in 12 (%) Primary Total Consis
(incremental e analysis birthweight (g) studies births (N) tency,
units) period First author (95% ClI) (n) confide
(Year) nce
PM2s Entire Gong (2021) -17 (-20, -13) 96 26 23,926,140 ++, Pe
(10 pg/m?3) Pregnanc 1
y Uwak -28 (-48, -7) 94 15 15,424,198
(2021)148
Sun -16 (-27, -5) 99 17 7,857,127
(2016)268
Lamichhane  -22 (-38, -6) 92 7 2,090,972
(2015)%
Zhu -15 (-19, -10) 87 12 7,388,985
(2015)*73
Stieb -23 (-46, -1) 95 7 4,271,411
(2012)%
Trimeste  Gong (2021) -6 (-8, -3) 91 13 6,707,042 +, Pe
r 1 154
Uwak (2021) -7 (-15,2) 87 11 3,547,223
148
Sun (2016) -8 (-17,0) 90 11 NA
168
Lamichhane -6 (-20, 7) 88 5 1,261,503
(2015) %0
Zhu (2015) -7 (-14,0) 82 7 5,153,167
173
Stieb (2012) 0 (-10, 9) 37 4 3,637,501
31
Trimeste  Gong (2021) -6 (-8, -4) 85 13 6,707,042 +, Pe
r2 154
Uwak (2021) -6 (-11, -1) 68 11 3,547,223
148
Sun (2016) -13 (-22, -3) 92 10 NA
168
Lamichhane  -11 (-19, -2) 82 4 1,257,650
(2015) %
Zhu (2015) -8 (-15, -1) 85 5 4,742,687
173
Stieb (2012)  -15(-34,5) 75 4 3,634,129
31
Trimeste  Gong (2021) -5(-8, -2) 94 20 10,361,367 +, Pe
154

r3




Uwak (2021) -11 (-21, 0) 84 12 3,556,290
148
Sun (2016) -10 (-17, -4) 86 13 NA
168
Lamichhane -8 (-10, -5) 0 6 2,236,549
(2015) *°
Zhu (2015) -15 (-22, -8) 86 7 5,153,167
173
Stieb (2012)  -16 (-37,1) 86 4 3,637,501
31
PMio Entire Uwak (2021) -9 (-17,0) 84 8 2,679,928 +, Pe
(10 pg/m?3) Pregnanc 148
y Lamichhane  -10 (-14, -7) 0 5 477,123
(2015) *°
Stieb (2012) -8 (-10, -7) 16 7 3,932,746
31
Trimeste Uwak (2021) 3 (-3, 10) 14 6 757,843 +, Pe
ri 148
Lamichhane -1 (-5, 2) 0 4 507,286
(2015) %0
Stieb (2012) -2 (-4,1) 67 10 4,505,769
31
Trimeste Uwak (2021) -3(-8,1) 0 6 757,843 +, Pe
r2 Lamichhane -7 (-14, 1) 68 4 507286
(2015) *°
Stieb (2012) -2 (-4,0) 41 10 4,505,769
31
Trimeste  Uwak (2021) -7 (-11, -2) 0 7 766,910 +, Pe
r3 148
Lamichhane -5 (-8, -2) 0 5 913,913
(2015) *°
Stieb (2012) -2 (-7,3) 93 10 4,505,769
31
CO Entire Stieb -1(-3,1) 95 4 3,702,544 0, Pe
(100 ppb) Pregnanc  (2012)%*
y
Trimeste  Stieb (2012) 0 (-1, 0) 95 8 4,576,045 0, Pe
ri 31
Trimeste  Stieb (2012) 0 (0, 0) 0 7 4,299,282 0, Pe
r2 31
Trimeste  Stieb (2012) 0(-1,1) 91 7 4,299,282 0, Pe
r3 31
NO; Entire Simoncic -3(-12,7) 28 6 86,680 +, Pe
(10 ppb) Pregnanc  (2020)%*"
y Stieb (2012)  -14 (-22, -6) 85 10 3,780,571
31
Trimeste  Simoncic -27 (-56, 2) 36 4 3,435 +, Pe
ri (2020)47
Stieb (2012) -2 (-10,5) 90 11 4,259,729
31
Trimeste  Simoncic -17 (-46, 13) 26 4 3,435 0, Pe
r2 (2020)47
Stieb (2012) 0(-1,1) 0 9 3,979,113
31
Trimeste  Simonici -3 (-26, 19) 32 5 12,502 +, Pe
r3 (2020)
Stieb (2012) -4 (-15,7) 94 10 3,982,966
31
O3 Entire Stieb (2012) -5 (-16, 6) 81 4 3,370,657 0, Pe
(10 pph) Pregnanc %
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y

Trimeste ~ Stieb (2012)  1(3,5) 81 8 4,325,899 0, Pe
El':imeste 3Sltieb (2012) -5(-9,-2) 77 8 4,325,899 +, Pe
IrTfimeste itieb (2012) -1 (-4, 1) 80 8 4,325,899 0, Pe
e rEitire Stieb (2012) 15 (-15, 45) 80 3 3,718,863 0, Pe
(10 ppb) Pregnanc %
yl'rimeste itieb (2012)  -15 (-42, 12) 95 6 4,098,747 0, Pe
EI':imeste 381tieb (2012) 9 (-9, 28) 66 4 3,808,425 0, Pe
EI'Zimeste Stieb (2012) 15 (5, 35) 93 5 3,883,096 0, Pe
r

Note: NO, Nitrogen dioxide; CO, Carbon monoxide; Os, Ozone; SO, Sulphur dioxide; PM, s, particulate matter with
aerodynamic diameter < 2.5um; PMjg, particulate matter with aerodynamic diameter < 10um; BW, birth weight; OR,
odd ratio; CI, confidence intervals; ppb, parts per billion; NA, Not available; 12, Heterogeneity; ‘++ represents more
consistent positive association; ‘+’ represents less consistent positive association; ‘0’ represents contradictory/unclear
direction; Pe, probable evidence of the observed direction of exposure effect.

if) Low birth weight (LBW)

PM.s: Applying the grading criteria, the findings from seven meta-analyses based on 4 to 29 cohort
studies for the entire pregnancy period were found to have a less consistent positive association.
The largest pooled OR was 1.09 (95% CI =1.03, 1.15) per 10 pg/m? increase in exposure with high
heterogeneity (12 = 93%) based on 19 cohort studies that included 10,405,729 births.*6® Considering
four meta-analyses for each trimester, the overall evidence for each trimester showed a less
consistent positive association (Table 3.4 and Figure S3.9).

PMzio: For the entire pregnancy period, four meta-analyses reported positive associations which
included the null 232 and without the null 31 in the confidence intervals. The largest pooled
effect estimate indicated a higher risk of 5% per 10 pg/m?® increase in the exposure based on 23
cohort studies with 286,188 LBW cases, with OR of 1.05 (95% CI=1.03, 1.08; 1= 70%).1%* The
overall evidence was graded as a less consistent positive association for the entire pregnancy
exposure. Regarding the trimester-specific risks, the overall evidence was less consistent positive
associations for first and second trimesters but an unclear or contradictory direction for the third
trimester (Table 3.4 and Figure S3.10).

CO: From the results of two meta-analyses,®1#* the overall evidence of less consistent positive
association was found for the entire pregnancy. The same pooled OR of 1.01 (95% CI1=1.00, 1.01)
per 100 ppb increase in exposure based on six and eight cohort studies with low to moderate
heterogeneities were reported. The same two meta-analyses reported similar findings of less

consistent positive association for the second trimester, but an unclear or contradictory direction
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for the first-trimester exposure and consistently null association for the third trimester (Table 3.4,

Figure S3.11).

Table 3.4 Association between low birth weight (LBW) and ambient air pollution

Pollutant Exposur Meta- OR (95% CI) I? Primary  Total Consisten
(increment e analysis (%)  studies births (N)  cy,
al units) period (n) confidenc
e
PM_s Entire *Li (2020)% 1.08(1.04,1.12) 86 29 536,218 +, Pe
(10 pg/m?)  Pregnanc i (2017)2  1.04(0.99,1.09) 67 6 594,626
y Li (2017)7  1.05(0.98,1.12) 85 8,226,866
Sun (2016) 1.09 (1.03,1.15) 93 19 10,405,729
168
Zhu (2015)  1.05(1.02,1.07) 40 6 5,691,348
173
Stieb (2012)  1.05(0.99,1.12) 8 5 4,160,105
31
Sapkota 1.09 (0.90,1.32) 57 4 831,042
(2010)28
Trimester  Li (2020) ¥4 1.03 (0.97,1.09) 95 19 NA +, Pe
1 Ji(2017)®  1.01(0.98,1.03) 0 436,799
Li (2017) 7 1.00(0.91, 1.11) 90 1,163,751
Sun (2016)  1.03(0.93,1.13) 87 NA
168
Trimester Li (2020) ™  1.03(0.98,1.08) 92 20 NA +, Pe
2 Ji(2017)%  1.15(0.96,1.38) 66 3 436,799
Li (2017) 67  1.00(0.96,1.03) 81 4 1,587,470
Sun (2016)  1.04(0.95,1.13) 80 7 NA
168
Trimester Li (2020) 4 1.05(1.01,1.10) 92 20 NA +, Pe
3 Ji(2017)®  1.17(0.94,1.46) 79 3 436,799
Li(2017) 67  1.03(0.98,1.09) 55 3 1,163,751
Sun (2016)  1.23(0.96,1.59) 99 8 NA
168
PMyo Entire Li (2020) 44 1.05(1.03,1.08) 70 23 286,188 +, Pe
(10 pg/m®)  Pregnanc 3 2017)®2  1.01(0.96,1.08) 68 9 326,518
y Stieb (2012)  1.05(1.02,1.07) 68 14 4,419,929
31
Sapkota 1.02(0.99,1.05) 55 11 1,935,404
(2010) %
Trimester Li(2020) *  1.02 (1.00, 1.05) 72 13 NA +, Pe
1 Ji(2017)%2  1.06(0.99, 1.12) 20 315,469
Stieb (2012)  1.01(0.97, 1.05) 42 1,153,736
31
Sapkota 1.00 (0.97,1.03) NA 5 NA
(2010) 8
Trimester Li (2020) 4 1.01(1.01,1.02) 28 13 NA +, Pe
2 Ji(2017)%  1.05(0.99, 1.44) 23 313,955
Stieb (2012)  1.01(0.98, 1.04) 23 1,153,736
31
Trimester Li (2020) 4 1.00(1.00,1.01) 21 13 NA 0, Pe
3 Ji(2017)%  1.06 (0.97, 1.15) 50 315,469
1.00 (0.98,1.03) 13 1,153,736

Stieb (2012)
31
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Sapkota 1.00(0.99,1.01) NA 7 NA
(2010) %
co Entire Li (2020) ¥ 1.01(1.00,1.01) 53 112,239 +, Pe
(100 ppb) ~ Pregnanc  gtjeh (2012)  1.01(1.00,1.01) 38 4,543,308
y 31
Trimester Li (2020) *  1.01(1.00,1.01) 12 5 NA 0, Pe
1 Stieb (2012)  1.00(1.00,1.01) 0 5 1,129,363
31
Trimester Li (2020) ¥ 1.01(0.99,1.02) 54 5 NA + Pe
2 Stieb (2012)  1.01(1.00,1.01) 0 4 900,278
31
Trimester Li (2020) *  1.00(0.98,1.02) 68 5 NA 00, Pe
3 Stieb (2012)  1.00(0.99,1.01) 86 5 1,129,363
31
NO, Entire Li (2020) ¥  1.03(1.01,1.05) 90 23 509,997 + Pe
(10 ppb) Pregnanc  gtiep (2012)  1.02(1.00,1.04) 78 7 4,211,351
y 31
Trimester Li (2020) 4 1.02(1.01,1.04) 11 12 NA +, Pe
1 Stieb (2012)  1.01(0.99,1.03) 0 5 1043794
31
Trimester Li (2020) *  1.01(0.99,1.04) 75 13 NA + Pe
2 Stieb (2012)  1.02(1.00,1.04) 0 4 814,709
31
Trimester Li (2020) 4 1.01(0.97,1.06) 78 13 NA 0, Pe
3 Stieb (2012)  0.99(0.93,1.05) 70 5 1,043,794
31
O3 Entire Li (2020) ™  1.05(1.01,1.09) 90 14 311,189 0, Pe
(10 ppb) Pregnanc  gtiep (2012)  1.00 (0.91,1.12) 25 3 3,377,984
y 31
Trimester Li (2020) 4 1.00 (0.95, 1.05) 79 9 NA 0, Pe
1 Stieb (2012)  0.99 (0.95,1.04) 0 5 1,002,748
31
Trimester Li (2020) **  1.02(0.95,1.09) 87 8 NA 0, Pe
2 Stieb (2012)  0.97 (0.89,1.07) 34 3 496,900
31
Trimester Li (2020) **  1.09(0.99,1.20) 96 9 NA + Pe
3 Stieb (2012)  1.01(0.92,1.12) 76 5 1,002,748
31
SO, Entire Li (2020) ™  1.12(1.02,1.24) 83 13 171,360 ++, Pe
(10 ppb) Pregnanc  gtieh (2012)  1.06 (1.04, 1.10) 0 7 4,400,175
y 31
Trimester Li (2020) 4 1.05(1.00,1.12) 65 10 NA +, Pe
1 Stieb (2012)  1.04(0.98,1.08) 58 5 889,204
31
Trimester Li (2020) 4 1.02(0.99, 1.05) 20 10 NA +, Pe
2 Stieb (2012)  1.02(0.96,1.08) 41 4 660,119
31
Trimester Li (2020) *  0.98(0.95,1.01) 45 10 NA - Pe
3 0.98(0.94,1.04) 59 6 963,875

Stieb (2012)
31

Note: NO, Nitrogen dioxide; CO, Carbon monoxide; Os, Ozone; SO, Sulphur dioxide; PM,s, particulate matter with
aerodynamic diameter < 2.5um; PMjo, particulate matter with aerodynamic diameter < 10um; LBW, low birth weight;
OR, odd ratio; CI, confidence intervals; pp, parts per billion; NA, Not available; 12, Heterogeneity; ‘++ represents more
consistent positive association; ‘+’ represents less consistent positive association; ‘0’ represents contradictory/unclear
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direction; ‘-’ represents less consistent negative association; Pe, probable evidence of the observed direction of
exposure effect.
*Li (2020) reported number of LBW cases instead of total births for all exposures.

NO,: Two meta-analyses reported on this exposure-outcome association.311% The overall evidence
for the entire pregnancy period, first and second trimesters were found to be less consistent positive
associations. For the entire pregnancy exposure, the larger pooled OR was 1.03 (95% CI=1.01,
1.05) per 10 ppb increase in exposure with high heterogeneity (1> = 90%) based on 23 cohort studies
of 509,997 LBW cases.** The third trimester showed an unclear or contradictory direction (Table
3.4, Figure S3.12).

Os: The results of two meta-analyses®1%* indicated overall evidence of unclear or contradictory
directions for the entire pregnancy period, first and second trimesters while the third trimester
showed a less consistent positive association (Table 3.4, Figure S3.13).

SO: Two meta-analyses were reported for each pregnancy period®-1% and found a more consistent
positive association across the entire pregnancy exposure period. The larger OR of LBW was 12%
with high heterogeneity (1°= 83%) based on 13 cohort studies of 171,360 LBW births with pooled
OR of 1.12 (95% Cl= 1.02, 1.24) per 10 ppb increase in exposure.'** The results of both first and
second trimesters showed less consistent positive associations while the third trimester was a less

consistent negative association (Table 3.4, Figure S3.14).

iii) Small-for-gestational age (SGA)

PM2s: The two meta-analyses on the association between SGA and PMas considered the same
primary studies.?33173 We, therefore, considered the two pooled results as one. The entire pregnancy
period result from six cohort studies on 1,515,887 births indicated positive association with pooled
OR of 1.15 (95% Cl= 1.10, 1.20; 1°= 0%) per 10 pug/m?® increase in exposure. The overall evidence
was graded as a less consistent positive association for the entire pregnancy period based on the
results of the included primary studies. Similarly, applying the grading criteria to the results of the
primary studies, we graded the overall evidence as unclear or contradictory direction for the first

trimester and less consistent positive associations for both second and third trimesters (Table S3.7).

iv) Preterm birth (PTB)

PM2s: There were seven meta-analyses based on 4 to 31 cohort studies. The overall evidence for

the entire pregnancy period was graded as a less consistent positive association and the largest

pooled OR of PTB was 1.16 (95% CI1=1.07,1.26; 1°=17%) per 10 pg/m? increase in the exposure

based on four cohort studies conducted on 197,980 births.3! The unclear or contradictory direction

was observed for the first trimester. Both second and third trimesters, however, showed a less
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consistent positive association. The largest pooled OR of PTB per 10 pg/m® increase in the
exposure for second trimester was 1.09 (95% C1=0.82, 1.44; 12 = 99%) based on five cohort studies
conducted on 1,340,807 births and third trimester was 1.08 (95% Cl= 0.99, 1.17; 1?> = 92%) based
on nine cohort studies conducted on 2,208,883 births 33 (Table 3.5, Figure 3.3).
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Figure 3.3 Forest plot of the association between preterm birth (PTB and fine particulate matter (PM3s) per 10ug/m?3
increment) during different pregnancy periods. Solid points represent point estimates of the individual meta-analyses
results, and the whiskers represent 95% confidence intervals (Cls). The vertical green dashed line represents the
reference for null association of 1. Note: PM_ s, particulate matter with aerodynamic diameter < 2.5um.

PMio: From the reported pooled OR of three meta-analyses,?®03! the overall evidence showed a
less consistent positive association for the entire pregnancy period. The largest pooled OR indicated
24% increased odds of PTB per 10 pg/m?® increase in the exposure with an OR of 1.24 (95% Cl=
1.03, 1.45) with no heterogeneity (1> = 0%) based on two cohort studies of 9,294 births that adjusted
for maternal tobacco smoking.>® Regarding the trimester-specifics, we observed less consistent
negative associations for both first and second trimesters but a less consistent positive association
for the third trimester (Table 3.5 and Figure S3.15).

NO,: Two global meta-analyses based on 20 primary studies **° and six primary studies,*! and one
for the European region based on four studies #’ reported on this exposure-outcome association.
The overall evidence was a less consistent positive association for the entire pregnancy period and
the larger OR of PTB was 1.14 (95% CI= 0.81, 1.64) per 10 ppb increase in the exposure from four
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cohort studies of 80,458 European births with moderate heterogeneity (12 = 72%).*" From two
meta-analyses for each trimester exposure period, the overall evidence was a less consistent
negative association for the first trimester, unclear or contradictory direction for the second
trimester, and a less consistent positive association for the third trimester (Table 3.5, Figure S3.16).

CO: From the findings of two meta-analyses,®"*>® both entire pregnancy and first trimester exposure
periods showed unclear or contradictory directions while the third trimester consistently showed a

null association. One meta-analysis® evaluated the second trimester and the results of the three

included primary studies indicated an unclear or contradictory direction (Table 3.5, Figure S3.17).

Os: Two meta-analyses were reported for the entire pregnancy, and second and third trimesters,3-1%°

and three meta-analyses were reported for the first trimester.3-°015° The entire pregnancy and first

and second trimesters showed less consistent positive associations while the third trimester was an

unclear or contradictory direction (Table 3.5, Figure S3.18).

Table 3.5 Association between PTB and ambient air pollution

Pollutant Exposure Meta- OR (95% CI) 1 Primary Total Consistency,
(incremental  period analysis (%) studies  births (N) confidence
units) (n)
PM_ s Entire *Ju (2021)1%  1.07 (1.05,1.10) 89 31 1,007,827 +, Pe
(10 pg/m?) Pregnancy Ly (2017)1%® 1.15(0.99, 1.33) 85 7 882,479
Li(2017) 67 1.02(0.93,1.12) 97 6 4,098,419
Sun (2015)* 1.13(1.03,1.24) 91 13 3,089,186
Zhu 1.10(1.03,1.18) 52 8 1,764,632
(2015)*7
Stieb 1.16 (1.07,1.26) 17 4 197,980
(2012)%
Sapkota 1.15(1.14,1.16) O 6 517,760
(2010)%
Trimester 1 Ju (2021)*  0.98 (0.96, 1.01) 97 26 920,837 0, Pe
Liu (2017) 1.15(1.05,1.24) 33 9 1,041,382
166
Li (2017) 67 1.03 (1.00, 1.06) 70 5 1,371,800
Sun (2015)* 1.08(0.92,1.26) 91 10 1,668,004
Zhu 0.96 (0.77,1.21) 87 6 743,647
(2015)*7
Stieb 0.85(0.60, 1.20) 94 4 589,100
(2012)%
Sapkota 1.04 (0.73,1.34) NA 4 NA
(2010) %8
Trimester 2 Ju (2021) *°  1.03 (1.00,1.07) 97 23 880542 +, Pe
Li(2017) 67 1.01(0.93,1.10) 98 4 1,367,947
Sun (2015)*  1.09(0.82, 1.44) 99 5 1,340,807
Zhu 0.90(0.79,1.03) 0 3 598,606
(2015)'73
Trimester 3 Ju (2021) %5 1.02 (1.00, 1.04) 93 23 923,545 +, Pe
Li (2017) 67 1.02 (0.99, 1.04) 59 1,367,947
Sun (2015)*  1.08 (0.99, 1.17) 92 2,208,883
Zhu 0.97 (0.89, 1.05) 31 1,240,212

(2015)173
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Stieb 1.05(0.98, 1.13) 33 4 589,100
(2012)%
Sapkota 1.07 (1.00, 1.15) NA 3 NA
(2010) 28
PM1o Entire Ju(2021)™5  1.03(1.01,1.06) 92 15 210,850 +, Pe
(10 pg/m?) Pregnancy " amichhane  1.24 (1.03, 1.45) 0 2 9,294
(2015) %
Stieb 1.16 (0.98,1.38) 17 3 98,774
(2012)%
Sapkota 1.02(0.99, 1.04) 73 8 1,047,489
(2010)%8
Trimester 1 Ju (2021)™5  0.97 (0.94, 1.00) 97 16 263,928 -, Pe
Lamichhane  0.99 (0.92, 1.07) 42 4 264,672
(2015) %
Stieb 0.98(0.93,1.03) 85 6 1,043,954
(2012)3
Sapkota 1.02 (0.97, .06) NA 4 NA
(2010)%8
Trimester 2 Ju (2021)**  0.99 (0.96, 1.03) 98 14 257,476 -, Pe
Lamichhane ~ 0.97 (0.95,0.99) 0 4 1,024,360
(2015)%°
Stieb 0.97 (0.95,0.99) 0 3 794,396
(2012)%
Trimester 3 Ju (2021)™5  1.01 (0.99, 1.02) 59 13 223574 +, Pe
Lamichhane  0.97 (0.86, 1.08) 58 3 229,967
(2015) %
Stieb 1.03 (1.01, 1.05) 20 6 1,043,954
(2012)%
Sapkota 1.02 (1.01,1.03) NA 5 NA
(2010) 28
co Entire Ju (2021)™5  1.04 (1.00,1.08) 95 5 71,906 0, Pe
(100 ppb) Pregnancy  sjeh 1.00 (0.99,1.02) 0 2 112941
(2012)%
Trimester 1 Ju (2021)™5  0.99 (0.96, 1.02) 95 3 70,680 0, Pe
Stieb 1.00 (0.99, 1.00) 92 5 911,850
(2012)%
Trimester 2 Ju (2021)™5  1.04 (0.96, 1.12) 96 3 68,920 0, Pe
Trimester 3 Ju(2021) 15 1.00 (0.99, 1.02) 78 4 71,049 00, Pe
Stieb (2012)  1.00 (1.00, 1.01) 0 911,850
31
Os Entire Ju (2021)™5  1.07 (1.04, 1.10) 86 11 243,295 +, Pe
(10 ppb) Pregnancy  sgieb 1.39 (0.62,3.12) 89 2 98,449
(2012)%
Trimester 1 Ju (2021)*  1.07 (1.04,1.10) 91 11 304,353 +, Pe
Rappazzo  1.06 (1.03, 1.10) 97 17 4525441
(2021)15
Stieb 1.10 (0.95, 1.28) 90 4 799,840
(2012)%
Trimester 2 ~ Ju (2021)**  1.04 (1.00,1.08) 95 8 293,593 +, Pe
Rappazzo  1.05(1.02,1.08) 97 15 4,713,201
(202115
Trimester 3 Ju (2021)™5  1.09 (1.03, 1.15) 96 8 201,663 0, Pe
Stieb 0.98 (0.93,1.05) 44 4 799,840
(2012)%
NO, Entire Ju (2021)™5  1.02(0.98, 1.06) 88 20 343203 +, Pe
(10 ppb) Pregnancy  simoncic 114 (0.81,1.64) 72 4 80458
(2020)147
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Stieb 1.08 (0.91,1.28) 53 5 162,815

(2012)*
Trimester 1 Ju (2021)**  0.94 (0.90, 0.99) 69 21 398,229 -, Pe
Stieb 0.93 (0.80,1.08) 89 6 807,681
(2012)%
Trimester 2 Ju (2021)*°  1.00 (0.94, 1.07) 95 18 390,413 0, Pe
Stieb 1.01 (0.88,1.18) 22 2 422,703
(2012)%
Trimester 3 Ju (2021)*°  1.14(1.06,1.21) 92 15 331,248 +, Pe
Stieb 1.03(0.98,1.09) 20 6 807,681
(2012)*
SO; Entire Ju (2021)*°  1.19(0.95,1.50) 83 8 158,735 0, Pe
(10 ppb) Pregnancy
Trimester 1 Ju (2021)**  0.95(0.83,1.09) 92 7 166,190 0, Pe
Trimester 2 Ju (2021)*°  0.99 (0.89, 1.10) 85 6 160,122 0, Pe
Trimester 3 Ju (2021)**®  0.97 (0.85,1.10) 91 7 166,190 0, Pe

Note: NO2, Nitrogen dioxide; CO, Carbon monoxide; Oz, Ozone; PMzs, particulate matter with aerodynamic diameter <
2.5um; PMyg, particulate matter with aerodynamic diameter < 10pum; PTB, preterm birth; OR, odd ratio; CI, confidence
intervals; pp, parts per billion; NA, Not available; 12, Heterogeneity; ‘+’ represents less consistent positive association;
‘0’ represents contradictory/unclear direction; ‘-’ represents less consistent negative association; Pe, probable evidence
of the observed direction exposure effect; *Ju (2021) reported number of PTB cases instead of total births for all
exposures.

v) Stillbirth

PMzs: The pooled OR from three meta-analyses 491172 showed a less consistent positive
association for the entire pregnancy period. The largest reported pooled OR was 1.15 (95%
CI=1.07, 1.25) per 10 pg/m? increase in the exposure with high heterogeneity (1> = 75%) based on
six primary studies of 3,222,578 births.*® Trimester-specific e