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Abstract

Background: Wildfire events and temperature anomalies have been increasing in frequency due
to climate change. Prenatal exposures to resulting environmental stressors, including wildfire
smoke (WFS) PM2 s and extreme heat events (EHEs) may be associated with adverse birth
outcomes, specifically congenital heart defects (CHD).

Methods: The study cohort was developed using health administrative data across Canada,
excluding the province of Quebec. Environmental exposures of PM; 5 (all-source, WFS, and non-
WES) and ambient temperatures were assigned to each mother-infant pair based on the maternal
residential history.

Results: No significant association between WFS PMz s and CHD was observed. Similarly, no
consistent association was identified for EHEs, and no significant additive interaction between
WES events and EHEs was observed.

Conclusion: Overall, no clear evidence of association between WFS PM» s and EHEs on CHD
risk was observed. Further research on the implications of wildfires on the relationship between

environmental factors and adverse birth outcomes is warranted.
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Chapter 1. Introduction

1.1 Background

Wildfires are destructive vegetation fires and a major natural hazard known to negatively
affect the ecosystem and human health.! Over the recent years, record-breaking wildfire events
have been increasing globally, resulting in devastating environmental and economic burden on
society. Although fire is a natural and essential process of the ecosystem, climate change has led
to amplified wildfire events, posing substantial risks to human health. According to the wildfire
report released by the United Nations Environment Programme (UNEP) and Global Resource
Information Database (GRID) - Arendal in 2022, global wildfire events are estimated to increase
up to 20% by year 2040 compared to the reference period of 2010-2020.2

Canada has experienced escalated intensity and extension of wildfire seasons over the
past decades.? Historically, typical wildfire seasons in Canada span from May to September,* but
surges of fire events have been reported through November during the last few years.” With an
annual average of 8,000 wildfires,® the wildfire response and suppression cost alone is estimated
to exceed over $1 billion every year in Canada.” While most provinces and territories are
susceptible to wildfires, extreme events are more frequently recorded in the western regions.®
Notably, the Fort McMurray wildfire in 2016 has reported 589,000 hectares of land burned
across Alberta and Saskatchewan,” with the largest record of wildfire related evacuation in
history, displacing more than 88,000 residents.!® British Columbia also experienced one of its
most destructive wildfire seasons in 2017 and 2018, where over 1.2 million and 1.3 million

hectares of lands were burned each year respectively.!! More than half of the 2017-2018 British



Columbia wildfires were ignited by lightning, with an estimated fire suppression cost of $1.2
billion for the province over the two years.!!

Wildfire occurrences and behaviours are associated with three major factors of fuel,
weather and topography.? Increased human-produced emissions of greenhouse gases are one of
the driving causes of climate change, which have resulted in a continuous rise of global surface
temperature, further heightening weather anomalies.!? Specifically, climate change has
contributed to prolonged droughts and intensified heat events, creating hotter and drier
conditions that, in turn, lead to more frequent and severe wildfire seasons.!? Exposure to wildfire
smoke (WFS) and heat exhibits a substantial health risk, particularly for pregnant individuals
who are especially more vulnerable to these environmental stressors.! Notably, a recent
systematic review suggests evidence of association between prenatal WFS exposure and
increased risk of all-cause respiratory morbidity and reduced birth weight in infants,'> whereas
prenatal heat exposure was associated with preterm birth and congenital anomalies.!®

Wildfire smoke (WFS) is composed of varying air pollutants including: fine particulate
matter (PMas), ozone (O3), methane (CHa), sulphur dioxide (SO.), carbon monoxide (CO),
polycyclic aromatic hydrocarbons (PAHs) and other volatile organic compounds.!” Of these,
PM; 5 consists of particles with a diameter of less than or equal to 2.5um, consisting of a mixture
of smoke, aerosol particles and biological matters.'® PM, s is identified as the major component
of wildfire smoke and is commonly used as a standard measure to assess the health effects
imposed by air pollutants.!2! Exposure to these environmental stressors, including heat and
PM2z s, during pregnancy can prompt endothelial dysfunction and may lead to increased placental
stress further affecting the health of infants.??> A recent review conducted by Brew and colleagues

in 2025 assessed the effects of prenatal landscape fire smoke exposure on perinatal health,



reporting associations with increased risk of adverse birth outcomes including preterm birth and
low birth weight.?®> The same review also highlighted the knowledge gaps and the limited
number of published studies investigating its effect on other birth outcomes, specifically
congenital anomalies.?

Congenital Heart Defect (CHD) is a structural malformation of the heart or blood vessels
present at birth.2*% It is the most prevalent congenital disorder around the world, with an
estimated global mean prevalence of approximately 8.2 cases per 1,000 live births.?® Varying in
subtypes and severity, CHD disrupts normal cardiac circulation and predisposes patients to a
range of complex comorbidities and long-term complications.?**-” Notably, major
complications associated with CHD include strokes, endocarditis, heart failures, pulmonary
hypertension and arrhythmias.?®?° Despite the improvement in survival rates due to enhancement
in diagnostic and treatment capabilities, the disease still causes significant lifelong health

complications and economic burdens for patients.?%32

1.2 Rationale

The association between ambient air pollutants, heat and congenital anomalies have been
explored extensively in published studies and systematic reviews, but evidence on how wildfire
affects this relationship remains unconfirmed.!®** Similarly, interactive effects of ambient air
pollutants and heat exposure on perinatal outcomes have been examined in previous
literature.>*3> Nevertheless, the risk imposed by wildfire events on this potential synergistic
effect is also an emerging field of study, where additional research is crucial given the growing
co-occurrence of wildfire and heat events in North America.¢-7

Furthermore, the majority of the studies examined the relationship between

environmental factors and CHD through analysis of average exposures during specific trimesters



or predefined periods of gestation, typically ranging from one to three months of relatively wide
exposure windows. In addition, exposure during preconception have generally been
underexplored in previous research, despite being identified as a potential vulnerable window
disrupting the early development of fetuses.*® Therefore, this study will incorporate weekly
exposures of environmental stressors throughout periconception, defined as 3 months window
prior to start of pregnancy through the end of the first trimester, to allow for more precise
detection of critical windows of susceptibility during early pregnancy. Overall, the findings of
this study will contribute to the expanding body of literature on the health implications
associated with wildfire and heat exposures, and provide a novel understanding of the CHD risk

for future maternal health guidelines on wildfire events.

1.3 Thesis Objectives

The overall aim of this thesis is to examine the association between wildfire smoke
(WFS) PM3 5, heat and CHD in infants through analysis of a nationwide retrospective cohort data
in Canada.

e Research Objective 1: To assess the association between prenatal exposure to heat, PM s
arising from different sources (all-source, WFS, and non-WEFS) and the risk of CHD
through identification of sensitive windows of susceptibility during the periconception
period.

e Research Objective 2: To assess the potential synergistic effect of WFS and heat on

CHD.



1.4 Thesis Overview

This thesis analyzed existing datasets obtained from Statistics Canada, and falls under the
University of Ottawa thesis category of secondary analysis. This thesis consists of five chapters
and is written in “thesis by manuscript” format, in accordance with the School of Epidemiology
and Public Health thesis guidelines. Chapter 1 introduced the background, rationale and
objectives of the study. The subsequent chapters of the thesis are as follows:

e Chapter 2 includes a review of existing literature and current evidence on the
epidemiology of CHD

e Chapter 3 includes an overview of the study cohort composition, description of different
data sources and methods of data linkage.

e Chapter 4 includes a standalone manuscript, addressing research objectives 1 and 2.

e Chapter 5 includes a discussion chapter presenting the overall findings of the thesis along

with implications of the results for future research.
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Chapter 2. Literature Review

2.1 Epidemiology of CHD

CHD is the most common congenital anomaly in newborns around the world, and a
significant leading cause of infant mortality.! From 1970 to 2017, approximately 10% increase in
global CHD prevalence was observed every five years, affecting over 1 million infants every
year.? This upward trend is likely attributable to the advancement in medical diagnostic
technologies, allowing more accurate detection of diseases. Accordingly, a plateau in CHD
prevalence has been observed in high-income countries over the recent years.? A similar trend
was also observed in Canada, where the prevalence rate of CHD has stabilized during the last
several decades.* The estimated mean prevalence in Canada is approximately 12.3 CHD cases
per 1,000 live births, affecting over 4,000 infants every year.’

Although enhancements in diagnostic and treatment capabilities have resulted in the
reduction of mortality rates for CHD patients, the disease continues to pose significant long-term
health complications and remains as one of the leading causes of infant mortality.®” A Canadian
study published in 2014 by Marelli and colleagues revealed approximately 60% of severe CHD
population are comprised of adults, reflecting an increase in the median age of this population
from 17 years in 2000 to 25 years in 2010.% Additionally, a study conducted in the province of
Quebec has reported a 59% decrease in CHD-related childhood mortality rate during the 2002-
2005 period compared to the 1987-1990 period.” Collectively, these findings highlight the
improvement of CHD survival rate in children during the recent years, while simultaneously
emphasizing the heightening severity of long-term comorbidities and economic burdens for the
patients.® 1% In Canada, the annual hospitalization rate of CHD patients has increased by an

average of 1.1% each year from 2003 to 2012,'! with common related cardiac complications of
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atrial fibrillation, arrhythmias, ischemic heart disease, and coronary artery disease.!>!3

Consequently, the estimated annual cost of CHD-related hospitalization further increased from
2004 to 2013, reporting an estimated cost of $121.2 million among Canadian hospitals in 2013,
excluding Quebec.!'* Given the escalating chronic complications and economic cost associated

with CHD, further research examining the etiology of CHD is crucial.

2.2 Etiology of CHD

Formation of the heart tube occurs during the embryo’s gastrulation process, which
typically starts from embryonic week 3 in humans and continue to develop throughout the first
trimester.!> Following the fetal heart development, CHD can be diagnosed by fetal anomaly
screening during the second trimester or through a combination with routine newborn physical
examination after birth.'® While over half of major CHD cases are diagnosed prenatally,!” the
disease is also commonly detected during infancy.'® In Canada, the recommended reporting time
frame of congenital anomalies is one year of age for most regions under the Canadian Congenital
Anomalies Surveillance System (CCASS)."

Globally, Ventricular Septal Defects (VSD) have been identified as the most common
CHD subtype followed by Atrial Septal Defects (ASD), collectively contributing to
approximately 47% of total CHD cases.?° VSDs result from defects occurring in the
interventricular septum,?! whereas ASDs result from abnormalities in the true septal membrane
or disruption of the interatrial communications.?? While both subtypes vary in severity of
malformations, they are often associated with multiple chronic complications including
pulmonary hypertension and congestive heart failure.?!??

Overall, approximately 55% of the CHD etiology is largely unclear, with 45% of the

remaining CHD etiologic factors being attributable to multifactorial and interrelated
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combinations of genetic and prenatal environmental factors.>*?* Potential contributors identified

to be associated with CHD etiology are summarized in Figure 2.1.
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Figure 2.1. Overview of CHD etiologic factors
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2.2.1 Genetic factors

Approximately 9 to 18% of CHD cases have been attributed to chromosomal
abnormalities and aneuploidy conditions.?> While patients with chromosomal disorders report
varying incidence rates and subtypes of CHD, common syndromes resulting in the disease
include: Trisomy 13, Trisomy 18, Trisomy 21, Monosomy X and XXY syndrome.?® Moreover,
the development of whole-genome sequencing in recent years has led to the identification of
molecular pathways and genetic causes of CHD.?*?® A complex gene regulatory network of
transcription factors and downstream genes are orchestrated during the development of the
heart.?” Notably, GATA4, NKX2-5 and TBXS5 are essential genes involved throughout
cardiogenesis.?® Mutations of these genes may disrupt crucial interactions between cardiac
transcription factors during the embryonic stage, leading to the development of CHD.?
Furthermore, copy number variations and microdeletions of 22q11.2 and 7q11.23 chromosomes
have also been identified as contributors to cardiac malformations.?®** Evidence suggests the
majority of these single gene disorders and copy number variation disorders are attributable to de
novo mutations, accounting for approximately 10% of CHD cases.?!-2
2.2.2 Prenatal environmental factors

Despite advancements in genomic technologies which allowed a discovery of potential
genetic factors associated with CHD, substantial portion of its pathogenesis still remains
unknown due to the complex nature of the disease. Throughout the recent years, various prenatal
environmental factors have also been recognized to play a critical role in CHD etiology.
2.2.2.1 Maternal health

Maternal chronic diseases, notably obesity, hypertension and diabetes mellitus

significantly influence the health of pregnant individuals and thus have been associated with
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increased risks of CHD in offsprings. These pre-existing maternal health conditions are closely
linked with an imbalance in adiponectin levels, insulin resistance and glycemic
dysregulation.**** The disruption of maternal glucose homeostasis, especially during
embryogenesis, may lead to abnormal placental nutrient transport and vascularization, thereby
negatively affecting fetal health.33-333¢ A systematic review and meta-analysis conducted by
Khalilipalandi and colleagues in 2024 investigated a range of prenatal risk factors of CHD
through analysis of 170 eligible articles.’” Across 15 studies, a positive association between
maternal pregestational diabetes and CHD was reported with a pooled OR estimate of 3.48 (95%
CI: 2.90, 4.18).%” Furthermore, a dose-response relationship was observed between different
categories of maternal obesity and increased risk of CHD, each reporting a pooled OR of 1.08
(95% CI: 1.05, 1.11) for maternal overweight, 1.16 (95% CI: 1.11, 1.22) for maternal obesity and
1.44 (95% CI: 1.35, 1.53) for morbid obesity across a total of 23 included studies.?” Although
considerable amount of heterogeneity was detected for both pooled ORs, the variation was
largely due to the magnitude of the associations with estimates reporting persistently higher risk.
Only two studies included in the meta-analysis examined the effects of maternal chronic
hypertension, where both demonstrated an increased risk of CHD with estimated OR of 2.97
(95% CI: 2.61, 3.37) and 1.22 (95% CI: 1.06, 1.41).3” However, this association became
statistically non-significant for gestational hypertension with a pooled OR of 1.35 (95% CI: 0.65,
2.81) across five studies, as cardiogenesis occurs during the first trimester.>’

Multiple gestations and parity are additional risk factors identified to affect maternal
health and the development of CHD. While the exact underlying biological mechanism is still
unclear, research suggests vascular anastomoses shared between the circulation of the

monochorionic twins and nutrient depletion arising from short interpregnancy intervals may
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increase the risk of adverse birth outcomes, including congenital anomalies.?®*° Feng and
colleagues investigated the association between maternal parity and CHD in 2014 through a
meta-analysis.*’ A total of 14 case-control and cohort studies were examined for a potential
dose-response relationship, where a 6% increase in CHD risk was observed per live birth (95%
CI: 1.02, 1.09).*° However, inconsistent evidence of association was observed when comparing
nulliparous and multiparous births with a pooled RR of 1.01 (95% CI: 0.97, 1.06) across 16
studies.*’ This conflicting evidence underscores the multifaceted biological pathways linked to
variation in multiparity. Although a notable I value of 80.9% was detected for the dose-response
estimate, the pooled RR remained consistent when excluding the seven studies identified as
sources of heterogeneity.

Moreover, growing number of studies have investigated the effects of socioeconomic
status (SES) on adverse birth outcomes over the recent years. SES includes a broad range of
relevant social, environmental and economic factors that are closely interlinked with healthcare
resources of individuals, and is a major contributor to health disparities.*!** A nationwide
retrospective ecological study in Canada observed a higher prevalence of major CHD cases in
the lowest quintile of maternal neighbourhood-level income compared to the national birth
proportion, after adjusting for rurality of residence and household size.** Additionally, a 2023
retrospective cohort study conducted in Ontario found that neighbourhood-level maternal
deprivation was positively associated with CHD (OR: 1.27, 95% CI: 1.18, 1.37), whereas higher
ethnicity concentration was negatively associated (OR: 0.89, 95% CI: 0.82, 0.97).%
2.2.2.2 Maternal infections

Maternal bacterial or viral infections during pregnancy pose detrimental teratogenic risks,

impairing fetal development.*® In utero exposures to a wide range of pathogens may trigger an
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inflammatory response of the placenta and subsequently interfere with embryonic heart
development.*’*® A 2022 prospective cohort study conducted in Central China found that the
presence of varying maternal viral infections of HBV, coxsackievirus-B, HCMV and rubella
during early pregnancy were associated with increased risks of CHD, with the highest RR of
3.12 observed for HCMV infection (95% CI: 2.44, 3.98).%° Similarly, a case-control study done
in Shandong province of China reported a positive association between overall maternal
infections during pregnancy (rubella, influenza, hepatitis, etc.) and CHD (OR: 7.98, 95% CI:
2.14,29.72).5°

2.2.2.3 Substance abuse

Prenatal exposures to maternal substance abuse, including smoking, alcohol and illicit
drug usage, pose a significant health risk on the fetal development. Although the precise
underlying biological mechanism warrants further research, the accumulation of toxins through
substance usage may disrupt the placental secretory activity and influence fetal development.®!
Some studies also suggest a potential presence of gene-environment interaction, where exposure
to cigarette smoke may interrupt the regulation of GATA4 and TBXS gene expressions, which
play a crucial role during fetal heart development.>>3 Moreover, an animal study found that
ethanol exposure during early embryogenesis was linked with reduced cardiac cushions,
potentially leading to increased risk of septal defects.>*

Zhao and colleagues investigated the association between parental smoking and CHD
through a meta-analysis in 2020. The study found maternal passive smoking (pooled RR: 2.24,
95% CI: 1.81, 2.77) and paternal active smoking (pooled RR: 1.74, 95% CI: 1.48, 2.06) was
associated with increased risks, each examined across 36 and 35 studies respectively.> Despite

the high heterogeneity of pooled estimates, included studies reported consistent direction of
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association. However, numerous studies have found conflicting effects of parental alcohol
exposure on CHD. A meta-analysis in 2020 reported maternal alcohol consumption was
associated with elevated risk of CHD (RR: 1.16, 95% CI: 1.05, 1.27) across 45 studies, yet
majority of included articles found null associations with notable heterogeneity of the pooled
estimate.>¢

2.2.2.4 Air pollution

Over the past decades, global industrialization and urbanization have resulted in growing
concern about health hazards arising from air pollution.’” Maternal exposure to ambient air
pollutants induces placental oxidative stress, and thus has been identified as a significant risk
factor of adverse birth outcomes.’® Recent studies have investigated the potential association
between CHD and prenatal exposure to various ambient air pollutants including: particulate
matter (PM), nitrogen dioxide (NO.), sulphur dioxide (SO.), carbon monoxide (CO) and ozone
(03).

A population-based case-control study in Taiwan examined the effects of prenatal
exposure to ambient air pollutants, and found an interquartile range (IQR) increase in PM> 5
exposure during weeks 3-8 of pregnancy was associated with greater odds of overall CHDs (OR:
1.21, 95% CI: 1.03, 1.42).%° The study also assessed the effects of prenatal exposure to PMjo, O3,
SO», CO and NO», but no significant evidence of association was observed.> Similarly, Stingone
and colleagues conducted a case-control study in Unites States, and observed higher PM> 5
exposure during weeks 2-8 of pregnancy was linked with increased risk of hypoplastic left heart
syndrome (HLHS).%® In addition, their findings suggested a potential variation in the degree of
susceptibility within the critical developmental window, further underscoring the importance of

evaluating the effects of weekly associated exposure on the risk of CHD.
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2.2.2.5 Heat exposure

Elevated frequency of temperature anomalies has been observed as a consequence of
climate change over the past decades.®! In Canada, for instance, the annual average temperature
has experienced an approximate 2.0°C increase from 1948 to 2023.%% The escalating occurrence
of extreme temperature records around the globe poses an emerging concern of potential health
impacts of climate change, particularly heat-related exposures. An expanding body of literature
has indicated prenatal heat exposure may be associated with increased risks of adverse birth
outcomes.® The proposed biological mechanism suggests heat exposure during pregnancy may
induce maternal oxidative stress and influence fetal development, similar to ambient air pollutant
exposures.®*

A case-control study in the United States found that exposure to extreme heat events,
defined as maximum daily temperature exceeding the 95" percentile of local temperature
distribution for two or more consecutive days, during pregnancy weeks 3 to 8 was associated
with increased risk of VSD in south and northeast regions.®> The study also highlighted a
substantial regional variability of the association, observing elevated risk within regions with
larger daily temperature variability.%® In addition, Xu and colleagues conducted a time-series
study in China and observed a positive association between CHD risk per 1°C increase in
temperature at the 95" percentile of the local temperature distribution during the first and second

trimester.%®

2.3 Prenatal Exposure to PM, 5, Wildfires, and CHD

Ambient air pollutants consist of a diverse mixture of chemical substances emitted from
both natural sources and human activities.®’ Inhalation of these pollutants have reported to pose a

substantial public health hazard including all-cause mortality, respiratory and cardiovascular

18



complications, along with adverse pregnancy outcomes.®® In Canada, potential health risks
associated with ambient pollutant exposures are addressed by systematic monitoring of pollutant
concentrations through the Air Quality Health Index (AQHI).*® The AQHI incorporates
measurements of PMz s, PMio, O3 at ground level, and NO» to evaluate the overall outdoor air
quality and inform public health responses.®®’% Of these PM> s are a mixture of metals, organic
compounds and fine particles with less than 2.5um in diameter, that are mostly emitted from
agriculture, dust and fire sources in Canada.”’’? Although the annual mean PM» 5 concentrations
are relatively low in Canada compared to other regions in the globe including eastern and
southern Asia and northern Africa,”® an upward trend of peak PM> 5 concentrations were
observed in western Canada over the recent years.”®’* This elevation in regional peak PM> 5
levels are likely attributable to surges of extreme wildfire activities, where an annual increase of
0.8-0.9 ug/m? PM> s concentrations were observed in the Prairies, British Columbia and northern
Ontario regions from 2006 to 2020.7° Overall, the intensifying severity of wildfire seasons,
driven by climate change, has heightened concerns about the public health impacts of PM s
exposure.

While wildfire smoke (WFS) is composed of varying pollutants, approximately 90% of
the wildfire-specific PM mixture is estimated to be composed of PMa.5.7>7® Previous research
found a major difference in the chemical composition of WFS PMaz s, where higher
concentrations of organic carbon (OC) and elemental carbon (EC) were observed in comparison
to PM, 5 arising from other sources.””’® In addition, WFS PM s tends to contain a greater
proportion of smaller particles.” A recent study conducted in the urban areas of San Francisco
reported that PM; accounted for approximately 80% of PMa s distributions during wildfire

events, compared with 52% during non-wildfire periods.®® These variation in particle
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composition of WFS PM; s may lead to more detrimental health effects, with emerging evidence
suggesting increased pulmonary toxicity in humans.’!#? Multiple epidemiologic studies have
explored the potential health hazards of WFS PMz s over the recent years, and reported an
elevated risk of health outcomes including respiratory hospitalizations®® and all-cause
mortality #*85 Specifically, pregnant individuals represent a particularly vulnerable population,
where prenatal exposure to wildfire smoke may have adverse effects on infant health.

Although the underlying biological mechanism of prenatal WFS PM:z s on adverse birth
outcomes warrants further investigation, substantial research has examined the broader effects of
PM: s exposure. A study examining normal human bronchial epithelial cells revealed a positive
correlation between exposure to specific PM constituents and release of IL-6 and IL-8
inflammatory biomarkers.?¢ The imbalance of such biomarkers may disrupt maternal
inflammatory response and lead to placental inflammation.?”-#8 Additionally, previous studies
have found that exposure to PM; 5 may increase 8-OHdG levels during pregnancy, which is a key

89.90 Overall, prenatal PM s exposure may induce

biomarker that triggers oxidative stress.
maternal oxidative stress and placental inflammation, further prompting endothelial
dysfunction.’! This crucial biological mechanism is recognized to influence fetal growth, and
may consequently lead to abnormal fetal cardiac development.®>*3

Numerous systematic reviews exploring the effects of WFS on adverse birth outcomes
have been published, and reported associations with preterm birth and low birth weight. %43
Nonetheless, there is currently limited number of studies that have examined its effect on CHD.
Requia and colleagues investigated the association between prenatal WFS exposure and birth

defects in Brazil, and found an increased risk of cardiovascular congenital anomalies during the

first trimester, specifically among the subgroup of females residing in the Southeast region (OR:
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1.032, 95% CI: 1.003, 1.062).”® Another study conducted by Park and colleagues in 2025 also
examined the effects of prenatal wildfire exposure on CHD, reporting an OR of 1.12 (95% CI:
1.02, 1.23) for the subtype of ASD during pregnancy weeks 3-8.°7 A more recent case-control
study conducted by Padula and colleagues in California, United States, incorporated source-
specific PMz 5 exposures and found maximum fire density PMa s during the first 8 weeks of
pregnancy was associated with increased risk of Coarctation of the aorta (OR: 2.26, 95% CI:
1.02, 4.99).”® Although modest positive associations for all-source PM, s were observed in this
study, the magnitude was smaller and estimates were not statistically significant.”® While these
studies investigated the effects of WFS on CHD, their exposure assignment was within relatively
broad windows of one to three months. Given the episodic nature of wildfires, incorporating
weekly-level smoke exposure across gestation will allow capturing of intensity and duration of

wildfire events on CHD.

2.4 Prenatal Heat Exposure and CHD

Climate change has led to elevated global mean annual surface temperatures and extreme
weather events over the last century.”® According to an assessment report released by the
Intergovernmental Panel on Climate Change, a global increase in the frequency of extreme warm
days, defined as daily maximum temperature exceeding the 90™ percentile of its temperature
distribution, has been observed since the 1950s.!% In Canada, a rising trend of both annual and
seasonal temperatures was observed over the past several decades, with most regions
experiencing at least 1°C increase in mean annual temperature from 1948 to 2024.1°!

Although there is no standardized definition of heat exposure, common metrics include
heatwaves or extreme heat events, which incorporate both the duration and intensity of heat

exposure, temperature exceedance thresholds, typically defined at the 90" or 95% percentiles of
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local temperature distribution or absolute temperature cutoffs, and per 1°C increase in ambient
temperature within pre-defined temperature percentiles.!?? Similar to PMa s, previous research
suggests prenatal heat exposures may negatively influence fetal development through maternal

103 Multiple animal studies explored the effects of in

oxidative stress and placental inflammation.
utero heat stress on cellular immunological functions and reported elevated levels of crucial
biomarkers and hormones involved in the regulation of inflammatory responses, including IL-2

104-106 Tn addition, prenatal heat

and IL-12 cytokines along with adrenocorticotropic hormone.
exposure may disrupt the homeostasis of heat shock proteins and impair fetal growth, where
animal studies have reported significant adverse effects on cardiac development.!07-108

While previous studies have found evidence of an association between prenatal heat
exposure and CHD, a substantial spatial heterogeneity has been observed in this relationship.
This is reflected in a recent meta-analysis published by Krishnakumar and colleagues on the
effects of extreme heat events, defined using local temperature percentile thresholds, on CHD
risk. Although the pooled OR across eight included studies was 1.12 (95% CI: 1.04, 1.34), high
heterogeneity was observed with stronger effects reported in temperate climate zones, with null
effect observed in North America.!%” A possible explanation for this conflicting evidence might
be attributable to using relative thresholds instead of absolute temperatures for the heat exposure,
limiting comparability between countries. Overall, the selection of appropriate heat metrics is

highly dependent on the specific regional weather context to ensure meaningful interpretability

for public health guidelines.

2.5 Interactive Effects of Wildfires and Heat on CHD

Increasing trends of PMz 5 concentrations and extreme temperatures have been observed

globally due to climate change during the last several decades.®!’? Escalated temperatures and
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heatwaves lead to more favourable meteorological conditions for lightning events, which are the
most prevalent ignition factor for wildfires.!!® Consequently, wildfire and heat events often
coincide, posing substantial health hazards. Over the recent years, a growing co-occurrence of
wildfire and extreme heat has been found in North America. In western United States, an upward
trajectory of coexposure has been observed from 2006 to 2020, where individuals residing in

census tracts with higher social vulnerability were more prone to such hazards.'!!

Moreover, a
Canadian study observed an upward trend in British Columbia, with annual mean co-occurrence
days per dissemination area rising from 1.0 day during the period of 2010-2014 to 4.5 days
during 2018-2022."12 This study also reported a notable increase in the magnitude of mean PM s
concentrations during those two periods, further underscoring the intensifying severity of
wildfire events.

While the potential synergistic effects of ambient air pollutants and heat exposure on
perinatal outcomes have been explored in previous literature, the impact of wildfire on this
interaction is an emerging field of study. A recent case-crossover study conducted by Ha and
colleagues in 2024 examined the combined effects of heat and WFS on preterm birth, where
higher odds were observed during co-occurrence of WFS PMa» s and extreme heat exposed days
(ORjags: 1.24,95% CI: 1.19, 1.29).!3 A key biological mechanism underlying this potential
interaction between heat and air pollutants involves thermoregulatory responses to high ambient
temperature, including elevated ventilation rate, vasodilation and skin permeability.!!*!!> These
physiological changes can lead to increased uptake of ambient air pollutants and thereby
synergistically influence the health of humans. Nonetheless, there is currently a lack of robust

evidence on the interactive effects of prenatal exposure to WFS PMz s and heat on the health of

newborns. Given the projected escalation of global temperature anomalies and wildfire activities

23



driven by climate change,!!¢

identification of associated health hazards, particularly for the
vulnerable population of pregnant individuals, are imperative to strengthen public health

preparedness and response for future wildfire seasons.
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Chapter 3. Data Sources and Study Cohort

3.1 Data Sources

This thesis includes a population-based retrospective cohort study composed of singleton
live births in Canada from 2013 to 2021, excluding the province of Quebec. The study cohort
was computed through linkage of various health administrative datasets and environmental data
accessed through Statistics Canada, the central statistical agency that is responsible for governing
vital social and economic data for provinces and territories of Canada.!

3.1.1 Canadian Vital Statistics Database (CVSD)

The primary source cohort included mother-infant pairs registered in the Canadian Vital
Statistics Birth Database (CVSBD). The CVSBD is an administrative database regulated by
Statistics Canada, which extracts birth-related data collected from Vital Statistics Registries at
both provincial and territorial levels across Canada.? The following information reported in
CVSBD was obtained for analysis: date of birth of infants, infant sex, birth weight, pregnancy
duration of infants at birth, multiple births, maternal age, maternal place of residence, and parity.
The maternal place of residence at birth was recorded as a six-character postal code, allowing the
individuals to be linked with the associated regional environmental and social characteristics.

Moreover, the Canadian Vital Statistics Death Database (CVSDD) was utilized to capture
death records of infants, where the reported date of death was incorporated into the calculation of
the follow-up period of the study cohort. The CVSDD, similar to the CVSBD, collects death-

related data of the individuals across Canada through Vital Statistics Registries.
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3.1.2 Canadian Institute for Health Information (CIHI) Discharge Abstract Database (DAD)

The Canadian Institute for Health Information (CIHI) Discharge Abstract Database
(DAD) is a health administrative database, which directly collects clinical and demographic data
of hospital discharge records from regional health authorities across Canada, with the exception
of Quebec.* It classifies and records clinical procedures and diagnoses through the usage of
standardized codes including International Statistical Classification of Diseases and Related
Health Problems, Tenth Revision, Canada (ICD-10-CA) and Canadian Classification of Health
Interventions (CCI).* The records of DADs were available for both the mothers and infants,
allowing extraction of relevant medical conditions. The outcome of CHD cases and its subtypes,
chromosomal abnormalities, as well as information on different maternal comorbidities were
identified through the following ICD-10-CA codes listed below (Table 3.1).

Table 3.1. List of ICD-10-CA codes used for identification of medical conditions.

Medical conditions

ICD-10-CA code

Congenital heart defect (CHD) Q20-Q26
Atrial septal defect (ASD) Q21.1
Ventricular septal defect (VSD) Q21.0
Chromosomal abnormalities Q90-Q99

Pre-existing maternal diabetes mellitus

024.5, 024.6, 024.7

Pre-existing maternal hypertension

010

3.1.3 T1 Family File (T1FF) and Postal Code Conversion File (PCCF)

Postal Code Conversion File (PCCF), which consists of records of six-character postal

codes across Canada and their associated dissemination areas (DAs) and forward sortation areas

(FSAs) were obtained from Statistics Canada. FSAs are geographical units defined by the first

three characters of postal codes, with 1,669 FSAs recorded across Canada according to the 2021
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Census,” whereas DAs are the smallest census geographic unit, composed of an average
population of 400-700 individuals.® The PCCF was utilized to assign DAs and FSAs
corresponding to the maternal codes within the cohort for further linkage with the exposures and
relevant neighbourhood-level SES characteristics, along with classification of the rurality of each
postal code according to Statistics Canada definitions.

In addition, T1 Family file (T1FF), which contains income related data from T1 Income
Tax and Benefit Return forms received from Canada Revenue Agency (CRA), was obtained
from Statistics Canada. Three-year history of maternal residential addresses, documented using a
six-character postal code, were extracted from the following files to construct maternal
residential history. These records were an essential requirement for the assignment of PM 5
exposures, where this information was then utilized to determine the baseline exposure level for
each mother-infant pair.
3.1.4 All-source, WFES and Non-WFS PM;.s Data

Data on all-source PM2 s exposure during preconception and pregnancy were derived
using the Canadian Optimized Statistical Smoke Exposure Model (CanOSSEM) based on the
six-character residential postal codes of mother-infant pairs. The CanOSSEM is a machine
learning model designed to estimate daily all-source PM2 s concentrations across Canada at a 5
km x 5 km resolution.” It integrates regulatory air quality monitoring network observations with
remotely sensed data, enabling prediction of exposure in populated areas where national air
quality monitoring data is not available.’

All-source PM2 s concentrations acquired from CanOSSEM were further separated into
WES PM3 5 and non-WFS PMa» s concentrations following a data-driven methodology developed

by Cleland and colleagues.® Gestational age at birth, recorded as completed gestational weeks at
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birth on CVSBD based on last menstrual period (LMP), was subtracted from each infant’s date
of birth to obtain the estimated start date of pregnancy. Daily all-source PM2 s concentrations
were then aggregated into weekly level estimates for each gestational week throughout
pregnancy and preconception period for each individual. The weekly all-source PMz s
concentration history of each mother-infant pair, aggregated at the DA-level, was collected from
three years prior to the date of birth, based on each mother’s residential history obtained from
T1FF. Modified z-scores were then assigned to each weekly sum of all-source PM; 5
concentrations throughout each mother infant pair’s exposure history. A week was further
defined as smoke-impacted when both of the following criteria were satisfied:

1) Falls under the wildfire season (spanning from May 1 to October 31%)

2) Modified z-score of weekly all-source PM; 5 exceeds the value of +2

The median weekly all-source PM: 5 concentrations across smoke-free weeks of each mother
infant pair’s exposure history was then defined as the counterfactual PM; s estimate, representing
the baseline level of all-source PM» s exposure in the absence of WFS events. Weekly all-source
PM, 5 concentrations were further separated into WFS and non-WFS PM; 5 components using the
formulas shown below.

For smoke-impacted weeks:

e Non-WEFS PM3 5 = Counterfactual PM> s

e WEFS PM; 5 = All-source PM> 5 — Non-WFS PM3 5
For smoke-free weeks:
e Non-WFS PM; 5 = All-source PM3 5

e WFS PMys=0 ug/m?
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3.1.5 Ambient Temperature Data

Daily estimates of ambient mean and maximum temperatures were extracted from the
NASA Modern-Era Retrospective Analysis for Research and Applications, Version 2 (MERRA-
2).? MERRA-2 provides estimations of varying meteorological parameters at a 0.5° x 0.625°
resolution, corresponding to approximately 50 km x 50 km resolution, through analysis of
satellite observations computed on a cubed-spheric grid.” Daily estimates of temperature
exposures at the FSA level were then aggregated at a weekly level, similarly to the PM s
exposure, to assign the weekly mean temperature exposure history and extreme heat event (EHE)
history throughout pregnancy and preconception period. Detailed information on the EHE
definition used for analysis is described in Chapter 4.

3.1.6 Canadian Index of Multiple Deprivation (CIMD)

Relevant DA-level SES characteristics were obtained from the Canadian Index of
Multiple Deprivation (CIMD). The CIMD assigns each DA with quintiles of varying SES
components including residential instability, situational vulnerability, economic dependency and
ethno-cultural composition across Canada at the national level.!” This information was available
for most regions in Canada, excluding the territories of Yukon, Nunavut and the Northwest
Territories. Therefore, those with missing CIMD quintiles were combined as a separate missing

category for analysis in Chapter 4.

3.2 Data Linkage

The linkage of administrative datasets, including CVSD, CIHI-DAD and T1FF, were
completed by Statistics Canada through individual-level identification of mother-infant pairs
based on the unique combination of registration numbers, province of residence and year of birth

of infants. Furthermore, environmental and SES data were linked based on the DA and FSA
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associated with the six-character postal codes obtained from maternal residential history. The

detailed method of data linkage is illustrated in Figure 3.1.

Individual Identifiers Postal Codes

Figure 3.1. Method of data linkage.

3.3 Study Cohort

There were 3,389,335 mother-infant pairs recorded in CVSBD from 2013 to 2021. To be
included in the study cohort, at least one hospitalization record for each infant was required from
CIHI-DAD to identify the outcome of CHD cases. Consequently, 1,058,870 mother-infant pairs
were excluded from the CVSBD cohort, where approximately 71% of these excluded infants
were due to the limited data availability of DADs for the province of Quebec. Note that all
frequencies were randomly rounded to base five, in accordance with Statistics Canada disclosure
rules.

As a result, 2,330,465 mother-infant pairs of the source cohort had at least one DAD record,

where the following exclusion criteria were then applied:

n
VS



1)

2)

3)

4)

5)

6)

Missing gestational age at birth, n = 1,300 (0.06%) — Records of gestational age at birth
was vital for estimation of the conception date and assignment of environmental
exposures during each gestational week. Hence, infants with missing information on
gestational age at birth were excluded.

Invalid DAD records, n = 1,210 (0.05%) — DAD records were utilized to estimate the
date of CHD diagnosis, which were used as the time scale of the Cox proportional hazard
model for statistical analyses. Thus, DAD records with invalid information or errors in
the identifiers or discharge dates were excluded.

Multiple births, n = 28,075 (1.20%) — Infants from multiple pregnancies often have vastly
different maternal and neonatal characteristics compared to singleton births.!!:!2
Therefore, the study cohort was limited to singleton births for comparability.
Chromosomal abnormalities, n = 4,070 (0.17%) — Infants with chromosomal
abnormalities and single gene defects, which are significant genetic risk factors of
CHD,!? were excluded to focus on the risk imposed by environmental factors.
Gestational age at birth < 20 weeks, n = 75 (< 0.01%) — Deliveries prior to 20 weeks of
gestation are commonly associated with non-viable pregnancies. Due to the high fatality
rate of such live births within a day of birth,'* prior to ascertainment of CHD cases, these
infants were excluded from the study cohort.

Missing environmental exposures, n = 458,095 (19.66%) — Infants with missing PM> 5
and ambient temperature exposure history during the periconception period were
excluded. These cases were mostly due to invalid records of maternal residential history
obtained from T1FF, or residing in remote areas lacking coverage by environmental

monitoring stations.
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Following exclusions, the final study cohort was comprised of 1,837,635 infants.

Detailed distribution of each exclusion criteria is illustrated in the flow chart shown below

(Figure 3.2).

[Total births recorded in CVSBD from January 1%, 2013 to December 31, 2021 ]

n = 3,389,335

(n=752,710)

« Birth registration in Quebec

(n = 306,160)

)

+ Missing DAD records

CVSBD cohort with DAD records
n = 2,330,465

e
402 409 RLEI  Region %

Excluded (n = 34,730)

age at birth : 1,300

* Invalid DAD records: 1,210
* Multiple births: 28,075
+ Chromosomal abnormalities: 4,070
+ Gestational age at birth < 20 weeks: 75

+ Missing PM; s exposure: 295,715
« Missing temperature exposure: 162,380

J

Excluded (n = 458,095)

.

Study cohort
n=1,837,635

J

Rurality %

Region %

Figure 3.2. Flow chart of the study composition.

e~ B

B o
Unknown . Atlantic

Note: In accordance with Statistics Canada disclosure rules, all frequencies were randomly rounded to base five. As
a result, there may be discrepancies between totals by each exclusion characteristic.

Baseline characteristics of the study cohort, stratified by the outcome of CHD cases, is

presented below in Table 3.2.
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Table 3.2. Baseline characteristics of the study cohort stratified by Congenital Heart Defect

(CHD) outcome.
Characteristics CHD cases No CHD cases Total
(N =23,005) (N=1,814,630) (N =1,837,635)
Gestational age at birth in weeks, mean (SD) 35.5(5.2) 38.8 (1.7) 38.8 (1.8)
Birth weight in grams, mean (SD) 2,731.1 (1,137.9)  3,365.1 (534.7)  3,357.1(550.9)
Maternal age at delivery, n (%)
<18 140 (0.6) 9,070 (0.5) 9,210 (0.5)
18-29 8,840 (38.4) 698,070 (38.5) 706,905 (38.5)
30-39 12,770 (55.5) 1,031,110 (56.8) 1,043,880 (56.8)
> 39 1,255 (5.5) 76,380 (4.2) 77,635 (4.2)
Parity, n (%)
None 10,330 (44.9) 785,705 (43.3) 796,035 (43.3)
1 7,295 (31.7) 641,065 (35.3) 648,360 (35.3)
2+ 5,335 (23.2) 386,645 (21.3) 391,980 (21.3)
Missing 40 (0.2) 1,215 (0.1) 1,260 (0.1)
Infant sex, n (%)
Male 12,545 (54.5) 932,825 (51.4) 945,370 (51.4)
Female 10,460 (45.5) 881,810 (48.6) 892,265 (48.6)

Rurality of maternal residence, n (%)

Urban 19,900 (86.5) 1,567,225 (86.4) 1,587,130 (86.4)
Rural 3,060 (13.3) 244,810 (13.5) 247,870 (13.5)
Missing 40 (0.2) 2,595 (0.1) 2,635 (0.1)
Maternal pre-existing hypertension, n (%)
Yes 400 (1.7) 13,570 (0.7) 13,970 (0.8)
No 19,145 (83.2) 1,534,135 (84.5) 1,553,275 (84.5)
Missing 3,460 (15.0) 266,925 (14.7) 270,385 (14.7)
Maternal pre-existing diabetes, n (%)
Yes 990 (4.3) 16,730 (0.9) 17,720 (1.0)
No 18,550 (80.6) 1,530,970 (84.4) 1,549,525 (84.3)
Missing 3,460 (15.0) 266,925 (14.7) 270,385 (14.7)
Region, n (%)
Central 11,880 (51.6) 933,005 (51.4) 944,885 (51.4)
Western 9,645 (41.9) 781,625 (43.1) 791,265 (43.1)
Atlantic 1,475 (6.4) 100,005 (5.5) 101,480 (5.5)
Residential instability quintiles, n (%)
1 (least marginalized) 3,450 (15.0) 299,400 (16.5) 302,850 (16.5)
2 3,975 (17.3) 329,840 (18.2) 333,810 (18.2)
3 4,000 (17.4) 314,995 (17.4) 319,000 (17.4)
4 4,440 (19.3) 337,510 (18.6) 341,950 (18.6)
5 (most marginalized) 4,325 (18.8) 321,210 (17.7) 325,535 (17.7)
Missing 2,810 (12.2) 211,680 (11.7) 214,490 (11.7)
Ethno-cultural composition quintiles, n (%)
1 (least marginalized) 1,705 (7.4) 136,355 (7.5) 138,060 (7.5)
2 3,315 (14.4) 255,630 (14.1) 258,950 (14.1)
3 4,150 (18.0) 314,780 (17.3) 318,930 (17.4)
4 4,665 (20.3) 372,110 (20.5) 376,780 (20.5)
5 (most marginalized) 6,355 (27.6) 524,075 (28.9) 530,425 (28.9)
Missing 2,810 (12.2) 211,680 (11.7) 214,490 (11.7)
Economic dependency quintiles, n (%)
1 (least marginalized) 4,425 (19.2) 374,905 (20.7) 379,325 (20.6)
2 4,665 (20.3) 369,570 (20.4) 374,235 (20.4)
3 4,330 (18.8) 333,990 (18.4) 338,320 (18.4)
4 3,810 (16.6) 298,355 (16.4) 302,165 (16.4)
5 (most marginalized) 2,965 (12.9) 226,130 (12.5) 229,100 (12.5)
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Missing 2,805 (12.2) 211,675 (11.7) 214,485 (11.7)
Situational vulnerability quintiles, n (%)
1 (least marginalized) 3,410 (14.8) 318,900 (17.6) 322,310 (17.5)
2 4,035 (17.5) 338,170 (18.6) 342,205 (18.6)
3 3,980 (17.3) 311,955 (17.2)  315,935(17.2)
4 3,870 (16.8) 300,745 (16.6) 304,615 (16.6)
5 (most marginalized) 4,900 (21.3) 333,185 (18.4) 338,085 (18.4)
Missing 2,810 (12.2) 211,680 (11.7) 214,485 (11.7)

Abbrev. CHD, Congenital Heart Defect; SD, Standard Deviation.

Note: In accordance with Statistics Canada disclosure rules, all frequencies were randomly rounded to base five. As
a result, there may be discrepancies between column totals and totals by infant/maternal characteristic. Statistical
analyses employed unrounded data.

Infants diagnosed with CHD were delivered earlier with lower gestational age at birth
(mean = 35.5 weeks, SD = 5.2 weeks) compared to those without CHD (mean = 38.8 weeks, SD
= 1.7 weeks). In addition, birthweight of infants was considerably lower with higher variability
observed for CHD cases (mean = 2,731.1g, SD = 1,137.9g) compared to non-CHD cases (mean
=3,365.1g, SD = 534.7g). A slightly higher proportion of males were diagnosed with CHD cases
(54.5%) compared to those without CHD (51.4%). Moreover, consistent with evidence from
previous literature, higher percentages of pre-existing maternal comorbidities of hypertension
and diabetes were identified for infants with CHD.!> Lastly, the distributions of SES
characteristics were generally similar across the cohorts, although slightly higher proportion of
infants residing in areas with most marginalized situational vulnerability index were observed for

CHD cases.
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Chapter 4. Wildfire Smoke PMz.s, Extreme Heat Events and Congenital Heart

Defects

4.1 Preface

This chapter includes a manuscript titled “Association between Periconception Exposure
to Wildfire Smoke PM: 5, Extreme Heat Events and Congenital Heart Defects in Canada’. This
study addresses both objectives 1 and 2 of the thesis, and investigates both the independent
effects of PM; 5 arising from different sources (all-source, WFS, and non-WFS) and EHEs along
with their potential synergistic effect on the risk of CHD. This manuscript will be further edited
and submitted to the journal of BMC Global and Public Health. Ethical approval for this study

was obtained from the Health Canada Research Ethics Board.
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4.4 Abstract

Background: Exposure to wildfire smoke (WFS) and extreme heat events (EHEs) during
pregnancy may affect fetal cardiovascular development. This study examined the association
between prenatal exposure to wildfire smoke fine particulate matter (WFS PM,s), EHEs, and
their interactive effects on the risk of congenital heart defects (CHD) in infants.

Methods: We conducted a population-based cohort study of singleton live births in Canada from
2013 to 2021. Maternal residential histories were linked to weekly WFS and non-WFS PM3 s
estimates during the periconception period. CHD diagnoses were identified from hospitalization
records through first year of life. Distributed lag Cox proportional hazards models were used to
examine week-specific associations. Potential synergistic effects between wildfire smoke and
EHEs were examined through relative excess risk due to interaction (RERI).

Results: Among 1,837,635 births, 23,005 infants (1.3%) were diagnosed with CHD. The
adjusted hazard ratio for overall CHD was 1.007 (95% CI: 0.993, 1.022) per 1 pg/m? increase in
WES PM: s during the periconception period. In stratified analysis by regions, a small positive
association was observed in Western region (HR: 1.023, 95% CI: 1.007, 1.040), although no
significant evidence of effect modification was identified. We found no consistent evidence of an
association with EHE nor any consistent additive interaction between wildfire smoke and EHE.
Conclusions: Overall, no clear evidence of association between WFS PM»s and EHEs on CHD
risk was observed. Further research on the implications of wildfires on the association between

ambient air pollutants and adverse birth outcomes is warranted.
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4.5 Introduction

In recent years, increased heat events and prolonged droughts due in part to climate
change have led to an escalation in the intensity and duration of wildfire seasons around the
globe.! These wildfire events have substantially elevated human exposure to wildfire smoke,
posing significant public health concerns, particularly for disproportionately impacted
populations such as pregnant individuals and their developing fetuses.? Fine particulate matter
(PM25) is a major constituent of wildfire smoke, with emerging evidence suggesting PM; 5 from
wildfire smoke (WFS) may have amplified health effects compared to PM: 5 originating from
other sources.? Prenatal exposure to environmental stressors, including extreme heat and ambient
air pollutants, may induce placental inflammation and oxidative stress during pregnancy, and
further influence the health of newborns.*>

Congenital heart defects (CHD) are the most prevalent congenital anomalies in newborns,
and a leading cause of infant mortality.®* CHD can lead to the disruption of normal cardiac blood
flow and predispose infants to a range of complex comorbidities and chronic cardiovascular
complications.” Aside from defects attributed to genetic disorders, the etiology of CHD remains
incompletely understood, with multifactorial combinations of environmental exposures and non-
genetic risk factors reported to affect its development.® While numerous studies have examined
associations between prenatal exposure to both PM» s and heat on CHD risks,”!? a notable gap
persists in the current literature regarding the implication of wildfires on this relationship. Given
the increasing co-occurrence of wildfire smoke events and extreme heat events (EHE),!'!!2

understanding the potential synergistic effects of prenatal exposure to WFS PM> 5 and heat on

fetal health is especially crucial.
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To address these knowledge gaps, we conducted a population-based retrospective cohort
study of mother-infant pairs in Canada from 2013 to 2021 using health administrative data. The
independent associations between periconception exposure to EHEs, PM; 5 from wildfire smoke,
non-wildfire sources and all-sources, as well as their interactive effects on CHD were
investigated. Potential effect modification by infant sex, rurality, geographic regions and
socioeconomic characteristics was further examined. Sensitive windows of susceptibility were
examined through the analysis of week-specific risk during the periconception period. Notably,
preconception exposures represent a relatively underexplored window in existing literature,
despite being recognized as a vulnerable period for epigenetic changes which may influence fetal
development.'? By examining windows of susceptibility and CHD risk associated with wildfire
smoke and extreme heat, the findings of this study may provide meaningful evidence for future

maternal health guidelines during wildfire seasons.

4.6 Methods

Study Design and Population

This retrospective cohort study included all singleton live births from January 1%, 2013 to
December 31, 2021 in Canada, excluding the province of Quebec. Linked mother-infant data
was obtained from the Canadian Vital Statistics Birth Database (CVSBD), which extracts birth-
related administrative data from provincial and territorial vital statistics registries.!* The maternal
place of residence at birth, recorded as six-character residential postal codes in CVSBD, was
linked to their associated forward sortation area (FSA) and dissemination area (DA) for the
exposure assignment. FSAs are geographic districts defined by the first three characters of postal
codes which can range from small city blocks to designated rural regions, whereas DAs are the

smallest census geographic unit, each composed of approximately 400-700 persons.'> Mother-
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infant pairs with missing or invalid information affecting linkage of exposure and outcome data,
multiple births, infants born with <20 weeks of gestation, and those with chromosomal
abnormalities were excluded from the study (Supplementary Figure S1). There were a total of
3,389,335 recorded live births during the study period. Approximately 31.2% of mother-infant
pairs (n = 1,058,870) were excluded due to missing hospitalization records. This included
752,710 infants born in Quebec, where hospitalization data were unavailable, and 306,160
infants with no hospitalization records or linkage failure. Of the remaining cohort with linked
hospitalization records (n = 2,330,465), 19.7% of mother-infant pairs were excluded due to
missing environmental exposures (n = 458,095).

The exposure window was restricted to the periconception period, defined as 13 weeks
before and after the start of pregnancy, encompassing both preconception (weeks 1-13 prior to
start of pregnancy) and first trimester (gestational weeks 1-13) windows. Although the first two
weeks of gestation are biologically considered as part of the preconception period, they were
incorporated into the first trimester window for comparability with existing literature. In
particular, gestational weeks 5-10, corresponding to embryonic weeks 3-8 post-conception,
represent a critical period of cardiogenesis.!® Even though cardiac maturation continues
throughout pregnancy, structural morphogenesis of the heart is largely complete by the end of
first trimester.!” Therefore, exposure definition was restricted to the periconception period to
examine the cumulative effects during a biologically relevant developmental window.
All-source, WFS and Non-WFES PM;.s Exposure Assessment

Daily all-source PM2 s exposure estimates were derived based on DAs associated with the
residential history of each mother-infant pair. Maternal residential history was constructed using

address of residence recorded in CVSBD and tax records from previous years (T1 Family File).
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Within the study cohort, approximately 15.1% of mothers moved during the periconception
period. All-source PM; 5 estimates were obtained using the Canadian Optimized Statistical
Smoke Exposure Model (CanOSSEM), which is a machine learning model that estimates daily
mean concentrations of all-source PM» 5 at a 5 km x 5 km spatial resolution across all populated
regions of Canada.'®* CanOSSEM integrates regulatory air quality monitoring network
observations with remotely sensed data, enabling prediction of population exposure in areas
where national air quality monitoring data is not available.!® Overall, the model performs well,
with approximately 96% of the predicted PM, s estimates falling within 5 pg/m? of the monitored
measurements. '8

Daily all-source PM; 5 estimates from CanOSSEM were subsequently used to derive
estimates of weekly mean wildfire smoke (WFS) and non-WFS PMz s exposure estimates using
the Multiyear Wildfire Smoke Exposure (MultiWiSE) approach developed by Cleland and
colleagues.'® This data-driven approach establishes a baseline counterfactual value representing
the weekly PM: s concentrations expected in the absence of WFS, for each geographic area. The
counterfactual value for each mother-infant pair was calculated using the distribution of weekly
all-source PMz 5 concentrations in the three years prior to birth. Modified z-scores were then
calculated from the weekly all-source PM2 s concentrations, to identify whether a given week
during the periconception period was affected by wildfire smoke. Each week that fell within the
wildfire season (May 1% to October 31%') with modified z-scores exceeding +2 was identified as
smoke-impacted. For these weeks, the WFS PM: 5 concentrations was estimated by setting non-
WES PM3 5 to the counterfactual value and then subtracting non-WFS PMaz s concentrations from
the all-source PM2 s concentrations.

For smoke-impacted weeks:
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e Non-WFS PM; s = Counterfactual value
e WFS PM;;5 = All-source PM25s — Non-WFS PM 5
Ambient Temperature and EHE Exposure Assessment

Daily estimates of mean (Tmean) and maximum (Tmax) ambient temperatures in °C were
extracted from the National Aeronautics and Space Administration’s Modern-Era Retrospective
Analysis for Research and Applications, Version 2 (MERRA-2). MERRA-2 provides varying
meteorological estimates at approximately 50 km resolution, through analysis of satellite
observations computed on a cubed-sphere grid.?’ The estimates were derived across Canada
using FSA regions linked to maternal residential FSAs of each mother-infant pair. Similar to the
PM: s exposure, the covariate of weekly Tmean €xposure was assigned for each mother-infant pair
during the periconception period.

EHEs were defined using relative thresholds of 90" and 95™ percentiles of daily
maximum temperature (Tmax) based on local Tmax distribution of the FSA region during spring
and summer, following definition used by Lin and colleagues?': (a) Tmax = 90" percentile for
three or more consecutive days of the Tmax distribution for the season of year (EHE90), and (b)
Tmax = 95™ percentile for two or more consecutive days of the Tmax distribution for the season of
year (EHE95). Binary indicators denoting the presence of each EHE definition were then
assigned during each week of periconception for all infants.

Congenital Heart Defects Outcome

CHDs were identified through International Statistical Classification of Diseases and
Related Health Problems, Tenth Revision, Canada (ICD-10-CA) codes obtained from the
Canadian Institute for Health Information - Discharge Abstract Database (CIHI-DAD).?? CIHI-

DAD is a health administrative database which collects clinical and demographic data of hospital
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discharge records from regional authorities across Canada, with the exception of the province of
Quebec. The linkage of DAD with CVSBD was conducted by Statistics Canada based on unique
identifier variables of mother-infant pairs, allowing both maternal and infant hospitalization
records to be linked with the study cohort. CHD was defined as hospitalizations for congenital
anomalies identified with ICD-10-CA codes of Q20-Q26 from birth to one year of age, which is
the recommended reporting time frame under the Canadian Congenital Anomalies Surveillance
System (CCASS).?* Hospitalization data were available through 2022, providing at least one
complete year of records for all infants. Major CHD subtypes including Atrial Septal Defect
(ASD; ICD-10-CA code of Q21.1), and Ventricular Septal Defect (VSD; ICD-10-CA code of
Q21.0), were also analyzed. The subtypes of ASD and VSD were not mutually exclusive.
Covariates

Covariates were selected a priori based on evidence from the existing literature as
identified in the Directed Acyclic Graphs (DAGs) (Supplementary Figures S2 & S3). These
included: maternal age at delivery (<18, 18-29, 30-39, >39), sex of infant, parity (none, 1, >2,
missing), seasonality (first-harmonic sine and cosine terms of day-of-year of conception),?*?°
year of conception, maternal place of residence (urban, rural, missing), weekly mean
temperatures, and socioeconomic status (SES) characteristics obtained from the Canadian Index
of Multiple Deprivation (CIMD).2® The CIMD uses census data to derive area-based quintiles of
residential instability, ethno-cultural composition, economic dependency and situational
vulnerability across Canada, and were assigned to each mother-infant pair at the DA level.>*
Based on the DAG, weekly mean ambient temperature was adjusted as a covariate when
analyzing the independent effect of WFS PM, s (Supplementary Figure S2). Conversely, air

pollutant variables were considered mediators in analyses of EHEs and CHD, and were not
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adjusted in those models (Supplementary Figure S3).27-?® Random intercepts at the FSA level
were also included in the models to account for spatial variability. Given the smaller number of
cases co-exposed to both WFS and EHEs, random intercepts were not included in the analyses of

interactive effect to ensure stable estimates.

4.7 Statistical Analysis

Independent Effects of All-source, WFS, Non-WFS PM;s and EHEs

Cox proportional hazards models were used to analyze the independent effects of PM; 5
from different sources and EHEs on the risk of CHD. The time scale of the model was the
infant’s age in days, where the follow-up period was limited from birth until the diagnosis of
CHD, death or one year of age. Since CHD develops in utero but is ascertained after birth,?® the
time scale served to capture time to clinical diagnosis of disease. The effect of all-source PM> 5
was examined using a single-pollutant model, while WFS and non-WFS PM 5 were examined
jointly using a two-pollutant model that simultaneously adjusted for both exposures. The Pearson
correlation between WFS and non-WFS PM; 5 during periconception was weak (r = -0.021, 95%
CI: -0.023, -0.020) with acceptable variance inflation factors (VIFwrs = 1.93, VIFnon-wrs = 2.39),
allowing us to examine the independent effects using a two-pollutant model (Supplementary
Table S1). The Cox models were integrated with a distributed lag model (DLM) to identify
sensitive windows of susceptibility during periconception, while adjusting for pre-selected
covariates.>

Weekly mean concentrations of WFS, non-WFS and all-source PM: s during
periconception were each modelled as cross-basis functions. A linear exposure-response model
was used to calculate the overall effect estimates. Potential non-linear effects were also examined

through a secondary model parametrizing the exposure-response using natural cubic splines. For
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each cross-basis function, multiple lag-response models (natural cubic splines with 2 to 5 dfs)
were compared. The model with the lowest Akaike information criterion (AIC) was selected,
where natural cubic splines with 3 dfs provided the optimal fit for all PM2 s metrics
(Supplementary Table S2).

Using a similar approach, binary indicators of EHEs during each week of periconception
were modelled using the same cross-basis framework with a linear exposure-response
relationship. Based on AIC, natural cubic splines with 4 dfs were selected for the lag-response
models of EHE90, and 3 dfs for EHE95 (Supplementary Table S2). Weekly mean ambient
temperature was modelled assuming a non-linear exposure-response relationship with natural
cubic splines of 4 dfs (knots placed at 5%, 75" and 95" percentiles), and natural cubic splines
with 3 dfs for its lag structure.

Week-specific hazard ratios (HR) for overall CHD and its subtypes were examined per 1
ug/m? increase in weekly mean WFS, non-WFS and all-source PM s concentrations, and for the
presence of EHEs. Cumulative estimates were further obtained for the preconception (1-13
weeks prior to pregnancy), first trimester (gestational weeks 1-13), period of cardiogenesis
(gestational weeks 5-10), entire periconception (preconception and first trimester) and sensitive
exposure windows. The sensitive window was defined based on the statistical significance of
week-specific HR, indicated by 95% CI excluding the value of 1.

Sensitivity analyses were conducted to assess the robustness of results, which
included: 1) additional adjustment for risk factors of maternal pre-existing diabetes or
hypertension as a binary variable (yes/no). These conditions were identified using ICD-10-CA
codes recorded in the DAD (O10 for hypertension; 024.5-24.7 for diabetes) during pregnancy.

Due to a relatively high proportion of mothers with no hospitalization records, adjustment of this
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covariate was restricted to sensitivity analysis; 2) mixed-effects log-binomial models were

employed to examine the PM2.5 associations to account for potential postnatal factors that may

influence the underlying time scale of the primary Cox models; 3) limiting the exposure window
to first trimester only; 4) additional adjustment for the cross-basis of NO> concentrations for the
PM:.s models. Due to limited data availability, this sensitivity analysis was conducted in a subset
of the cohort with complete NO> data; and 5) adjusting for alternative specifications of
seasonality.

Stratified analyses were also performed to assess potential effect modification by infant
sex, rurality of residence, SES characteristics, and geographical regions. Geographical regions
included Western (British Columbia, Prairies and Territories), Central (Ontario) and Atlantic
regions. Due to small sample sizes, the Territories were grouped with the Western region for
analysis. A multiplicative interaction term between the cross-basis functions of exposure and
modifier was included in each model, where p-value < 0.05 indicated evidence of effect
modification.

Interactive Effects of Wildfire Smoke and EHE

The interactive effects of WFS and EHE were investigated through incorporation of
Relative Excess Risk due to Interaction (RERI) and Attributable Proportion due to Interaction
(AP), following approach developed by Hosmer and Lemeshow.?!-*? Each exposure variable was
dichotomized during the cardiogenesis window. WFS events were defined as the presence of
weekly mean WFS PMas > 0 or 5 pg/m?, based on the MultiWiSE metrics.!” Heat events were
defined as the presence of weekly EHE90 or EHE9S.

RERI was assessed using the following formula of: RERI = HR1; — HRio— HRo1 + 1,

where a statistically significant value of RERI or AP > 0 indicates evidence of additive
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interaction.?! Each HR variable in the equation was defined as: HR1o = presence of a WFS event
but absence of an EHE, HRo1 = absence of a WFES event but presence of an EHE, HRy; =
presence of both a WFS event and an EHE. The reference group was HRoo, which represents
infants with the absence of both a WFS event and an EHE.

To further examine whether the observed interaction is driven specifically by wildfire
event or elevated PM> s concentration, stratified analyses were also conducted. All-source PM: 5
concentration during the cardiogenesis was dichotomized, where weekly mean all-source PM3 s
estimates exceeding 80™ percentile of the FSA-specific concentration distribution was defined as
high PM s exposure, consistent with a previous study.*® The RERI and AP between high PM; s
and EHEs were then analyzed separately within strata defined by the presence or absence of
WES event during the exposure window.

All statistical analyses were conducted using R (version 4.5.0), and the survival (version

3.8-3) and d/nm (version 2.4.7) packages.

4.8 Results

Descriptive Statistics

Descriptive characteristics of the study cohort stratified by CHD outcome are presented
in Table 1. Our study included a total of 1,837,635 singleton live births identified between 2013
and 2021 across Canada. Among the cohort, 23,005 (1.3%) infants were diagnosed with CHD
during the follow-up period, including 9,880 cases of ASD (0.5%) and 5,085 cases of VSD
(0.3%). On average, infants diagnosed with CHDs were delivered earlier, with mean gestational
age at birth of 35.5 weeks (SD = 5.2) compared to 38.8 weeks (SD = 1.7) for infants without
CHD. Furthermore, there was a slightly higher proportion of males among CHD cases (54.5%)

compared to those without CHD (51.4%)).
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The mean WFS PM: s concentration during the periconception period was 0.57 ug/m?
(SD = 1.08), while the mean non-WFS PM 5 concentration was 6.52 pg/m? (SD = 0.50). Higher
concentrations of WFS PM; 5 were observed in the Western region (Supplementary Figure S4).
Within the cohort, 62.5% of mother-infant pairs experienced at least one week of the
periconception period affected by WES (weekly mean WFS PMa s > 0 ug/m?®). For EHEs, 59.3%
and 61.4% of mother-infant pairs experienced at least one EHE90 and EHE95 during the
periconception period, respectively. Heat events characterized by higher maximum temperatures
over shorter durations were more frequent in the cohort, as indicated by slightly higher
proportion of EHE9S5 observed compared to EHE90.
Association between All-source, WFS, Non-WFS PM: s concentration and CHD

No significant association between WFS PMaz s and overall CHD risk was observed
during the periconception period (HR: 1.007, 95% CI: 0.993, 1.022 per 1 pg/m? increase)
(Figures 1 & 2). Although point estimates were consistently positive for the preconception, first
trimester and cardiogenesis windows, confidence intervals included unity. Similarly, no

significant associations were observed for all-source and non-WFS PM2 s with overall CHD

(Figure 1 & Supplementary Table S3). For the subtype of ASD, an inverse association with WFS
and all-source PM 5 was observed during the preconception window (HR: 0.979, 95% CI: 0.963,
0.995 per 1 pg/m? increase, and HR: 0.980, 95% CI: 0.966, 0.994 per 1 pg/m? increase
respectively), whereas no significant association was identified for VSD (Figure 2 &
Supplementary Table S3).

We additionally provided the lag curves by employing multiple lag-response functions
(Supplementary Figure S5). Similar curves were observed except for the ns (df = 2) model which

produced a monotonic curve. The exposure-response curve of WFS PM: 5 concentration during
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cardiogenesis is presented in Supplementary Figure S6. A gradual increase in the estimated CHD
risk was observed at concentrations above 2 ug/m?, although the CIs included unity.

In sensitivity analyses, estimates were largely unchanged when further adjusting for
maternal comorbidities, employing the mixed-effects log-binomial model, and when restricting
the exposure to first trimester (Supplementary Tables S4-S6). In the cohort subset with complete
NO: data, additional adjustment for NO> did not materially change the estimate, although the
WES PM; 5 estimates were attenuated relative to the full cohort (Supplementary Table S7). When
adjusting for alternative specifications of seasonality, a small positive association was observed
in the model adjusting for the categorical covariate of season of conception (HR: 1.014, 95% CI:
1.000, 1.029 per 1 ug/m? increase) (Supplementary Table S8).

In stratified analysis, a positive significant association was observed within the Western
region (HR: 1.023, 95% CI: 1.007, 1.040 per 1 ug/m? increase, Pinteraction = 0.61) (Supplementary
Table S9), although the p-value of effect modification was not statistically significant. Point
estimates were lower in Central (HR: 0.939, 95% CI: 0.868, 1.015 per 1 pug/m? increase) and
Atlantic (HR: 0.996, 95% CI: 0.795, 1.248 per 1 ug/m? increase) strata, likely reflecting low
exposure contrast of WFS PM s distribution within these regions.

Association between EHEs and CHD

No significant associations were observed between EHEs and overall CHD or its
subtypes during periconception (Figure 3). Results remained consistent when further adjusting
for maternal comorbidities (Supplementary Figure S7). A statistically significant interaction with
infant sex was present for EHE95 and overall CHD (Pinteraction = 0.04), with elevated risk
observed for female infants (Supplementary Table S10). Gestational weeks 5 to 13 were

identified as a sensitive window among females, with the highest estimate observed at
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gestational week 13 (HR: 1.052, 95% CI: 1.009, 1.098) (Supplementary Figure S8). No
significant effect modification was observed when stratified by rurality of residence,
geographical regions or different dimensions of SES characteristics (Supplementary Figures S9-
S14 & Supplementary Table S10).
Interactive Effects of WFS and EHE on CHD

Overall, no significant additive interaction was observed between EHEs and WFS on
CHD risk during cardiogenesis (Figure 4 & Supplementary Table S11). Results were consistent
when further adjusting for maternal comorbidities (Supplementary Table S12). In exploratory
analyses stratified by the presence of a WFS event during cardiogenesis, high all-source PM3 s
was associated with elevated CHD risk within WFS-impacted windows (HR: 1.121, 95% CI:
1.039, 1.209 in the EHE90 model, and HR: 1.120, 95% CI: 1.039, 1.208 in the EHE95 model)
but not within non-WFS-impacted windows (HR: 0.934, 95% CI: 0.848, 1.028, and HR: 0.952,
95% CI: 0.866, 1.046, respectively) (Supplementary Table S13). Co-exposure to EHEs and high
PM: s within WFS-impacted windows was associated with a similar increase in risk (HR: 1.093,
95% CI: 1.009, 1.183 for EHE90, and HR: 1.089, 95% CI: 1.008, 1.177 for EHE95) and the

corresponding RERIs and APs were negative.

4.9 Discussion

In this large population-based retrospective cohort study, we investigated the associations
between prenatal exposure to WFS PM» s and EHEs during periconception, and their joint effects
on the risk of CHD. Positive point estimates were observed between WFS PM> s and overall
CHD risk during periconception, but no clear evidence of association was found. No consistent
associations were observed for EHEs. Similarly, no significant additive interaction was identified

between WFS and EHESs on the risk of CHD.
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A limited number of peer-reviewed studies have examined the effects of wildfire smoke
on CHD. A large retrospective cohort study conducted in California, United States, observed that
prenatal wildfire exposure was associated with an increased risk of ASD during the first trimester
(OR: 1.11, 95% CI: 1.04, 1.18).>* However, this study used the presence of wildfire events
during each trimester as the exposure rather than the concentration of PMa s, limiting direct
comparability with the estimates from our findings. A more recent case-control study in
California also found that exposure to wildfire smoke during the first 8 weeks of pregnancy was
associated with elevated risk of coarctation of the aorta, though they did not assess overall CHD
or septal defects.’® Another retrospective cohort study in Brazil reported positive association
between first trimester exposure to wildfire smoke and circulatory congenital anomalies only
within the subgroup of females in the Southeast region (OR: 1.032, 95% CI: 1.003, 1.062), with
no clear association observed across the full cohort.3® However, their main exposure was number
of wildfire records, which may also limit direct comparability with our results.

Overall, these mixed findings are likely attributable to variation in analytical
methodologies including exposure assessment of wildfire smoke and confounder adjustments,
combined with differences in baseline PM» 5 concentration distribution between countries. This
was also reflected in our sensitivity analyses, where the association between WFS PM; 5 and
overall CHD reached statistical significance only when seasonality was modelled as a categorical
season-of-conception term, a specification with poorer fit than the sinusoidal terms used in the
primary model (Supplementary Table S8). Moreover, lower levels of absolute PM> s
concentration and exposure heterogeneity across Canada, compared to other study regions, may
have led to limited exposure contrast to detect associations. Notably, we observed a positive

association in the Western region in stratified analysis, which had higher levels of mean WFS
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PM2: 5 concentrations. The lower exposure heterogeneity within other Canadian regions may have
also led to higher exposure misclassification of WFS PM: s estimates, and consequently
attenuated the associations across the full cohort.?”

We also observed an inverse association between WFS and all-source PMz s with ASD
during the preconception window. Although a few previous studies have reported a negative
association with all-source PM2 5 and ASD during pregnancy,*®* this inverse association more
plausibly reflects chance among the many estimates examined, instability of distributed lag
estimates at the boundary of the exposure window, residual confounding, or live birth bias than a
protective effect. Given that both air pollutants and severe cases of CHD may lead to pregnancy
losses, this may have contributed to the observed inverse association.*#!

Evidence on the association between prenatal exposure to EHEs and CHD has been
mixed with notable heterogeneity by climate zone, as demonstrated by a recent systematic
review and meta-analysis.!? The pooled estimate indicated a positive association among 8
included studies, but the estimate was attenuated within a subgroup of studies conducted in the
continental climate zone (OR: 1.07, 95% CI: 0.97, 1.19).!° In our study, no consistent association
between EHEs and CHD was identified, although a sex-specific EHE9S signal was observed in
stratified analyses. While prior research has highlighted potential sex-specific variation in fetal
growth trajectories and epigenetic mechanisms,* this finding should be interpreted cautiously.
Effect modification was assessed across 7 different characteristics in our study, where this
observed interaction may be an artifact of multiple testing, especially considering the null
associations observed in our overall EHE findings.

To the best of our knowledge, this is the first study to examine the potential additive

interaction between WFS and heat exposure on CHD. No significant additive interaction
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between WFS and EHEs on CHD risk was found. In exploratory analyses, however, high all-
source PM> 5 during cardiogenesis was associated with an elevated CHD hazard within WFS-
impacted windows but not within non-WFS-impacted windows, with or without co-exposure to
EHESs. This contrast may reflect a smoke-specific or threshold effect that linear per-unit models
may not fully capture, consistent with the shape of our exposure-response curve (Supplementary
Figure S6). However, this analysis was post hoc and based on dichotomized exposures, and thus
should be regarded as hypothesis-generating. More generally, our interaction findings are
preliminary and cautious interpretations are warranted given that the CIs of our RERI and AP
estimates included the null, and relatively smaller number of cases were co-exposed to both
events. Further research examining this potential additive interaction on CHD is recommended.
While no clear association was found in our study, biological mechanisms linking the
effects of environmental stressors on adverse birth outcomes remain plausible. Previous evidence
has highlighted prenatal exposure to ambient air pollutants and heat may increase the release of
key biomarkers and hormones involved in the regulation of inflammatory responses.****> The
resulting homeostatic imbalance of the immune system during pregnancy may induce placental
inflammation and oxidative stress, and lead to dysregulation of complex cellular signaling
pathways involved in the formation and maturation of critical organs.***” In particular, previous
research has also highlighted variation in particle composition of WFS PMa s, containing higher
concentrations of organic and elemental carbon along with a greater proportion of smaller
particles, which may exert increased toxicity in humans.?***° Moreover, heat exposure has been
associated with increased ventilation in humans, which may further increase the deposition of
ambient air pollutants and thus lead to synergistic effects.>® Further research examining the

effects of WFS PM2 5 and heat on CHD is warranted considering this biological plausibility.
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This study has several strengths. The large sample size of our study cohort, encompassing
over 1.8 million mother-infant pairs, provided robust statistical power to explore potential effect
modification by a wide range of characteristics. We also incorporated weekly exposures of
environmental stressors through the employment of distributed lag models, allowing examination
of potential sensitive windows of susceptibility during periconception. Furthermore, the
methodology of wildfire smoke exposure assessment in our study, through the analysis of WFS
PM, 5 concentrations, enabled us to account for the temporal dynamics and intensity of wildfire
smoke events on CHD.

There are also a few limitations in this study worth noting. Although our study cohort
included mother-infant pairs across majority of regions in Canada, our sample excluded infants
born in the province of Quebec due to unavailability of health administrative data, which may
limit the generalizability of our findings. The study cohort was also restricted to live births
delivered at > 20 weeks of gestation. Exclusion of stillbirths and early pregnancy losses, which
are often associated with more severe CHDs,*! may have underestimated the association. In
addition, approximately 20% of otherwise eligible births were excluded due to missing exposure
data (Supplementary Figure S1). Compared with the study cohort, a higher proportion of
excluded mother-infant pairs were residing in rural and Western regions, which may further limit
generalizability. Moreover, we were unable to adjust for several maternal risk factors of CHD
including obesity, tobacco smoke exposure and other teratogenic substance usage due to limited
data. CHD cases were identified from hospitalization records during the first year of life. Milder
defects that do not lead to hospitalization, notably small ASDs that close spontaneously, would
not have been captured, so the ASD outcome likely represents more clinically significant cases.

A large number of associations were also examined across exposure metrics, windows, subtypes
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and subgroups without adjustment for multiple comparisons, and isolated statistically significant
findings should be interpreted in that context. Furthermore, the timescale of the Cox models
served to capture the clinical diagnostic timing rather than the biological onset of the disease,
which may be influenced by postnatal factors including variability in healthcare access and
neonatal screening protocols. However, the estimates remained consistent in mixed-effects log-
binomial models, suggesting minimal influence of timescale. Exposures were assigned at the DA
or FSA level rather than at individual residences, which may introduce misclassification of
exposures. Lastly, it is important to note that the isolation of WFS PM» s was computed based on
the concentration distribution of all-source PM s during the pre-specified 3-year period. This
may lead to potential exposure misclassification of smoke-impacted weeks, especially when the

concentration of all-source PM3 s is low.

4.10 Conclusions

In this large population-based cohort, no clear association between periconception
exposure to WFS PM; s and CHD was observed. Neither EHEs nor wildfire smoke-heat co-
exposure showed consistent associations with CHD. Further research on the implications of

prenatal exposure to wildfire smoke on congenital anomalies is warranted.
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4.11 Tables and Figures

Table 4.1. Descriptive characteristics of the study cohort stratified by Congenital Heart Defect

(CHD) outcome.
Characteristics CHD cases No CHD cases Total
(N =23,005) (N=1,814,630) (N =1,837,635)
Gestational age at birth in weeks, mean (SD) 35.5(5.2) 38.8 (1.7) 38.8 (1.8)
Birth weight in grams, mean (SD) 2,731.1 (1,137.9)  3,365.1 (534.7)  3,357.1(550.9)
Maternal age at delivery, n (%)
<18 140 (0.6) 9,070 (0.5) 9,210 (0.5)
18-29 8,840 (38.4) 698,070 (38.5) 706,905 (38.5)
30-39 12,770 (55.5) 1,031,110 (56.8) 1,043,880 (56.8)
> 39 1,255 (5.5) 76,380 (4.2) 77,635 (4.2)
Parity, n (%)
None 10,330 (44.9) 785,705 (43.3) 796,035 (43.3)
1 7,295 (31.7) 641,065 (35.3) 648,360 (35.3)
2+ 5,335 (23.2) 386,645 (21.3) 391,980 (21.3)
Missing 40 (0.2) 1,215 (0.1) 1,260 (0.1)
Infant sex, n (%)
Male 12,545 (54.5) 932,825 (51.4) 945,370 (51.4)
Female 10,460 (45.5) 881,810 (48.6) 892,265 (48.6)

Rurality of maternal residence, n (%)

Urban 19,900 (86.5) 1,567,225 (86.4) 1,587,130 (86.4)
Rural 3,060 (13.3) 244,810 (13.5) 247,870 (13.5)
Missing 40 (0.2) 2,595 (0.1) 2,635 (0.1)
Maternal pre-existing hypertension, n (%)
Yes 400 (1.7) 13,570 (0.7) 13,970 (0.8)
No 19,145 (83.2) 1,534,135 (84.5) 1,553,275 (84.5)
Missing 3,460 (15.0) 266,925 (14.7) 270,385 (14.7)
Maternal pre-existing diabetes, n (%)
Yes 990 (4.3) 16,730 (0.9) 17,720 (1.0)
No 18,550 (80.6) 1,530,970 (84.4) 1,549,525 (84.3)
Missing 3,460 (15.0) 266,925 (14.7) 270,385 (14.7)
Region, n (%)
Central 11,880 (51.6) 933,005 (51.4) 944,885 (51.4)
Western 9,645 (41.9) 781,625 (43.1) 791,265 (43.1)
Atlantic 1,475 (6.4) 100,005 (5.5) 101,480 (5.5)
Residential instability quintiles, n (%)
1 (least marginalized) 3,450 (15.0) 299,400 (16.5) 302,850 (16.5)
2 3,975 (17.3) 329,840 (18.2)  333,810(18.2)
3 4,000 (17.4) 314,995 (17.4) 319,000 (17.4)
4 4,440 (19.3) 337,510 (18.6) 341,950 (18.6)
5 (most marginalized) 4,325 (18.8) 321,210 (17.7) 325,535 (17.7)
Missing 2,810 (12.2) 211,680 (11.7) 214,490 (11.7)
Ethno-cultural composition quintiles, n (%)
1 (least marginalized) 1,705 (7.4) 136,355 (7.5) 138,060 (7.5)
2 3,315 (14.4) 255,630 (14.1) 258,950 (14.1)
3 4,150 (18.0) 314,780 (17.3) 318,930 (17.4)
4 4,665 (20.3) 372,110 (20.5) 376,780 (20.5)
5 (most marginalized) 6,355 (27.6) 524,075 (28.9) 530,425 (28.9)
Missing 2,810 (12.2) 211,680 (11.7) 214,490 (11.7)
Economic dependency quintiles, n (%)
1 (least marginalized) 4,425 (19.2) 374,905 (20.7) 379,325 (20.6)
2 4,665 (20.3) 369,570 (20.4) 374,235 (20.4)
3 4,330 (18.8) 333,990 (18.4) 338,320 (18.4)
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4 3,810 (16.6) 298,355 (16.4) 302,165 (16.4)
5 (most marginalized) 2,965 (12.9) 226,130 (12.5) 229,100 (12.5)
Missing 2,805 (12.2) 211,675 (11.7) 214,485 (11.7)
Situational vulnerability quintiles, n (%)
1 (least marginalized) 3,410 (14.8) 318,900 (17.6) 322,310 (17.5)
2 4,035 (17.5) 338,170 (18.6) 342,205 (18.6)
3 3,980 (17.3) 311,955 (17.2)  315,935(17.2)
4 3,870 (16.8) 300,745 (16.6) 304,615 (16.6)
5 (most marginalized) 4,900 (21.3) 333,185 (18.4) 338,085 (18.4)
Missing 2,810 (12.2) 211,680 (11.7) 214,485 (11.7)
Average exposure during periconception
WFS PMas, ug/m? (SD) 0.59 (1.10) 0.57 (1.08) 0.57 (1.08)
Non-WFS PMzs, pg/m® (SD) 6.49 (0.49) 6.52 (0.50) 6.52 (0.50)
All-source PMzs, pg/m?® (SD) 7.07 (1.19) 7.09 (1.18) 7.09 (1.18)
Ambient temperature, °C (SD) 6.70 (6.73) 6.90 (6.75) 6.90 (6.75)

Abbrev. SD, Standard Deviation; WES, Wildfire Smoke.

Note: In accordance with Statistics Canada disclosure rules, all frequencies were randomly rounded to base five. As

a result, there may be discrepancies between column totals and totals by infant/maternal characteristic. Statistical

analyses employed unrounded data.
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Figure 4.1. Association between overall Congenital Heart Defect (CHD) and its subtypes per 1
ug/m? increase in all-source, Wildfire smoke (WFS) and non-WFS PM, s exposure during
periconception.

Note: All-source PMa2.s was examined in a single pollutant model, while WFS and non-WFS PMa» .5 were examined
a two-pollutant model adjusting for the cross-basis of both exposures. All models were adjusted for weekly mean
ambient temperature (cross-basis), maternal age at delivery, infant sex, parity, day-of-year of conception, year of
conception, rurality of residence, quintiles of instability, ethno-cultural composition, dependency and vulnerability
with random intercepts at FSA level.

Abbrev. FSA, Forward Sortation Areas.
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Figure 4.2. Weekly Hazard Ratios (HRs) for overall Congenital Heart Defect (CHD) and its
subtypes per 1 pg/m? increase in prenatal Wildfire smoke (WFS) PM, s concentration.

Note: The model was adjusted for weekly non-WFS PM2 5 concentrations (cross-basis), weekly mean ambient

temperature (cross-basis), maternal age at delivery, infant sex, parity, day-of-year of conception, year of conception,
rurality of residence, quintiles of instability, ethno-cultural composition, dependency and vulnerability with random
intercepts at FSA level.

Abbrev. FSA, Forward Sortation Areas.
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Figure 4.3. Association between presence of Extreme Heat Events (EHEs) and overall
Congenital Heart Defect (CHD) with its subtypes during periconception.

Note: EHEs were defined as daily maximum temperature exceeding threshold percentiles of regional temperature
distribution for number of consecutive days (EHE90 - 90" percentile for at least 3 consecutive days, EHE9S - 95"
percentile for at least 2 consecutive days). All models were adjusted for maternal age at delivery, infant sex, parity,
day-of-year of conception, year of conception, rurality of residence, quintiles of instability, ethno-cultural
composition, dependency and vulnerability with random intercepts at FSA level.

Abbrev.

FSA, Forward Sortation Areas.
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Figure 4.4. Relative Excess Risk due to Interaction for the joint association of Extreme Heat
Events (EHEs) and Wildfire smoke (WFS) events on overall Congenital Heart Defect (CHD)
during cardiogenesis.

Note: EHEs were defined as daily maximum temperature exceeding threshold percentiles of the regional
temperature distribution for number of consecutive days (EHE90 - 90" percentile for at least 3 consecutive days,
EHE9S - 95% percentile for at least 2 consecutive days). Wildfire smoke events were defined using two thresholds of
any wildfire smoke (weekly WFS PMz.s > 0 ug/m?) and moderate wildfire smoke (weekly WFS PMas > 5 pg/m®).
All models were adjusted for maternal age at delivery, infant sex, parity, day-of-year of conception, year of
conception, rurality of residence, quintiles of instability, ethno-cultural composition, dependency and vulnerability.
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4.12 Supplementary Materials

NO; Exposure Assessment

Weekly estimates of NO» exposures were obtained from Health Canada, which were derived
using a national land-use regression (LUR) model. The LUR model incorporates ground-based
estimates from National Air Pollution Surveillance (NAPS) stations, satellite-derived estimates,
land use patterns of industrial land use within 2 km and road lengths within 10 km, along with
summer rainfall estimates.>? Deterministic gradients derived from previous literature were then
incorporated into the LUR model, using scaling factors of 1.65 near highways and 1.2 near major
roads, assumed to decay to background levels at distances of 300m and 100m for each road.>?
This LUR model was developed based on data from 2006, and was applied to NO: estimates
observed from NAPS stations in subsequent years. Similar to PMz 5 exposures, weekly estimates
of NO> were assigned to each mother infant-pair during the periconception period. As this data
was only available up to 2020, the sensitivity analysis adjusting for NO2 concentrations were
only analyzed among the subset of 1,271,785 infants who had complete NO, data. Within this
cohort subset, 15,695 infants were diagnosed with congenital heart defects (CHD). Results of the

following analyses are presented in Supplementary Table S7.
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Total births recorded in CVSBD from January 1%, 2013 to December 31, 2021
n = 3,389,335

Excluded (n = 752,710)
« Birth registration in Quebec

* Missing DAD records

Excluded (n = 306,160)

CVSBD cohort with DAD records
n = 2,330,465

S~ N N W

Excluded (n = 34,730) . ol

age at birth unknown: 1,300 . = . e
Invalid DAD records: 1,210 Unknown . Atlntic
Multiple births: 28,075

Chromosomal abnormalities: 4,070
Gestational age at birth < 20 weeks: 75

4 N\
Excluded (n = 458,095) -

Missing PM; s exposure: 295,715
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.

Study cohort
n=1,_837,635
Supplementary Figure S1. Flow chart of the inclusion and exclusion of the study population.

Note: In accordance with Statistics Canada disclosure rules, all frequencies were randomly rounded to base five. As
a result, there may be discrepancies between totals by each exclusion criteria.

Abbrev. CVSBD, Canadian Vital Statistics Birth Database; DAD, Discharge Abstract Database.
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Supplementary Figure S2. Directed Acyclic Graph (DAG) representing the association
between prenatal WFS PM; 5 exposure during pregnancy and CHD in infants.

Note: Variables in white bubbles represent adjusted covariates, light grey bubbles represent unmeasured variables,
and the dark grey bubble represents a collider.

Abbrev. CHD, Congenital Heart Defect; WFS, Wildfire Smoke.
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Supplementary Figure S3. Directed Acyclic Graph (DAG) representing the association
between EHE exposure during pregnancy and CHD in infants.

Note: Variables in white bubbles represent adjusted covariates, light grey bubbles represent unmeasured variables

and dark grey bubble represents a collider. The bubble connected by green line represents a mediator, which was not

included in the model.

Abbrev. CHD, Congenital Heart Defect; EHE, Extreme Heat Event; WFS, Wildfire Smoke.
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Supplementary Figure S4. Spatial distribution of mean concentrations of all-source, WFS and
non-WFS PM; 5 across Canada by province (2013-2021).

Note: Region shaded in grey corresponds to the province of Quebec.

Abbrev. WFS, Wildfire Smoke.
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Supplementary Figure S5. Weekly Hazard Ratios (HRs) for overall CHD per 1 pg/m?® increase

in prenatal WFS PM2 s concentration across different lag-response functions modelled using
natural splines.

Note: The model was adjusted for weekly non-WFS PM2 5 concentrations (cross-basis), weekly mean ambient
temperature (cross-basis), maternal age at delivery, infant sex, parity, day-of-year of conception, year of conception,
rurality of residence, quintiles of instability, ethno-cultural composition, dependency and vulnerability with random

intercepts at FSA level.

Abbrev. CHD, Congenital Heart Defect; FSA, Forward Sortation Areas; WFS, Wildfire Smoke.
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Supplementary Figure S6. Exposure-response curve of the association between WFS PMb> 5 and
CHD during cardiogenesis.

Note: The model was adjusted for mean non-WFS PMa.s concentrations, mean ambient temperature, maternal age at
delivery, infant sex, parity, day-of-year of conception, year of conception, rurality of residence, quintiles of
instability, ethno-cultural composition, dependency and vulnerability with random intercepts at FSA level. The
curve was plotted up to the 99.9" percentile of WFS PM2 s concentration distribution.

Abbrev. CHD, Congenital Heart Defect; FSA, Forward Sortation Areas; WFS, Wildfire Smoke.
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Supplementary Figure S7. Association between presence of EHEs and overall CHD with its
subtypes during periconception further adjusting for maternal comorbidities.

Note: EHEs were defined as daily maximum temperature exceeding threshold percentiles of regional temperature

distribution for number of consecutive days (EHE90 — 90™ percentile for at least 3 consecutive days, EHE9S5 — 95t
percentile for at least 2 consecutive days). All models were adjusted for maternal age at delivery, infant sex, parity,
day-of-year of conception, year of conception, maternal comorbidities, rurality of residence, quintiles of instability,

ethno-cultural composition, dependency and vulnerability with random intercepts at FSA level.

Abbrev. CHD, Congenital Heart Defect; EHE, Extreme Heat Event; FSA, Forward Sortation Areas.
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Supplementary Figure S8. Association between presence of EHE95 and overall CHD during
periconception stratified by infant sex.

Note: EHE95 was defined as daily maximum temperature exceeding the 95" percentile of regional temperature
distribution for at least 2 consecutive days. All models were adjusted for maternal age at delivery, parity, day-of-
year of conception, year of conception, rurality of residence, quintiles of instability, ethno-cultural composition,
dependency and vulnerability with random intercepts at FSA level.

Abbrev. CHD, Congenital Heart Defect; EHE, Extreme Heat Event; FSA, Forward Sortation Areas.
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Supplementary Figure S9. Association between presence of EHE95 and overall CHD during
periconception stratified by rurality of maternal residence at birth.

Note: EHE9S was defined as daily maximum temperature exceeding the 95th percentile of regional temperature
distribution for at least 2 consecutive days. All models were adjusted for maternal age at delivery, infant sex, parity,
day-of-year of conception, year of conception, quintiles of instability, ethno-cultural composition, dependency and
vulnerability with random intercepts at FSA level.

Abbrev. CHD, Congenital Heart Defect; EHE, Extreme Heat Event; FSA, Forward Sortation Areas.
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Supplementary Figure S10. Association between presence of EHE95 and overall CHD during
periconception stratified by geographical regions.

Note: EHE95 was defined as daily maximum temperature exceeding the 95" percentile of regional temperature
distribution for at least 2 consecutive days. All models were adjusted for maternal age at delivery, infant sex, parity,
season of conception, year of conception, rurality of residence, quintiles of instability, ethno-cultural composition,
dependency and vulnerability with random intercepts at FSA level.

Abbrev. CHD, Congenital Heart Defect; EHE, Extreme Heat Event; FSA, Forward Sortation Areas.
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Supplementary Figure S11. Association between presence of EHE95 and overall CHD during
periconception stratified by residential instability quintiles.

Note: EHE95 was defined as daily maximum temperature exceeding the 95" percentile of regional temperature
distribution for at least 2 consecutive days. All models were adjusted for maternal age at delivery, infant sex, parity,
day-of-year of conception, year of conception, rurality of residence, quintiles of ethno-cultural composition,
dependency and vulnerability with random intercepts at FSA level.

Abbrev. CHD, Congenital Heart Defect; EHE, Extreme Heat Event; FSA, Forward Sortation Areas.
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Supplementary Figure S12. Association between presence of EHE95 and overall CHD during
periconception stratified by ethno-cultural composition quintiles.

Note: EHE95 was defined as daily maximum temperature exceeding the 95" percentile of regional temperature
distribution for at least 2 consecutive days. All models were adjusted for maternal age at delivery, infant sex, parity,
day-of-year of conception, year of conception, rurality of residence, quintiles of instability, dependency and
vulnerability with random intercepts at FSA level.

Abbrev. CHD, Congenital Heart Defect; EHE, Extreme Heat Event; FSA, Forward Sortation Areas.
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Supplementary Figure S13. Association between presence of EHE95 and overall CHD during
periconception stratified by economic dependency quintiles.

Note: EHE95 was defined as daily maximum temperature exceeding the 95" percentile of regional temperature
distribution for at least 2 consecutive days. All models were adjusted for maternal age at delivery, infant sex, parity,
day-of-year of conception, year of conception, rurality of residence, quintiles of instability, ethno-cultural
composition, and vulnerability with random intercepts at FSA level.

Abbrev. CHD, Congenital Heart Defect; EHE, Extreme Heat Event; FSA, Forward Sortation Areas.
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Supplementary Figure S14. Association between presence of EHE95 and overall CHD during
periconception stratified by situational vulnerability quintiles.

Note: EHE95 was defined as daily maximum temperature exceeding the 95" percentile of regional temperature
distribution for at least 2 consecutive days. All models were adjusted for maternal age at delivery, infant sex, parity,
day-of-year of conception, year of conception, rurality of residence, quintiles of instability, ethno-cultural
composition and dependency with random intercepts at FSA level.

Abbrev. CHD, Congenital Heart Defect; EHE, Extreme Heat Event; FSA, Forward Sortation Areas.
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Supplementary Table S1. Pearson correlation coefficients of PM; 5 pollutants and ambient temperature.

Pearson correlation coefficients

WFS PMa2s Non-WFS PMzs All-source PMz s Ambient temperature
Meteorological variable | Exposure window | Mean (SD) g B '5 g B '5 g B '5 g B '5
E|E|E|E|E|E|E|E B |22
Preconception 0.58 (1.53) | 1.00
WES PMas First trimester 0.56 (1.49) | 0.02 | 1.00
Periconception 0.57(1.08) | 0.72 | 0.71 | 1.00
Preconception 6.52 (0.62) | -0.01 | -0.12 | -0.09 | 1.00
Non-WFS PMz s First trimester 6.52 (0.62) | 0.09 | -0.01 | 0.06 | 0.30 | 1.00
Periconception 6.52 (0.50) | 0.05 | -0.08 | -0.02 | 0.81 | 0.81 | 1.00
Preconception 7.10(1.64) | 093 | -0.02 | 0.64 | 037 | 0.20 | 0.35 | 1.00
All-source PMas First trimester 7.08 (1.62) | 0.06 | 092 | 0.68 | 0.01 | 0.38 | 0.24 | 0.05 | 1.00
Periconception 7.09 (1.18) | 0.68 | 0.61 | 091 | 0.26 | 0.39 | 041 | 0.73 | 0.72 | 1.00
Preconception 7.01 (9.13) | 0.33 | 0.03 | 025 | 0.01 | 0.15 | 0.10 | 031 | 0.09 | 0.27 | 1.00
Ambient temperature First trimester 6.79 (9.10) | -0.09 | 033 | 0.16 | 0.03 | 0.02 | 0.03 | -0.07 | 0.31 | 0.16 | 0.10 | 1.00
Periconception 6.89 (6.75) | 0.16 | 0.24 | 0.28 | 0.03 | 0.11 | 0.09 | 0.16 | 0.27 | 0.29 | 0.74 | 0.74 | 1.00
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Supplementary Table S2. Cumulative Hazard Ratios (95% Confidence Intervals) associated with 1 pg/m? increase in PMa s or
presence of EHE during periconception on overall CHD and their corresponding Akaike Information Criterion (AIC) estimates.

Lag-response model

Cross-basis Metric
Ns (df =2) Ns (df = 3) Ns (df =4) Ns (df =5)
HR (95% CI) 1.007 (0.993, 1.022) 1.007 (0.993, 1.022) 1.007 (0.993, 1.022) 1.007 (0.992, 1.021)
WES PM2 5
AIC 661173.7 661173.1 661174.4 661175.3
HR (95% CI) 0.989 (0.952, 1.028) 0.988 (0.951, 1.027) 0.988 (0.951, 1.027) 0.989 (0.951, 1.028)
Non-WFS PM: s
AIC 661173.3 661173.1 661173.5 661174.6
HR (95% CI) 1.004 (0.991, 1.016) 1.004 (0.992, 1.017) 1.004 (0.992, 1.017) 1.004 (0.991, 1.017)
All-source PM2 5
AIC 661168.1 661167.8 661169.5 661170.9
HR (95% CI) 0.998 (0.711, 1.402) 0.989 (0.703, 1.392) 0.988 (0.702, 1.390) 0.985 (0.699, 1.386)
EHE90
AIC 661238.1 661238.9 661237.9 661240.0
HR (95% CI) 1.227 (0.810, 1.858) 1.167 (0.766, 1.777) 1.166 (0.766, 1.777) 1.159 (0.761, 1.767)
EHE95
AIC 661234.2 661233.3 661234.6 661236.1

Note: WFS and non-WFS PM..s were examined in a two-pollutant model adjusting for the cross-basis of both exposures. All models were adjusted for maternal
age at delivery, infant sex, parity, day-of-year of conception, year of conception, rurality of residence, quintiles of instability, ethno-cultural composition,
dependency and vulnerability with random intercepts at FSA level. PMa.s pollutant models were further adjusted for cross-basis of ambient temperature.

Abbrev. CHD, Congenital Heart Defect; EHE, Extreme Heat Event; FSA, Forward Sortation Areas; WFS, Wildfire Smoke.
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Supplementary Table S3. Association between overall CHD and its subtypes per 1 pg/m? increase in all-source, WFS and non-WFS

PM,s.
CHD subtype Exposure window WEFS PM2 5 All-source PM2 5 Non-WEFS PM:z s
HR (95% CI) HR (95% CI) HR (95% CI)
Preconception 1.001 (0.991, 1.010) 1.001 (0.992, 1.009) 1.003 (0.976, 1.031)
First trimester 1.007 (0.997, 1.016) 1.004 (0.996, 1.012) 0.985 (0.958, 1.012)
CHD

Periconception

Cardiogenesis

1.007 (0.993, 1.022)

1.003 (0.999, 1.008)

1.004 (0.992, 1.017)

1.002 (0.998, 1.006)

0.988 (0.951, 1.027)

0.993 (0.980, 1.006)

ASD

Preconception
First trimester
Periconception
Cardiogenesis

Sensitive window?*

0.979 (0.963, 0.995)
1.007 (0.993, 1.022)
0.986 (0.963, 1.010)
1.004 (0.997, 1.011)

0.983 (0.969, 0.996)

0.980 (0.966, 0.994)
1.002 (0.988, 1.015)
0.982 (0.962, 1.002)
1.001 (0.995, 1.008)

0.984 (0.972, 0.996)

0.994 (0.952, 1.037)
0.967 (0.927, 1.010)
0.961 (0.905, 1.021)

0.985 (0.965, 1.005)

VSD

Preconception
First trimester
Periconception

Cardiogenesis

0.990 (0.970, 1.011)
1.008 (0.990, 1.027)
0.999 (0.969, 1.029)

1.004 (0.995, 1.013)

0.997 (0.980, 1.015)
1.005 (0.988, 1.022)
1.002 (0.977, 1.028)

1.003 (0.995, 1.015)

1.038 (0.982, 1.097)
0.979 (0.925, 1.035)
1.015 (0.941, 1.096)

0.989 (0.963, 1.016)

Note: All-source PMa2.s was examined in a single pollutant model, while WFS and non-WFS PM2 s were examined in a two-pollutant model adjusting for the

cross-basis of both exposures. All models were adjusted for weekly mean ambient temperature (cross-basis), maternal age at delivery, infant sex, parity, day-of-

year of conception, year of conception, rurality of residence, quintiles of instability, ethno-cultural composition, dependency and vulnerability with random

intercepts at FSA level.

Abbrev. ASD, Atrial Septal Defect; CHD, Congenital Heart Defect; VSD, Ventricular Septal Defect; FSA, Forward Sortation Areas; WFS, Wildfire Smoke.
*Sensitive window* corresponds to 6-13 weeks prior to conception.
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Supplementary Table S4. Association between overall CHD and its subtypes per 1 pg/m? increase in all-source, WFS and non-WFS

PM> s further adjusting for maternal comorbidities.

CHD subtype Exposure window WEFS PMas All-source PMz s Non-WFS PMz s
HR (95% CI) HR (95% CI) HR (95% CI)
Preconception 1.001 (0.992, 1.011) 1.000 (0.992, 1.009) 1.002 (0.975, 1.030)
First trimester 1.007 (0.998, 1.017) 1.004 (0.996, 1.013) 0.985 (0.958, 1.012)
cHb Periconception 1.008 (0.994, 1.023) 1.005 (0.992, 1.017) 0.986 (0.949, 1.025)
Cardiogenesis 1.003 (0.999, 1.008) 1.002 (0.998, 1.006) 0.993 (0.980, 1.006)
Preconception 0.979 (0.963, 0.996) 0.980 (0.966, 0.994) 0.993 (0.951, 1.036)
First trimester 1.008 (0.993, 1.023) 1.002 (0.989, 1.016) 0.968 (0.927, 1.010)
ASD Periconception 0.987 (0.963, 1.011) 0.982 (0.962, 1.003) 0.961 (0.905, 1.020)
Cardiogenesis 1.004 (0.997, 1.011) 1.002 (0.995, 1.008) 0.985 (0.965, 1.005)
Sensitive window" 0.983 (0.970, 0.996) 0.984 (0.972, 0.996) -
Preconception 0.990 (0.970, 1.010) 0.998 (0.981, 1.015) 1.043 (0.987, 1.102)
First trimester 1.007 (0.988, 1.026) 1.004 (0.988, 1.021) 0.982 (0.928, 1.038)
vop Periconception 0.997 (0.967, 1.027) 1.002 (0.977, 1.028) 1.024 (0.949, 1.105)
Cardiogenesis 1.004 (0.995, 1.013) 1.002 (0.994, 1.010) 0.991 (0.965, 1.018)

Note: All-source PMa2.s was examined in a single pollutant model, while WFS and non-WFS PM2 s were examined in a two-pollutant model adjusting for the

cross-basis of both exposures. All models were adjusted for weekly mean ambient temperature (cross-basis), maternal age at delivery, infant sex, parity, day-of-
year of conception, year of conception, rurality of residence, maternal comorbidities, quintiles of instability, ethno-cultural composition, dependency and

vulnerability with random intercepts at FSA level.

Abbrev. ASD, Atrial Septal Defect; CHD, Congenital Heart Defect; VSD, Ventricular Septal Defect; FSA, Forward Sortation Areas; WFS, Wildfire Smoke.
*Sensitive window* corresponds to 6-13 weeks prior to conception.
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Supplementary Table S5. Association between overall CHD and its subtypes per 1 pg/m? increase in all-source, WFS and non-WFS

PM> 5 using mixed-effects log-binomial models.

CHD subtype Exposure window WEFS PMas All-source PMz s Non-WFS PMaz s
RR (95% CI) RR (95% CI) RR (95% CI)

Preconception 1.000 (0.991, 1.010) 1.000 (0.992, 1.009) 1.004 (0.978, 1.032)

First trimester 1.006 (0.997, 1.016) 1.004 (0.996, 1.012) 0.986 (0.960, 1.014)

cib Periconception 1.007 (0.992, 1.023) 1.004 (0.992, 1.017) 0.991 (0.953, 1.029)

Cardiogenesis 1.003 (0.999, 1.007) 1.002 (0.998, 1.006) 0.993 (0.981, 1.006)

Preconception 0.978 (0.962, 0.994) 0.980 (0.966, 0.994) 0.998 (0.956, 1.041)

First trimester 1.007 (0.993, 1.022) 1.002 (0.989, 1.015) 0.970 (0.929, 1.012)

ASD Periconception 0.985 (0.962, 1.009) 0.982 (0.962, 1.002) 0.968 (0.911, 1.027)

Cardiogenesis 1.004 (0.997, 1.011) 1.001 (0.995, 1.008) 0.986 (0.966, 1.006)

Sensitive window® 0.982 (0.969, 0.995) 0.984 (0.972, 0.995) -

Preconception 0.990 (0.970, 1.011) 0.997 (0.980, 1.014) 1.037 (0.981, 1.096)

S First trimester 1.008 (0.990, 1.027) 1.005 (0.988, 1.022) 0.979 (0.926, 1.035)
VSD

Periconception

Cardiogenesis

0.998 (0.969, 1.029)

1.004 (0.995, 1.013)

1.002 (0.977, 1.027)

1.002 (0.994, 1.010)

1.015 (0.941, 1.095)

0.989 (0.963, 1.016)

Note: All-source PMa2.s was examined in a single pollutant model, while WFS and non-WFS PM2 s were examined in a two-pollutant model adjusting for the

cross-basis of both exposures. All models were adjusted for weekly mean ambient temperature (cross-basis), maternal age at delivery, infant sex, parity, day-of-

year of conception, year of conception, rurality of residence, quintiles of instability, ethno-cultural composition, dependency and vulnerability with random

intercepts at FSA level.

Abbrev. ASD, Atrial Septal Defect; CHD, Congenital Heart Defect; VSD, Ventricular Septal Defect; FSA, Forward Sortation Areas; WFS, Wildfire Smoke.
*Sensitive window* corresponds to 6-13 weeks prior to conception.
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Supplementary Table S6. Association between overall CHD and its subtypes per 1 pg/m? increase in all-source, WFS and non-WFS

PM> 5 during first trimester.

. WES PMz.s All-source PM2s Non-WFS PM2s
CHD subtype Exposure window
HR (95% CI) HR (95% CI) HR (95% CI)

First trimester 1.006 (0.996, 1.016) 1.004 (0.996, 1.013) 0.997 (0.968, 1.026)
CHD

Cardiogenesis 1.004 (0.998, 1.009) 1.003 (0.997, 1.009) 0.983 (0.964, 1.002)

First trimester 1.005 (0.990, 1.021) 1.000 (0.986, 1.014) 0.971 (0.928, 1.016)
ASD

Cardiogenesis 1.003 (0.995, 1.012) 1.002 (0.993, 1.011) 0.987 (0.958, 1.017)

First trimester 1.012 (0.992, 1.032) 1.009 (0.991, 1.027) 0.994 (0.937, 1.054)
VSD

Cardiogenesis

1.004 (0.993, 1.016)

1.002 (0.990, 1.014)

0.975 (0.947, 1.016)

Note: All-source PMa2.s was examined in a single pollutant model, while WFS and non-WFS PM2 s were examined in a two-pollutant model adjusting for the

cross-basis of both exposures. All models were adjusted for weekly mean ambient temperature (cross-basis), maternal age at delivery, infant sex, parity, day-of-

year of conception, year of conception, rurality of residence, quintiles of instability, ethno-cultural composition, dependency and vulnerability with random

intercepts at FSA level.

Abbrev. ASD, Atrial Septal Defect; CHD, Congenital Heart Defect; VSD, Ventricular Septal Defect; FSA, Forward Sortation Areas; WFS, Wildfire Smoke.
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Supplementary Table S7. Association between overall CHD per 1 ug/m? increase in all-source, WFS and non-WFS PM, s in the

subset of cohort with complete NO, data.

Statistical model

Exposure window

WEFS PM2 5
HR (95% CI)

All-source PM2 5
HR (95% CI)

Non-WEFS PM:z s
HR (95% CI)

Preconception

First trimester

0.995 (0.983, 1.007)
1.004 (0.993, 1.015)
0.999 (0.982, 1.017)

1.003 (0.997, 1.007)

0.996 (0.985, 1.006)
1.003 (0.993, 1.013)
0.998 (0.983, 1.014)

1.001 (0.997, 1.006)

0.996 (0.964, 1.028)
0.989 (0.957, 1.022)
0.985 (0.941, 1.031)

0.995 (0.979, 1.011)

Primary
Periconception
Cardiogenesis
Preconception
Primary + First trimester
NO: adjusted . .
Periconception
Cardiogenesis

0.995 (0.983, 1.007)
1.004 (0.993, 1.015)
0.999 (0.982, 1.017)

1.002 (0.997, 1.007)

0.995 (0.984, 1.005)
1.002 (0.992, 1.012)
0.996 (0.981, 1.012)

1.001 (0.996, 1.006)

0.995 (0.964, 1.028)
0.988 (0.956, 1.021)
0.983 (0.940, 1.029)

0.994 (0.979, 1.010)

Note: All-source PMa2.s was examined in a single pollutant model, while WFS and non-WFS PM2 s were examined in a two-pollutant model adjusting for the

cross-basis of both exposures. The primary model was adjusted for weekly mean ambient temperature (cross-basis), maternal age at delivery, infant sex, parity,
day-of-year of conception, year of conception, rurality of residence, quintiles of instability, ethno-cultural composition, dependency and vulnerability with

random intercepts at FSA level.

Abbrev. CHD, Congenital Heart Defect; FSA, Forward Sortation Areas; NOz, Nitrogen Dioxide; WFS, Wildfire Smoke.
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Supplementary Table S8. Association between overall CHD per 1 ug/m? increase in WES PM, s during periconception, adjusting for

alternative specifications of seasonality.

Statistical Model Seasonal covariate HR (95% CI) SE AIC
Model 1 (Primary model) Day-of-year of conception 1.007 (0.993, 1.022) 0.0074 661173.1
Model 2 Season of conception (categorical) 1.014 (1.000, 1.029) 0.0071 661176.1
Model 3 Month of conception (categorical) 1.011 (0.996, 1.025) 0.0073 661185.3
Model 4 Epiweek® in a year of conception 1.010 (0.996, 1.025) 0.0073 661175.9
Model 5 Season of conception (categorical), 1.010 (0.996, 1.025) 0.0073 661181.0

Epiweek® in a year of conception

Note: All models were adjusted for weekly non-WFS PMa s (cross-basis), weekly mean ambient temperature (cross-basis), maternal age at delivery, infant sex,
parity, year of conception, rurality of residence, quintiles of instability, ethno-cultural composition, dependency and vulnerability with random intercepts at FSA

level.

Abbrev. Akaike Information Criterion, AIC; CHD, Congenital Heart Defect; FSA, Forward Sortation Areas; SE, Standard Error; WFS, Wildfire Smoke.
*Season of conception categorized into Spring (April — June), Summer (July — September), Fall (October — December) and Winter (January — March).

*Epidemiologic week® in a year modeled using natural cubic splines with 3 dfs.
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Supplementary Table S9. Stratified analysis of associations between 1 pg/m? increase in WFS

PM, 5 concentration on CHD during periconception.

Characteristic Cohort size (cases) HR (95% CI) p-value
Infant sex
Male 945,370 (12,545) 1.007 (0.988, 1.027) Ref.
Female 892,265 (10,460) 1.005 (0.983, 1.026) 0.87
Rurality
Urban 1,587,130 (19,900) 1.006 (0.990, 1.022) Ref.
Rural 247,870 (3,060) 1.014 (0.979, 1.050) 0.96
Geographical region
Central 944,885 (11,880) 0.939 (0.868, 1.015) Ref.
Western 791,265 (9,645) 1.023 (1.007, 1.040) 0.61
Atlantic 101,480 (1,475) 0.996 (0.795, 1.248) 0.36
Residential instability quintile
Quintile 1 (least marginalized) 302,850 (3,450) 0.980 (0.939, 1.022) Ref.
Quintile 2 333,810 (3,975) 1.013 (0.979, 1.049) 0.26
Quintile 3 319,000 (4,000) 0.981 (0.947, 1.016) 0.22
Quintile 4 341,950 (4,400) 1.004 (0.973, 1.036) 0.73
Quintile 5 (most marginalized) 325,535 (4,325) 1.009 (0.973, 1.045) 0.43
Ethno-cultural composition quintile
Quintile 1 (least marginalized) 138,060 (1,705) 1.006 (0.958, 1.056) Ref.
Quintile 2 258,950 (3,315) 0.970 (0.935, 1.006) 0.34
Quintile 3 318,930 (4,150) 0.994 (0.962, 1.027) 0.55
Quintile 4 376,780 (4,665) 1.001 (0.967, 1.035) 0.24
Quintile 5 (most marginalized) 530,425 (6,355) 1.028 (0.993, 1.065) 0.66
Economic dependency quintile
Quintile 1 (least marginalized) 379,325 (4,425) 0.990 (0.958, 1.021) Ref.
Quintile 2 374,235 (4,665) 0.996 (0.964, 1.029) 0.14
Quintile 3 338,320 (4,330) 0.989 (0.955, 1.025) 0.49
Quintile 4 302,165 (3,810) 0.990 (0.952, 1.029) 0.25
Quintile 5 (most marginalized) 229,100 (2,965) 1.038 (0.997, 1.080) 0.42
Situational vulnerability quintile
Quintile 1 (least marginalized) 322,310 (3,410) 0.965 (0.925, 1.008) Ref.
Quintile 2 342,205 (4,035) 0.970 (0.934, 1.008) 0.57
Quintile 3 315,935 (3,980) 1.018 (0.983, 1.054) 0.38
Quintile 4 304,615 (3,870) 1.023 (0.989, 1.058) 0.06
Quintile 5 (most marginalized) 338,085 (4,900) 0.999 (0.970, 1.030) 0.07

Note: All models were adjusted for weekly non-WFS PM. s (cross-basis), weekly mean ambient temperature (cross-
basis), maternal age at delivery, infant sex, parity, day-of-year of conception, year of conception, rurality of
residence, quintiles of instability, ethno-cultural composition, dependency and vulnerability, with random intercepts
at FSA level. The stratifying variable was excluded from its corresponding model.
In accordance with Statistics Canada disclosure rules, all frequencies were randomly rounded to base five. As a
result, there may be discrepancies between column totals and totals by infant/maternal characteristic. Statistical

analyses employed unrounded data.

Abbrev. CHD, Congenital Heart Defect; FSA, Forward Sortation Areas; WFS, Wildfire Smoke.
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Supplementary Table S10. P-value of effect modification from stratified analyses of association
between presence of EHE9S5 on CHD during periconception.

Characteristic Cohort size (cases) p-value of effect modification
Infant sex
Male 945,370 (12,545) Ref.
Female 892,265 (10,460) 0.04
Rurality
Urban 1,587,130 (19,900) Ref.
Rural 247,870 (3,060) 0.34
Geographical region
Central 944,885 (11,880) Ref.
Western 791,265 (9,645) 0.30
Atlantic 101,480 (1,475) 0.44
Residential instability quintile
Quintile 1 (least marginalized) 302,850 (3,450) Ref.
Quintile 2 333,810 (3,975) 0.27
Quintile 3 319,000 (4,000) 0.10
Quintile 4 341,950 (4,400) 0.37
Quintile 5 (most marginalized) 325,535 (4,325) 0.43
Ethno-cultural composition quintile
Quintile 1 (least marginalized) 138,060 (1,705) Ref.
Quintile 2 258,950 (3,315) 0.97
Quintile 3 318,930 (4,150) 0.76
Quintile 4 376,780 (4,665) 0.61
Quintile 5 (most marginalized) 530,425 (6,355) 0.56
Economic dependency quintile
Quintile 1 (least marginalized) 379,325 (4,425) Ref.
Quintile 2 374,235 (4,665) 0.25
Quintile 3 338,320 (4,330) 0.21
Quintile 4 302,165 (3,310) 0.34
Quintile 5 (most marginalized) 229,100 (2,965) 0.95
Situational vulnerability quintile
Quintile 1 (least marginalized) 322,310 (3,410) Ref.
Quintile 2 342,205 (4,035) 0.28
Quintile 3 315,935 (3,980) 0.38
Quintile 4 304,615 (3,870) 0.18
Quintile 5 (most marginalized) 338,085 (4,900) 0.06

Note: EHE95 was defined as daily maximum temperature exceeding the 95" percentile of regional temperature
distribution for at least 2 consecutive days. All models were adjusted for maternal age at delivery, infant sex, parity,
day-of-year of conception, year of conception, rurality of residence, quintiles of instability, ethno-cultural

composition, dependency and vulnerability, with random intercepts at FSA level. The stratifying variable was
excluded from its corresponding model. In accordance with Statistics Canada disclosure rules, all frequencies were
randomly rounded to base five. As a result, there may be discrepancies between column totals and totals by

infant/maternal characteristic. Statistical analyses employed unrounded data.

Abbrev. CHD, Congenital Heart Defect; EHE, Extreme Heat Event; FSA, Forward Sortation Areas.
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Supplementary Table S11. Hazard Ratios, Relative Excess Risk due to Interaction, Attributable
Proportions and their 95% Confidence Intervals for the joint association of EHEs and WFS

events on overall CHD during cardiogenesis.

EHE category WES impacted HR/RERI/AP (95% CI)
EHE90 WFS PMzs > 0 pg/m?
No No Ref.
Yes No 0.977 (0.923, 1.034)
No Yes 1.000 (0.953, 1.049)
Yes Yes 1.011 (0.960, 1.065)
RERI 0.034 (-0.039, 0.107)
AP 0.034 (-0.038, 0.106)
EHE95 WFS PMzs > 0 pg/m?
No No Ref.
Yes No 0.966 (0.914, 1.021)
No Yes 0.998 (0.951, 1.047)
Yes Yes 1.004 (0.953, 1.057)
RERI 0.040 (-0.032, 0.112)
AP 0.040 (-0.032, 0.111)
EHE90 WEFS PM25 > 5 pg/m?
No No Ref.
Yes No 1.011 (0.965, 1.059)
No Yes 1.033 (0.976, 1.094)
Yes Yes 0.991 (0.933, 1.053)
RERI -0.053 (-0.138, 0.031)
AP -0.054 (-0.140, 0.034)
EHE95 WFS PM25 > 5 pg/m’
No No Ref.
Yes No 0.996 (0.952, 1.044)
No Yes 1.023 (0.967, 1.083)
Yes Yes 0.989 (0.931, 1.051)
RERI -0.031 (-0.114, 0.053)
AP -0.031 (-0.116, 0.054)

Note: EHEs were defined as daily maximum temperature exceeding threshold percentiles of regional temperature
distribution for number of consecutive days (90™ percentile for at least 3 consecutive days, 95" percentile for at least
2 consecutive days). All models were adjusted for maternal age at delivery, infant sex, parity, day-of-year of
conception, year of conception, rurality of residence, quintiles of instability, ethno-cultural composition, dependency

and vulnerability.

Abbrev. CHD, Congenital Heart Defect; EHE, Extreme Heat Event; WFS, Wildfire Smoke.
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Supplementary Table S12. Hazard Ratios, Relative Excess Risk due to Interaction, Attributable
Proportions and their 95% Confidence Intervals for the joint association of EHEs and WFS
events on overall CHD during cardiogenesis further adjusting for maternal comorbidities.

EHE category WES impacted HR/RERI/AP (95% CI)
EHE90 WFS PMzs > 0 pg/m?
No No Ref.
Yes No 0.981 (0.927, 1.039)
No Yes 1.002 (0.956, 1.052)
Yes Yes 1.013 (0.961, 1.067)
RERI 0.029 (-0.044, 0.102)
AP 0.029 (-0.044, 0.101)
EHE95 WFS PMzs > 0 pg/m?
No No Ref.
Yes No 0.969 (0.916, 1.025)
No Yes 1.000 (0.953, 1.049)
Yes Yes 1.005 (0.954, 1.058)
RERI 0.036 (-0.036, 0.108)
AP 0.036 (-0.036, 0.107)
EHE90 WEFS PM25 > 5 pg/m?
No No Ref.
Yes No 1.010 (0.968, 1.062)
No Yes 1.035 (0.977, 1.095)
Yes Yes 0.992 (0.933, 1.054)
RERI -0.056 (-0.141, 0.029)
AP -0.057 (-0.144, 0.030)
EHE95 WFS PM25 > 5 pg/m’
No No Ref.
Yes No 0.998 (0.954, 1.044)
No Yes 1.024 (0.968, 1.084)
Yes Yes 0.989 (0.931, 1.051)
RERI -0.033 (-0.118, 0.051)
AP -0.033 (-0.118, 0.052)

Note: EHEs were defined as daily maximum temperature exceeding threshold percentiles of regional temperature
distribution for number of consecutive days (90™ percentile for at least 3 consecutive days, 95" percentile for at least
2 consecutive days). All models were adjusted for maternal age at delivery, infant sex, parity, day-of-year of
conception, year of conception, rurality of residence, maternal comorbidities, quintiles of instability, ethno-cultural

composition, dependency and vulnerability.

Abbrev. CHD, Congenital Heart Defect; EHE, Extreme Heat Event; WFS, Wildfire Smoke.
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Supplementary Table S13. Hazard Ratios, Relative Excess Risk due to Interaction, Attributable Proportions and their 95%
Confidence Intervals for the joint association of EHEs and high PM: s stratified by presence of WFS on overall CHD during

cardiogenesis.
WEFS impacted Non-WFS impacted Overall
EHE category High PM2 5 HR/RERI/AP HR/RERI/AP HR/RERI/AP
(95% CI) (95% CI) (95% CI)
EHE90 All-source PMa 5 > 80™ percentile
No No Ref. Ref. Ref.
Yes No 1.049 (0.966, 1.140) 0.975 (0.919, 1.033) 0.988 (0.943, 1.034)
No Yes 1.121 (1.039, 1.209) 0.934 (0.848, 1.028) 1.019 (0.970, 1.071)
Yes Yes 1.093 (1.009, 1.183) 1.035 (0.770, 1.390) 1.029 (0.972, 1.090)
RERI -0.075 (-0.191, 0.036) 0.127 (-0.192, 0.445) 0.022 (-0.055, 0.100)
AP -0.071 (-0.175, 0.033) 0.123 (-0.152, 0.397) 0.022 (-0.053, 0.097)
EHE95 All-source PMa 5 > 80™ percentile
No No Ref. Ref. Ref.
Yes No 1.046 (0.964, 1.134) 0.967 (0.919, 1.024) 0.983 (0.939, 1.029)
No Yes 1.120 (1.039, 1.208) 0.952 (0.866, 1.046) 1.025 (0.975, 1.078)
Yes Yes 1.089 (1.008, 1.177) 0.839 (0.599, 1.177) 1.018 (0.961, 1.077)
RERI -0.077 (-0.189, 0.036) -0.079 (-0.379, 0.220) 0.009 (-0.068, 0.087)
AP -0.070 (-0.174, 0.033) -0.095 (-0.482, 0.292) 0.009 (-0.067, 0.085)

Note: EHEs were defined as daily maximum temperature exceeding threshold percentiles of regional temperature distribution for number of consecutive days

(90 percentile for at least 3 consecutive days, 95" percentile for at least 2 consecutive days). All models were adjusted for maternal age at delivery, infant sex,

parity, day-of-year of conception, year of conception, rurality of residence, quintiles of instability, ethno-cultural composition, dependency and vulnerability.

Abbrev. CHD, Congenital Heart Defect; EHE, Extreme Heat Event; WFS, Wildfire Smoke.
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Chapter 5. Discussion

5.1 Summary of Findings

5.1.1 Summary of thesis objectives
Climate change has contributed to increasing temperature anomalies and amplified

wildfire seasons over the recent years. Although numerous research has examined the
implications of wildfires on the relationship between environmental exposures and birth
outcomes, specifically preterm birth and low birth weight, a limited number of studies have
explored its effects on congenital anomalies, including CHD. This thesis aimed to address these
knowledge gaps through an investigation of the association between prenatal environmental
exposures of EHE, PM; 5 arising from different sources (all-source, WFS, non-WFS) along with
their potential synergistic effects on CHD. Through the identification of CHD risk imposed by
wildfires, the findings of this thesis contribute to the expanding body of literature on the
implications of wildfires on the relationship between environmental factors and birth outcomes.
5.1.2 Summary of thesis findings

The independent effects of EHEs and PM; 5 rising from different sources (all-source, WFS,
and non-WFS) on CHD were examined in Chapter 4. In the study, no clear evidence of
association between periconception exposure to WFS PM» s and CHD risk was found. Similarly,
no consistent association was observed between EHEs and CHD, although an effect modification
with infant sex was identified with elevated risk observed for female infants. Moreover, potential
synergistic effects between WFS and EHEs were explored in Chapter 4, and no significant

additive interaction was identified.
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5.2 Integration of Findings

There is currently very limited number of published studies that have investigated the
association between wildfire-related air pollutants and CHD. As highlighted previously in
Chapter 4, the overall findings have been inconsistent, with positive associations observed only
within certain subgroups or for specific subtypes. Furthermore, variation in exposure assessment
of wildfire smoke across these studies warrants greater caution in comparison of results. For
instance, a case-control study in California, United States used quartiles of PM> s density
attributable to fire sources to estimate the effects of wildfire,! while two retrospective cohort
studies in Brazil and California used presence of wildfire events.>3

Moreover, the mixed findings across studies may also be attributable to differences in
PM: .5 concentration distribution between countries and variation in covariates adjusted for in
statistical models. This was also evident in Chapter 4, where the association between WFS PMa s
and overall CHD reached statistical significance only when seasonality was modelled as a
categorical season-of-conception term in sensitivity analysis. This may highlight the importance
of seasonality adjustment, particularly considering the highly temporal trend of environmental
exposures. Although previous studies have commonly modelled seasonality as a categorical
variable, this approach may have been insufficient to capture residual seasonal variation.
Therefore, assessing alternative specification of seasonality, that allow for more flexible
adjustment of temporal variation in WFS, may be a meaningful sensitivity analysis in future
studies to further test the robustness of associations. In addition, the all-source PM: s
concentrations were relatively low across Canada compared to other countries, with minimal
variation in PM3 5 levels observed outside of major wildfire events. Consequently, limited

exposure heterogeneity combined with lower levels of absolute PMz 5 concentrations across
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Canada may have also attributed to the overall null association found within the full cohort in
Chapter 4. Notably, a small positive association was identified only in the Western region in
stratified analysis, where majority of severe WFS events have occurred. Additional studies
covering more recent and severe wildfire seasons are recommended in the future to further
examine the underlying relationship between WFS PM> s and the risk of CHD.

While cautious interpretation is warranted given our findings in Chapter 4 were not
robust in sensitivity analyses, higher point estimates between WFS PM; 5 and CHD were
consistently observed compared to non-WFS PMa» s. Previous toxicological literature has also
highlighted the distinct chemical composition of WFS PM:. s which may exhibit more detrimental
health effects than PM> s from urban background sources.* Notably, PM, s arising from wildfires
or biomass burning are composed of higher concentrations of organic carbon (OC), elemental
carbon (EC) and polycyclic aromatic hydrocarbons (PAHs) compared to PM> 5 arising from other
sources.”® Evidence from cellular and animal studies revealed these particular constituents of
WES PM3; s are also associated with increased oxidative and pro-inflammatory potentials, which
is the underlying biological mechanism recognized to influence fetal growth including cardiac
development.®~!2 Furthermore, a greater proportion of smaller particles in WFS PM, s allows the
pollutant to penetrate more deeply into the lungs, with evidence indicating increased pulmonary
toxicity in humans.!3-!> The stronger association observed between WFS PM> s and CHD risk
compared to all-source PM» s may also be attributable to the episodic nature of wildfire events.
Wildfire events are characterized by highly temporal smoke episodes, which often result in high-
intensity and short-duration spikes in PM> s concentrations.!®!” Given that WFS PM> s exposure

in this thesis was obtained by isolating the non-wildfire estimates from all-source PM3 s
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concentration during smoke-impacted weeks, these episodic characteristics of wildfire events
may have been attenuated when analyzing the effects of all-source PM2 .

No consistent association between EHEs and CHD risk was observed in this thesis,
although stratified analysis in Chapter 4 identified potential effect modification by infant sex
with elevated risk observed among females. Overall, the relationship between prenatal heat
exposure and CHD has been mixed as indicated by a recent meta-analysis conducted by
Krishnakumar and colleagues.'® In particular, high heterogeneity in the association has been
observed depending on the climate zone of each study region with mostly null effects observed
across North America, which is consistent with the findings of this thesis. This is likely
attributable to difference in baseline temperature distribution between countries, as EHEs were
defined based on relative thresholds. While an observational study conducted in China also
observed elevated CHD risk among females per 1°C increase at the 95" percentile of local
temperature distribution, no significant effect modification was reported.'® Even though previous
literature has highlighted the sex difference in the prevalence of varying CHD subtypes, there is

currently limited biological evidence underlying this potential interaction.?%2!

A possible
biological mechanism includes potential sex differences in the post-transcriptional regulation of
specific exons and splicing factors, which may influence the expression of cardiac proteins as
evident by previous animal studies.??

Despite some positive point estimates of RERI observed for the combined effects of any
WES events and EHESs, no significant additive interaction has been identified in this thesis. There
is currently limited evidence on this potential synergistic effect, and only a few studies have

explored the broader interaction with all-source PM2.s and heat. A case-control study conducted

in the United States by Stingone and colleagues has examined the additive interaction between
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high all-source PM>.s and EHEs, where positive significant RERI was only observed for the
CHD subtype of septal defects during the cardiogenesis window (RERI: 0.35, 95% CI: 0.04,
0.67).2 Given the growing co-occurrence of wildfire events and temperature anomalies,** along
with the biological plausibility of increased ventilation and deposition of air pollutants in humans
when exposed to heat,? further research examining this potential synergistic effect is

recommended.

5.3 Strengths

A major strength of this thesis includes the large sample size of the study cohort, with
over 1.8 million mother-infant pairs, covering most regions in Canada excluding the province of
Quebec. This has allowed robust statistical power to examine the outcome of CHD, despite it
being a rare disease. In addition, it has enabled the assessment of potential effect modification of
varying characteristics including infant sex, rurality of residence and multiple SES indicators.

Another strength includes the methodology of exposure assessment of PM> 5, which
estimated the isolated PM> s concentration arising from wildfires. This method further enabled
incorporation of a two-pollutant model, which simultaneously adjusted for both WFS and non-
WES PMa3 5 concentrations. Through this approach, the background PM; 5 concentrations were
accounted for when estimating the effects of either WFS or non-WFS PM: s exposures.
Collectively, this allowed us to capture the implication of wildfires on the association between
ambient PM2 s and CHD through comparison of risks associated with PM 5 arising from all-
source, wildfires and non-wildfires. Given the difference in the chemical composition of WFS
PM2: 5 pollutants compared to PM; s arising from other sources, as highlighted before, the results

provided an informative comparison of CHD risk.
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Furthermore, the employment of DLMs in this study allowed examination of potential
sensitive windows of susceptibility through analysis of weekly effects of environmental
exposures. This approach was especially crucial when examining the effects of WFS PM s.
Previous research has often used either the presence or the number of wildfire events throughout
a relatively wide exposure window ranging from each pregnancy month to trimesters. Therefore,
the incorporation of cumulative effects of weekly WFS PM: 5 allowed us to account for the
temporal dynamics and intensity of wildfire events throughout each gestational week during the

periconception period.

5.4 Limitations

Although the usage of health administrative data for the construction of the cohort
enabled the study to capture large sample sizes across Canada, there also exists inherent
limitations. Since the collection of such administrative data is not originally intended for research
purposes, it is important to acknowledge potential variability in coding practices, data quality
standards and neonatal screening protocols across different hospitals. These postnatal factors
may also influence the clinical diagnosis of CHD across different regions throughout the study
years. In addition, due to limited data, we were unable to collect information on several
confounders including maternal obesity and substance usage such as maternal smoking or
alcohol consumption.

Another limitation includes the methodology used for the exposure assessment of WFS
PM: 5. Although the incorporation of the MultiWiSE approach allowed us to isolate the
concentration of all-source PM> s into WFS and non-WFS components, there are limitations
associated with this method.?¢ The isolation of WFS PM: s was computed based on the

concentration distribution of all-source PMz 5 during pre-specified wildfire season period,
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without the employment of satellite-derived detection of smoke presence. This may lead to
potential exposure misclassification of smoke-impacted weeks when the concentration of all-
source PM> 5 is low, or during the presence of wildfire events outside the pre-defined wildfire
season.

It is also important to note that environmental exposures were assigned using outdoor
ambient air pollutants and temperature metrics, based on the geographic residence of mother-
infant pairs. Therefore, the estimates of these environmental stressors may not truly reflect the
exposures experienced by individuals, depending on their daily mobility patterns.?” Furthermore,
the study period also partially coincides with the COVID-19 pandemic. Variabilities in mobility
patterns, healthcare access and individual behavioural changes, as consequences of the pandemic

and frequent lockdowns may have potentially influenced the underlying relationship.

5.5 Recommendations for future wildfire seasons

Although no clear evidence of association between WFS PM; 5 and CHD risk was found
in this thesis, consistent positive direction of estimates was observed. This finding contribute to
the growing evidence of potential adverse health implications associated with wildfires, and
further highlights the importance of strengthening prenatal care protocols and maternal health
guidelines. Given the increasing intensity and extension of wildfire seasons in Canada over the
recent years?® with projected escalation of global wildfire events,? promotion of active air
quality and heat event monitoring tools along with targeted educational programs for pregnant
individuals is imperative to mitigate health risks posed by environmental stressors.

Notably, systematic monitoring of ambient pollutant concentrations and their potential
health risks is communicated through the Air Quality Health Index (AQHI) in Canada.’® The

AQHI incorporates a numeric index system ranging from 1 to 10+ with each value indicating its
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associated air quality level and estimated health risk. Moreover, the Regional Air Quality
Deterministic Prediction System (RAQDPS) incorporates satellite-based detection of smoke
plume to estimate the dispersion of PMx s arising from wildfires across Canada and issues public
health warnings in the presence of wildfire events.?! In particular, the public can effectively
monitor air quality and heat events through usage of WeatherCAN, a mobile app which employs
AQHI and enables custom notifications for specific air quality levels and absolute temperature
thresholds.*? Incorporation of these tools into prenatal care protocols and enhancing risk
communications will allow pregnant individuals to stay informed and take protective measures.
These can include avoidance of outdoor activity during wildfire events or EHEs, and usage of
portable air purifiers certified by the Association of Home Appliance Manufacturers (AHAM)
with high-efficiency particulate air (HEPA) filters.** Overall, strengthened precautionary
approach to educate and protect the health of pregnant mothers and their infants is especially

crucial for future wildfire seasons.

5.6 Implications for future research

This thesis examined the implications of wildfires in the relationship between
environmental exposures with CHD in infants. While the methodology of exposure assessment
in our study allowed analysis of potential variation in CHD risk posed by PM> s arising from
different sources, a key limitation included the reliance on concentration distribution thresholds
to derive the WFS PM; 5 estimates. Future studies should consider integrating a satellite-based
smoke plume method for more accurate detection of smoke-impacted weeks, which may reduce
exposure misclassification and improve the precision of source-specific PM> 5 isolation.

Moreover, future studies should also consider examining the independent effects of

relevant characteristics of wildfire events including frequency, duration and intensity of smoke
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episodes as highlighted by Cleland and colleagues.?® In particular, potential non-linear
relationship between WFS and CHD risk could be further investigated based on previous
literature suggesting possible behavioural changes of individuals during intense smoke events
For instance, visible smoke and smell during intense wildfire events may prompt protective
behaviours, which may be less common during wildfire events with lower smoke exposures.
Understanding the distinct health implications of smoke episode patterns would strengthen

evidence for more targeted and actionable public health guidelines during wildfire seasons.

5.7 Conclusion

This thesis examined the implication of wildfires on the association between prenatal

exposure to environmental stressors and CHD in infants. Overall, no clear evidence of

34

association between WFS PM; s and EHE on CHD risk was observed. Nonetheless, the findings

of this thesis underscore the importance of further research on the health risks of environmental

exposures in the context of intensifying wildfire seasons.

121



5.8 References

1. Padula, A. M., Mayo, J. A., Lurmann, F. W., Pavlovic, N. R., & Shaw, G. M. (2026).
Wildland fire smoke and birth defects in California. Journal of Exposure Science &
Environmental Epidemiology. https://doi.org/10.1038/s41370-026-00885-4

2. Requia, W. J., Kill, E., Papatheodorou, S., Koutrakis, P., & Schwartz, J. D. (2022).
Prenatal exposure to wildfire-related air pollution and birth defects in Brazil. Journal of

Exposure Science & Environmental Epidemiology, 32(4), 596—603.
https://doi.org/10.1038/s41370-021-00380-y

3. Park, B. Y., Vedhanayagam, K., Ortiz-Luis, J., Basu, R., Gheorghe, C. P.,
Govindappagari, S., Abinader, R., & Yao, R. (2025). Living Near Wildfires and the Risk
of Fetal Congenital Heart Defects: Evaluating Critical Windows of Vulnerability. 4JP
Reports, 15(1), e18—e24. https://doi.org/10.1055/a-2528-3588

4, Zhang, Y., Tingting, Y., Huang, W., Yu, P., Chen, G., Xu, R., Song, J., Guo, Y., & Li, S.
(2024). Health Impacts of Wildfire Smoke on Children and Adolescents: A Systematic

Review and Meta-analysis. Current Environmental Health Reports, 11(1), 46—60.
https://doi.org/10.1007/s40572-023-00420-9

5. Krasovich Southworth, E., Qiu, M., Gould, C. F., Kawano, A., Wen, J., Heft-Neal, S.,
Kilpatrick Voss, K., Lopez, A., Fendorf, S., Burney, J. A., & Burke, M. (2025). The
Influence of Wildfire Smoke on Ambient PM2.5 Chemical Species Concentrations in the
Contiguous US. Environmental Science & Technology, 59(6), 2961-2973.
https://doi.org/10.1021/acs.est.4c09011

6. Spracklen, D. V., Logan, J. A., Mickley, L. J., Park, R. J., Yevich, R., Westerling, A. L.,
& Jaffe, D. A. (2007). Wildfires drive interannual variability of organic carbon aerosol in

the western U.S. in summer. Geophysical Research Letters, 34(16).
https://doi.org/10.1029/2007GL030037

7. Elzein, A., Stewart, G. J., Swift, S. J., Nelson, B. S., Crilley, L. R., Alam, M. S., Reyes-
Villegas, E., Gadi, R., Harrison, R. M., Hamilton, J. F., & Lewis, A. C. (2020). A
comparison of PM> s -bound polycyclic aromatic hydrocarbons in summer Beijing
(China) and Delhi (India). Atmospheric Chemistry and Physics, 20(22), 14303—-14319.
https://doi.org/10.5194/acp-20-14303-2020

8. Kocbach, A., Li, Y., Yttri, K. E., Cassee, F. R., Schwarze, P. E., & Namork, E. (2006).
Physicochemical characterisation of combustion particles from vehicle exhaust and

residential wood smoke. Particle and Fibre Toxicology, 3(1), 1.
https://doi.org/10.1186/1743-8977-3-1

122



10.

11.

12.

13.

14.

15.

16.

17.

18.

Gangwar, R. S., Bevan, G. H., Palanivel, R., Das, L., & Rajagopalan, S. (2020).
Oxidative stress pathways of air pollution mediated toxicity: Recent insights. Redox
Biology, 34, 101545. https://doi.org/10.1016/j.redox.2020.101545

Vilas-Boas, V., Chatterjee, N., Carvalho, A., & Alfaro-Moreno, E. (2024). Particulate
matter-induced oxidative stress — Mechanistic insights and antioxidant approaches
reported in in vitro studies. Environmental Toxicology and Pharmacology, 110, 104529.
https://doi.org/10.1016/j.etap.2024.104529

Jiao, A., Zhu, S., Chen, X., He, Q., Benmarhnia, T., & Wu, J. (2026). Associations of
PM2.5 and PAHs from wildland fires with pregnancy outcomes: Evidence based on high-
resolution exposure assessment. Environmental Research, 298, 124195.
https://doi.org/10.1016/j.envres.2026.124195

Zhang, Y., Dong, S., Wang, H., Tao, S., & Kiyama, R. (2016). Biological impact of
environmental polycyclic aromatic hydrocarbons (ePAHs) as endocrine disruptors.
Environmental Pollution, 213, 809—824. https://doi.org/10.1016/j.envpol.2016.03.050

Kim, Y. H., Warren, S. H., Krantz, Q. T., King, C., Jaskot, R., Preston, W. T., George, B.
J., Hays, M. D., Landis, M. S., Higuchi, M., DeMarini, D. M., & Gilmour, M. 1. (2018).
Mutagenicity and Lung Toxicity of Smoldering vs. Flaming Emissions from Various

Biomass Fuels: Implications for Health Effects from Wildland Fires. Environmental
Health Perspectives, 126(1), 017011. https://doi.org/10.1289/EHP2200

Wegesser, T. C., Pinkerton, K. E., & Last, J. A. (2009). California Wildfires of 2008:
Coarse and Fine Particulate Matter Toxicity. Environmental Health Perspectives, 117(6),
893—-897. https://doi.org/10.1289/ehp.0800166

Black, C., Tesfaigzi, Y., Bassein, J. A., & Miller, L. A. (2017). Wildfire smoke exposure
and human health: Significant gaps in research for a growing public health issue.

Environmental Toxicology and Pharmacology, 55, 186—195.
https://doi.org/10.1016/j.etap.2017.08.022

Hadley, M. B., Henderson, S. B., Brauer, M., & Vedanthan, R. (2022). Protecting
Cardiovascular Health From Wildfire Smoke. Circulation, 146(10), 788—801.
https://doi.org/10.1161/CIRCULATIONAHA.121.058058

Makkonen, U., Hellén, H., Anttila, P., & Ferm, M. (2010). Size distribution and chemical
composition of airborne particles in south-eastern Finland during different seasons and
wildfire episodes in 2006. Science of The Total Environment, 408(3), 644—-651.
https://doi.org/10.1016/j.scitotenv.2009.10.050

Krishnakumar, M., Hari, A., Gutjahr, G., Bendapudi, P., Ahamed, H., Prabhakaran, P.,
Kumar, R. K., & Raj, M. (2024). Impact of exposure to extreme heat events during

123



19.

20.

21.

22.

23.

24.

25.

26.

27.

pregnancy on the incidence of congenital heart disease in offspring: A meta-analysis.
BMJ Paediatrics Open, 8(1), €002848. https://doi.org/10.1136/bmjpo-2024-002848

Xu, W., Li, D, Shao, Z., You, Y., Pan, F., Lou, H., Li, J., Jin, Y., Wu, T., Pan, L., An, J.,
Xu, J., Cheng, W., Tao, L., Lei, Y., Huang, C., & Shu, Q. (2023). The prenatal weekly
temperature exposure and neonatal congenital heart disease: A large population-based
observational study in China. Environmental Science and Pollution Research

International, 30(13), 38282-38291. https://doi.org/10.1007/s11356-022-24396-5

Lastivka, I. V., Pishak, V. P., Ryznychuk, M. O., & Khmara, T. V. (2020). Risk factor
analysis for congenital heart defects in children. Regulatory Mechanisms in Biosystems,
11(4), 524-530. https://doi.org/10.15421/022080

Pugnaloni, F., Felici, A., Corno, A.-F., Marino, B., Versacci, P., & Putotto, C. (2023).
Gender differences in congenital heart defects: A narrative review. Translational
Pediatrics, 12(9), 1753-1764. https://doi.org/10.21037/tp-23-260

Conlon, F. L., & Arnold, A. P. (2023). Sex-chromosome mechanisms in cardiac
development and disease. Nature Cardiovascular Research, 2(4), 340-350.
https://doi.org/10.1038/s44161-023-00256-4

Stingone, J. A., Luben, T. J., Sheridan, S. C., Langlois, P. H., Shaw, G. M., Reethuis, J.,
Romitti, P. A., Feldkamp, M. L., Nembhard, W. N., Browne, M. L., & Lin, S. (2019).
Associations between fine particulate matter, extreme heat events, and congenital heart
defects. Environmental Epidemiology, 3(6), e071.
https://doi.org/10.1097/EE9.0000000000000071

Cleland, S. E., Paul, N., Coker, E. S., & Henderson, S. B. (2025). The Co-occurrence of
Wildfire Smoke and Extreme Heat Events in British Columbia, 2010-2022: Evaluating
Spatiotemporal Trends and Inequities in Exposure Burden. ACS ES&T Air, 2(3), 319—
330. https://doi.org/10.1021/acsestair.4c00219

Grigorieva, E., & Lukyanets, A. (2021). Combined Effect of Hot Weather and Outdoor
Air Pollution on Respiratory Health: Literature Review. Atmosphere, 12(6), 790.
https://doi.org/10.3390/atmos 12060790

Cleland, S. E., Hamilton, O. P. X.-Q., Brauer, M., & Henderson, S. B. (2026). Multiyear
wildfire smoke exposure (MultiWiSE) metrics: A data-driven approach to characterizing
episodic PM2.5 exposures for epidemiologic research. Journal of Exposure Science &
Environmental Epidemiology. https://doi.org/10.1038/s41370-026-00876-5

Yu, X., Ivey, C., Huang, Z., Gurram, S., Sivaraman, V., Shen, H., Eluru, N., Hasan, S.,
Henneman, L., Shi, G., Zhang, H., Yu, H., & Zheng, J. (2020). Quantifying the impact of
daily mobility on errors in air pollution exposure estimation using mobile phone location

124



28.

29.

30.

31.

32.

33.

34.

data. Environment International, 141, 105772.
https://doi.org/10.1016/j.envint.2020.105772

Wang, W., Wang, X., Flannigan, M. D., Guindon, L., Swystun, T., Castellanos-Acuna,
D., Wu, W., & Wang, G. (2025). Canadian forests are more conducive to high-severity
fires in recent decades. Science, 387(6729), 91-97.
https://doi.org/10.1126/science.ado1006

Popescu, A., Paulson, A., Christianson, A., Sullivan, A., Tulloch, A., Bilbao, B.,
Mathison, C., Robinson, C., Ganz, D., Nangoma, D., Saah, D., Armenteras, D., Driscoll,
D., Hankins, D., Kelley, D., Langer, E., Baker, E., Reisen, F., Robinne, F.-N., ...
Charlton, V. (2022). Spreading like wildfire: The rising threat of extraordinary landscape
fires—A rapid response assessment (A. Sullivan, E. Baker, & T. Kurvits, Eds.). United
Nations Environment Program (UNEP). USGS Publications Warehouse.
https://pubs.usgs.gov/publication/70243263

Environment and Climate Change Canada. (2021, April 28). About the Air Quality
Health Index. Government of Canada. https://www.canada.ca/en/environment-climate-
change/services/air-quality-health-index/about.html

Environment and Climate Change Canada. (2026, March 2). Air quality and weather.
Government of Canada. https://www.canada.ca/en/environment-climate-
change/services/air-quality-health-index/weather.html

Environment and Climate Change Canada. (2025, September 8). WeatherCAN.
Government of Canada. https://www.canada.ca/en/environment-climate-
change/services/weather-general-tools-resources/weathercan.html#toc3

Health Canada. (2021, December 24). Using a portable air cleaner to improve indoor
air. Government of Canada. https://www.canada.ca/en/health-canada/services/air-
quality/indoor-air-contaminants/choosing-portable-purifier.html

Lei, Y., Lei, T.-H., Lu, C., Zhang, X., & Wang, F. (2024). Wildfire Smoke: Health

Effects, Mechanisms, and Mitigation. Environmental Science & Technology, 58(48),
21097-21119. https://doi.org/10.1021/acs.est.4c06653

125



Appendix A — STROBE Statement Checklist for the Manuscript

STROBE Statement—checklist of items that should be included in reports of observational studies

Item
No.

Page

Recommendation
No.

Relevant text from
manuscript

Title and abstract

1

(a) Indicate the study’s design with a commonly used term in the title or the
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Funding 22 Give the source of funding and the role of the funders for the present study and, if ”

applicable, for the original study on which the present article is based Funding section

Declarations (pg.22):

*Give information separately for cases and controls in case-control studies and, if applicable, for exposed and unexposed groups in cohort and cross-sectional

studies.

Note: An Explanation and Elaboration article discusses each checklist item and gives methodological background and published examples of transparent
reporting. The STROBE checklist is best used in conjunction with this article (freely available on the Web sites of PLoS Medicine at
http://www.plosmedicine.org/, Annals of Internal Medicine at http://www.annals.org/, and Epidemiology at http://www.epidem.com/). Information on the
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