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Abstract

Background

Adverse birth outcomes (ABOs) are major causes of neonatal death and future adverse health
outcomes. Gaps still exist in understanding the local distribution of maternal and social risk
factors for ABOs, and the effect of air pollutant mixtures derived from industrial activities on
pregnancy outcomes in Alberta.
Objectives

(1) To assess the prevalence of ABOs in Alberta, Canada and the relative contribution of
associated known maternal risk factors and area-level socioeconomic status; (2) To characterize
exposure to air pollutant mixtures from industrial emissions in Alberta and describe their
associations with preterm birth (PTB) and small for gestational age (SGA).
Methods

For the first objective: I conducted a prevalence study of PTB, SGA and low birth weight at
term (LBWT) using data from all singleton live births occurred in Alberta from 2006 to 2012.
Birth records were provided by the Alberta Perinatal Health Program. Data included the postal
code of residence at the time of birth and 21 maternal risk factors for ABOs. I used a Canadian
area-level socioeconomic status index (SES-index) as a proxy for neighborhood socioeconomic
status. Standardized prevalence ratios (age-adjusted and smoothed by an empirical Bayes
approach) at small area level were estimated to locate areas of low, medium and high-ABO
occurrence. The contribution of risk factors in the high-ratio areas were identified by their
corresponding attributable fraction (AF).

For the second objective: I used industrial-facilities’ emissions into the air from the Canadian
National Pollutant Release Inventory. I profiled the mixtures based on the proportional content of

ten broader chemical classes (NOz, SO», CO, PM, VOCs, PAHs, metals, other inorganics, other
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organics and nitrosamines/ethers/alcohols) in the individual emissions by applying cluster
analysis. I used proximity (10-km buffer) of the maternal postal codes to the sources of the
mixtures to assign exposure. [ used multivariable logistic regression for estimating the
associations of the group of mixtures with SGA, spontaneous-PTB (sPTB) and induced-PTB
(iPTB) adjusted maternal covariates and the SES-index.

Main results

A total of 330,957 births was analyzed. The period prevalence of: PTB ranged from 4.4% to
10.9%; SGA ranged from 5.4% to 15.2%, and LBWT ranged from 0.8% to 3.8%. The higher
prevalence of ABOs was observed in urban locations.

The key risk factors for spontaneous-PTB were: past-preterm (AF=18%), smoking during
pregnancy (AF=15%), bleeding after the 20" week (AF=11%), low SES-index (AF=9%)),
substance use during pregnancy (AF=5%), and gestational diabetes (AF=4%). For induced-PTB:
gestational hypertension (AF=19%), past preterm (12%), proteinuria (10%), and smoking during
pregnancy (6%). For SGA: low SES-index (AF=12%), smoking during pregnancy (AF=6%), and
gestational hypertension (AF=4%). For LBWT: low SES-index (AF=16%), smoking during
pregnancy (AF=10%), and gestational hypertension (AF=7%).

A total of 6,259 facilities overall emitting 133 chemicals were classified into nine groups of
mixtures based on the predominant chemical class (the chemical class with > 60% of the
proportional content) in the emissions: NOz-mixtures, CO-mixtures, SOz-mixtures, PM-mixtures,
VOCs-mixtures, Metals-mixtures, Other inorganics-mixtures, Other organics-mixtures, and
Heterogeneous-mixtures. Mixtures with a high proportional content of gases were common and
densely present across the province; whereas mixtures with a high proportional content of VOCs,

Metals-, Other organics- and Other inorganic- were scarce but associated with ABOs. The
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VOCs-mixtures increased the odds of SGA by 37% (95% CI: 11-69%). Metals-mixtures, other
inorganic-mixtures, and other organic-mixtures increased the odds of iPTB by 17% (95% CI: 5-
30%), 17% (95% CI: 6-28%), and 24% (95% CI: 9-41%), respectively. Heterogeneous-mixtures
increased the odds of sPTB by 36% (95%CI: 13-63%)).

Conclusions

The areas with the highest prevalence of ABO were mainly urban. Low SES-index, smoking
during pregnancy and gestational hypertension were the common main contributors of ABOs.
Mixtures with a significant content of volatile organic compounds, metals, other toxic organic
and inorganic substances were associated with preterm birth and small for gestational age. These
results may motivate and justify further research in studying the health effects of mixtures of
chemicals released into the air by industrial sources. Finally, our results suggest that other
unmeasured factors and their interactions should be investigated to better understand the

occurrence of adverse birth outcomes in Alberta.
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Preface

This thesis is an original work by Jesus Arturo Serrano Lomelin, with the co-supervision of
Dr. Alvaro Osornio-Vargas and Dr. Yutaka Yasui. The research project, of which this thesis is a
part, received ethics approval and yearly renewal from the University of Alberta Research Ethics
Board, Project Name “Spatial data mining exploring co-location of adverse birth outcomes and
environmental variables”. No. Pro00039545, July 25, 2013 — July 24, 2018.

Chapter 1 introduces the subject and the objectives, followed by a synoptic overview of the
main topics: (i) the occurrence of preterm birth and small for gestational age at worldwide,
national and local (Alberta) levels; (i) ambient air pollution and health; (iii) multi-pollutant
approaches in epidemiological studies; and (iv) the burden of industrial emissions in Alberta.
The significance of this thesis finalizes the chapter.

Chapter 2 presents the prevalence of adverse birth outcomes in Alberta in areas identified as
low-, medium-, and high- occurrence of small for gestational age, preterm birth, and low birth
weight at term. It describes, additionally, the associated prevalence profiles of maternal risk
factors and area-level socioeconomic status. This chapter resulted in a manuscript that will be
submitted for publication in a scientific journal as: Serrano-Lomelin J, Nielsen C, Osornio-
Vargas A, Kumar M, Chandra S, Aelicks N, Villeneuve PJ, Yasui Y, Agrawal, S. Aziz K.
“Prevalence of adverse birth outcomes in Alberta, Canada and the relative contribution of
associated known maternal risk factors and area-level socioeconomic status™. I was responsible
for preparing and analyzing the data, constructing the discussion topics, and drafting the
manuscript. C. Nielsen (Earth and Atmospheric Sciences, University of Alberta) performed the
geo-location of the maternal postal codes at time of birth and reviewed the manuscript. Dr.
Osornio-Vargas, Dr. M. Kumar, Dr. S. Chandra, and Dr. K. Aziz (paediatrics, University of

Alberta), participated in the formulation of the scientific questions, reviewed the manuscript and
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provided theoretical feedback for the discussion. N. Aelicks provided the data, participated in the
formulation of the scientific questions and reviewed the manuscript (Alberta Perinatal Health
Program). Dr. S. Agrawal (Urban and Regional Planning Program, University of Alberta)
reviewed the manuscript and provided feedback for the discussion. Dr. Villeneuve (Departmental
of Health Sciences, Carleton University), and Dr. Y. Yasui (School of Public Health, University
of Alberta) oversaw my research, reviewed the manuscript and provided theoretical feedback.
Chapter 3 characterizes the air-pollutant mixtures extracted from over one hundred chemicals
emitted into the air and reported by the industrial and commercial facilities in Alberta from 2006
to 2012. The characterization includes their geographical distribution across the province and the
principal industrial sector sources. Additionally, it reports statistical associations of the industrial
air pollutant mixtures with preterm birth and small for gestational age, considering proximity to
the industrial air pollutant mixtures (postal codes of the mothers at time of birth within a 10-km
buffer) as a proxy of environmental exposure. This chapter resulted in a manuscript that will be
submitted for publication in a scientific journal as: Serrano-Lomelin J, Nielsen C, Villeneuve PJ,
Yasui Y, Osornio-Vargas A. “Associations between maternal residential proximity to air-
pollutant mixtures from industrial sources and preterm birth and small for gestational age”. I was
responsible for the conceptualization and development of the research objectives, preparing and
analyzing the data, constructing the discussion topics, and drafting the manuscript. C. Nielsen
(Earth and Atmospheric Sciences, University of Alberta) performed GIS tasks and reviewed the
manuscript. Dr. P. Villeneuve (Departmental of Health Sciences, Carleton University), Dr. Y.
Yasui (School of Public Health, University of Alberta), and Dr. A. Osornio-Vargas (paediatrics,
University of Alberta) oversaw my research, reviewed the manuscript, and provided feedback on

the discussion and recommendations.
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Chapter 4 provides conclusions and a general summary of results, with emphasis on the
significance of the findings and their potential implications for environmental health researchers.

Chapters 2 and 3 are presented in a paper-based format. Each chapter has standard sections
(i.e., introduction, methods, results, and discussion) written as stand-alone manuscripts for future
publication. Therefore, there may be some redundancy in the introductions, methods, and
references in these chapters. The references for the four chapters were included in the
corresponding section at the end of the document.

Finally, appendices include materials that support some procedures used in this thesis as well
as the letter of ethics approval from the University of Alberta Health Research Ethics Board

(Appendix 3).
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Chapter 1

1. Introduction

1.1.  Thesis overview

This thesis investigates the association of mixtures of air pollutants from industrial sources
with preterm birth (PTB) and small for gestational age (SGA), and the local/regional distribution
of PTB- and SGA-related maternal risk factors. These health outcomes are of worldwide public
health concern due to their current prevalence and health implications. They are important causes
of neonatal death and are related to short- and long-term adverse health conditions that
negatively affect the lives of newborns, their families, and society to some extent. Regarding air
pollution, it is a worldwide ubiquitous condition affecting the health of human populations and
ecosystems. I focused on mixtures of air pollutants from industrial sources because it is a
research gap in air pollution and perinatal epidemiology. Past and current research on air
pollution has mainly focused on understanding the associations of traffic-related pollutants or air
pollutants such as ground-level ozone, nitrogen dioxide, sulphur dioxide, carbon monoxide, and
particulate matter with adverse birth outcomes. Consequently, the associations of a large number
of hazardous chemicals released into the air by industrial sources with adverse birth outcomes
are still unknown.

I followed a multi-pollutant perspective by recognizing that air pollution is composed of
mixtures of chemicals that vary both spatially and temporally. Multi-pollutant approaches in air
pollution and perinatal epidemiology may contribute to better understanding the relationships
between ambient air pollution and health outcomes, and, consequently, to better protect the
health of human populations.

This thesis research was framed within an interdisciplinary research project of an exploratory

nature based on an engaged scholarship design (in which the stakeholders participated in



problem and question formulation).! The project’s main goal was to identify potential
associations between adverse birth outcomes and outdoor industrial pollutants in Canada for
postulating new hypotheses. Its main goal was accomplished by using innovative data mining
algorithms to search for association rules. The resulting association rules were contrasted by
analyzing the same data set under epidemiological and geographic methods. The validated rules
will inform future research. The project received financial support from The Canadian Institutes
of Health Research (CIHR) and The Natural Sciences and Engineering Research Council of
Canada (NSERC) (Application number 290275). The study received ethics approval from the
University of Alberta Research Ethics Board and institutional approval from the Alberta

Perinatal Health Program.

1.1.1. Aims and objectives
Within this research framework, this thesis used data from births occurring in Alberta,
Canada, from 2006 to 2012, and industrial emissions from the National Pollutant Release
Inventory (NPRI) of Canada, to pursue the following general aims:
1) To assess the prevalence of adverse birth outcomes and the relative contribution
of associated known maternal risk factors and area-level socioeconomic status;
2) To characterize air pollutant mixtures from industrial emissions to analyze their
associations with PTB and SGA.
For the first aim, the objectives were:
1) To estimate the period prevalence of PTB, SGA and low birth weight at term
(LBWT) within the province;
2) To identify areas of low, moderate (average) and high occurrence of PTB, SGA

and LBWT;



3) To profile the prevalence of risk factors in the areas of low, moderate (average)
and high occurrence of adverse birth outcome;
4) To identify the key risk factors impacting the areas with the high occurrence.

For the second aim, two objectives were defined:

1) To characterize mixtures of air pollutants released by industrial facilities in
Alberta;
2) To estimate the association of the characterized industrial air-pollutant mixtures

with PTB (spontaneous and induced) and SGA.
1.2.  Synoptic overview
1.2.1. Preterm birth, and small for gestational age

Preterm birth is defined as a birth occurring before 37 weeks of completed gestation.? It is
the leading cause of perinatal and neonatal mortality in developed and developing countries?, and
the second leading cause of death - after pneumonia - in children under five years.> PTB is
closely related to several newborn diseases (e.g., cerebral palsy, cognitive disabilities and
respiratory illness),* which impact significantly the health care costs:> US $4.5 billion in the
United Kingdom,® and CAN $587 million in Canada’. PTB is a complex condition due to its
multifactorial nature. Mother’s age and lifestyle factors (e.g., tobacco smoke), medical
conditions, socio-economic characteristics, and environmental exposure to hazardous chemicals
have been associated with PTB.>%?

Worldwide, an estimated 12 to 15 million babies are preterm each year, with annual crude
rates ranging from 5-18% across 184 countries,’ and increasing in almost all countries.' In
Canada, the crude rates of PTB increased from 7.0% in 1999 to 8.2% in 2004!', while between

2005 and 2010 they slightly decreased from 7.9% to 7.7%.'? Across the country, Nunavut



(10.7%), Yukon (9.6%), Alberta (8.6%), and Ontario (8.1%) have observed the highest PTB
rates in 2010-2011.13 Alberta also reported PTB rates above the national average during 2006-

2007 (Figure 1.1).

Canadian Institute for Health Information, Too
Early, Too Small: A Profile of Small Babies
Across Canada (Ottawa, Ont.: CIHI, 2009).

Canadian Average: 8.1 (8.0-8.2)

M Significantly Above Canadian Average
B Same as Canadian Average

[ Significantly Below Canadian Average

Figure 1.1. Preterm birth rates. Canada (2006-2007)

Source: Canadian Institute for Health Information, Too Early, Too Small: A Profile of Small Babies Across
Canada (Ottawa, Ont.: CIHI, 2009).

Small for gestational age birth refers to a newborn with a birth weight below the tenth
percentile for their gestational age and sex using a standard reference population.* SGA is an
indicator related to fetal growth restriction* with perhaps a distinct etiology of PTB.!*!° It is an
important indicator used by health institutions because the perinatal mortality rate for growth-
restricted infants has been estimated to be 10 to 20 times higher than newborns who are not
growth restricted.* Some risk factors associated with SGA overlap with PTB (i.e., smoking
during pregnancy, diabetes and hypertension).* !> The immigrant condition'* and exposure to

air pollution have been associated with SGA'S,



It was estimated in 2010 that 27% of all births in low- and middle-income countries (32.4
million babies) were born SGA.!” In Canada, the SGA birth rates varied between 7.8% and 8.3%
between 2001 and 2010 (excluding Ontario)'?. Alberta had the higher average SGA crude rate

(8.8%) from 2006 to 2010 compared with the rest of the provinces.!?

1.2.2. Ambient air pollution

Ambient air pollution involves changes in the “natural” chemical composition of the
atmosphere at local levels in a way that can be harmful to ecosystems'®. It is generally composed
of a variety of chemical compounds derived from multiple natural (i.e., volcanos and bushfires)
and anthropogenic emission sources (i.e., vehicle traffic, industrial processes).'® Chemical
compounds such as nitrogen oxides (NOx), sulphur dioxide (SO2), carbon monoxide (CO),
particulate matter (PM), some metals and organic compounds (e.g., polycyclic aromatic
hydrocarbons [PAH], formaldehyde, volatile organic compounds[ VOC]) are recognized as air
pollutants.'®!” As the human population has grown accompanied with urbanization,
diversification of industrial processes, and an extensive use of fossil fuels, the emissions of
chemicals into the local atmosphere have affected the quality of the air.??> Primary pollutants
(those emitted directly from sources into the air) are subject to photochemical reactions in the
troposphere in the presence of oxygen to form secondary air pollutants, such as ozone (Os;
resulted from the oxidation of nitrogen dioxide [NO:] or nitric oxide, or of some VOC), and
sulphuric acid (resulting from the oxidation of SO,).?° Others chemicals exist in particulate or
aerosol phase in equilibrium with the surrounding gases and may be composed of pure
compounds or a complex mixture of inorganic and organic constituents. Chemicals in particles

may potentially be transported over large distances (i.e., hundreds of kilometers).2%!



During the last 60 years, historical events have changed the profile of air pollution:?? (i) the
implementation of environmental legislation to control and reduce emissions (i.e., the Clean Air
Acts); (i1) the use of cleaner technologies (i.e., catalytic converters, elaboration of cleaner fuels);
(ii1) the diversification of industrial activities and the intensification of traffic; and (iv) the
changes in the local atmospheric conditions (i.e., the increment in the average temperature
associated with climate change). The first two events have resulted in reductions in gas
emissions (i.e., SO and NOz). 22 Conversely, industrialization and traffic intensity have added
emissions of a variety of chemicals (i.e., metals and organic compounds) and increased the
production of PM.?? In addition; the observed increment of the global average air temperature
exacerbates the production of secondary air pollutants in the atmosphere such as PM?! and
organic aerosols.?

During the last decade, PM has received great attention by its impact on air quality and
health. PM is a mixture of solid and liquid particles suspended in the air, including biological
material (i.e., bacteria, virus, pollen).?! Its composition and physical-chemical properties vary
according to its sources and local meteorological conditions.?"** For routine monitoring and
regulatory purposes, PM is quantified by particle size:?' the smaller fractions are ultrafine
particles (UFPs < 0.1 um) and PM25 (< 2.5 pm); while the larger particles are PMio (< 10 pm).
The major constituents are sulphates (SO4%), nitrates (NOs"), ammonium (NH4"), sodium and
chloride ions (Na*, CI', respectively), elemental and organic carbon, mineral material (i.e., Al, Si,
Fe and Ca), metals (i.e., Pb, Cd, Hg, Ni, Cr. Zn), and water-soluble components (i.e., ammonium
sulphate (NH4)>SO4), although the exact composition of PM depends on the location, air
pollution sources, and prevailing meteorology.?! Since exposure to commonly measured air
pollutants, such as PM, O3, NOz and SO», has been associated with respiratory and
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cardiovascular morbidity and mortality~>“ and other health outcomes (i.e., adverse birth



outcomes®®) the World Health Organization (WHO) have published air quality guidelines for

their corresponding ambient concentrations.?’

1.2.3. Air pollution and health

The WHO has qualified air pollution exposure as the world’s largest single environmental
health risk.?® In 2014, the WHO reported that in 2012 around 7 million deaths worldwide were
related, in some way, to air pollution exposure.?® Air pollution is directly linked to human
activities to the point that it “has been considered an unavoidable concomitant of economic
development”.? It is projected it will remain a problem of concern in the near future since it is
expected that the application of recent measures to reduce air pollutant emissions and the use of
clean technologies will only partially reduce its impact.?’

Ambient air pollution and its effects on human health have been largely studied by
epidemiologists. Since 1952, when a heavy smog event covered the city of London causing
excessive mortality,’® ambient air pollution started receiving substantial attention by
environmental-health authorities and researchers. Nowadays, compiled worldwide evidence from
toxicological and epidemiological studies indicate that ambient air pollutants are related to
mortality,’! the development of acute and chronic diseases (i.e., asthma, cardiovascular diseases,
cognitive and psychomotor development in childhood), and the shortening of life expectancy.?>*

Based on scientific studies, a large list of air pollutants has been identified, continuously
monitored, controlled, and, in some cases, reduced or eliminated.?? As a result of those studies,
the WHO has suggested that countries should consider the implementation of air quality
standards to protect human health.?” However, in 2016 the WHO estimated that more than 80%

of the population living in urban areas that monitor air pollutants are exposed to air quality levels

that exceed the international air quality guidelines.** This indicated that, despite the great



progress in controlling local levels of ambient air pollutants, considerable quantities continue to
be released into the air from anthropogenic (i.e., traffic, industrial facilities) and natural sources
(i.e., wildfires), affecting human populations living in urban settlements, near to industrial

facilities, and in areas with high transportation emissions.®

1.2.4. Multi-pollutant approaches in air pollution epidemiology.

During the last decade, a growing scientific interest exists in quantifying the health
consequences of being exposed to air pollution mixtures by recognizing that people are
simultaneously exposed to a mixture of air pollutants.* It has been presupposed that multi-
pollutant approaches could help us identify the most harmful pollution emission sources and to
provide a better understanding of the health effects of ambient air pollution. Thus, it will
improve air-emissions regulations and protect human health.*¢

However, elucidating the health effects of “real world” air pollutant mixtures is a challenging
task.>” There is a need of developing (i) research frameworks and reliable and practical methods
for measuring a complex mixture of chemicals,*®##>#* (ii) optimal statistical methods for
assessing additive effects, effect measure modification, and dimension reduction,***-* (iii)

metrics that properly represent the multi-pollutant environment,*’

and (iv) improved air quality
management frameworks.*> The major progress in this field has come from studying air
pollutant mixtures where air pollution monitoring stations exist, providing a vast quantity of
information (i.e., hourly concentrations) of a reduced list of chemicals (i.e., criteria pollutants
such as SO,, NO,, CO, and O3). Data from monitoring stations allows researchers to model
spatial and temporal changes in atmospheric concentrations and environmental deposition to
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better estimate population exposure and health effects. However, the study of mixtures from

industrial facilities (which may release dozens or hundreds of chemicals into the air that are not



captured by air monitoring stations) and their potential health effects have been barely
explored.*

The Health Effects Institute in the United States has designed an interdisciplinary strategy
supporting methodological developments to characterize the health effects of “real word” air
pollutant mixtures.*>**¢ The Southeastern Centre for Air Pollution and Epidemiology is leading
an interdisciplinary approach for studying air pollution mixtures and health outcomes; they have
developed a novel method to measure ambient fine particulate reactive oxygen species as a
measure of toxicity of PM.*’ Recently, health researchers have reported some associations
between outdoor (and indoor) air pollutant mixtures with health outcomes. For example: (i) an
increase in mortality (3.7%) associated with a mix of elements related to traffic pollution and oil
combustion emissions composed of PM; s-black carbon, NO, NO>, SO, and O3 on total mortality
in the greater Boston area;*® (ii) positive associations between a mixture of 27 correlated
chemicals (5 polychlorinated biphenyls, 7 polycyclic aromatic hydrocarbons, and 15 pesticides)
measured in house dust (indoor pollution) and increased risk of Non-Hodgkin Lymphoma in a
population-based case control study in Detroit, lowa, and Los Angeles;* (iii) positive
associations between PM, s and ozone with low birth weight and preterm birth;%¢ (iv) positive
associations between low birth weight at term with pollutant clusters with elevated NO2, NO, and
PM,sin Los Angeles County;>° (v) positive associations between mortality and NO> and limited
impact with PM, s and O3 in a long-term exposure study in Canada.>!

The study of the biological mechanisms implicated in the pathway between air pollution and
adverse health outcomes is also challenging due to the complex nature of the air pollutant
mixtures. Oxidative stress induced by organic compounds, and inflammatory potential associated
with size and soil-related chemical compounds in PM, are two of the different biological

mechanisms that have been suggested to explain the toxic effect of air pollutants.’>>* However,



different types of interaction among pollutants* (additive, synergism, antagonism, inhibition,
potentiation, and masking) may alter biological responses. For example, it has been suggested
that a threshold-dose in the proportional content of PAH in PM> s may inhibit the dose-response
relationship between soil-content and cellular inflammatory response.>*

Currently, the science of pollutant mixtures is in the developing phase and no simple
approach exists to solve all challenges. The study of pollutant mixtures requires interdisciplinary
research, including: molecular and cell biology, toxicology, eco-toxicology, epidemiology,
exposure assessment, risk assessment, and atmospheric chemistry®>% to better understand the

relationships between air pollutant mixtures and human health.

1.2.5. Air toxic inventories and industrial emissions into the air in Alberta (2006-2012)

Industrial facilities are continuously emitting large quantities of chemicals into the air.
According to Agarwal and collaborators®® 75,000 different chemical substances are registered
under the Toxic Substances Control Act of the United States. Large uncertainty exists about the
number and amounts of chemicals that are released into the environment (air, water, land) by
industrial activities and their associated impact on human health and ecosystems; mainly because
not all chemicals released by industry into the environment are tracked.”’ Some developed
countries have legislated to track hazardous emissions to air, water, and land by industrial
activities.’® The annual amounts of those chemicals, recognized as toxic for human health, are
reported by facilities into databases known as Pollutant Release and Transfer Register Databases
(PRTR). Generally, hundreds of these chemicals have been tracked by PRTR and data are
publicly available. Health researchers have used these data for investigating associations among
industrial chemicals and adult and childhood cancer, neurodevelopmental diseases, and other

health outcomes; their use in environmental health research has increased in the last decade.*®
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In Canada, industrial facilities that manufacture, process, use or release substances listed in
the Canadian Environmental Protection Act 1999,% report their annual emissions to air, land, and
water to the National Pollutant Release Inventory (NPRI).%® In 2012, 42% of all facilities across
the country reporting to the NPRI were located in Alberta.®® The industrial facilities from Alberta
were the principal emitters of chemicals to the air in the country during 2006-2012, accounting
for 29.8% of the total chemicals emitted (Table 1.1). Conventional and non-conventional oil and
gas extraction, electricity, and wood products manufacturing are the main sectors accounting for
88% of the chemicals discharged to the air in Alberta (Table 1.2). They have jointly emitted 136
chemicals, averaging almost one million tonnes per year during the study period (Table 1.2).

62

However, few studies have estimated health effects from industrial emissions in this province.

Table 1.1 Total industrial emissions reported by province or territory to NPRI (2006-2012)*

Province or Territory #of chemicals Tonnes Annual mean %
and groups of

chemicals

reported
Alberta 136 7,826,250 1,118,036 | 29.8
Quebec 161 4,803,173 686,168 | 18.3
Ontario 199 4,393,760 627,680 | 16.7
British Columbia 122 3,062,427 437,490 | 11.6
Manitoba 72 2,102,495 300,356 8.0
Saskatchewan 82 1,749,686 249,955 6.7
Nova Scotia 85 1,012,687 144,670 3.8
New Brunswick 78 645,206 92,172 2.5
Newfoundland and Labrador 63 567,074 81,011 2.2
Northwest Territories 51 87,617 12,517 0.3
Nunavut 20 37,977 5,425 0.1
Prince Edward Island 24 12,474 1,782 0.0
Yukon 5 4,290 613 0.0
Overall | | 26305116 3,757,874 | 100.0

*Source: Extracted from NPRI databases (2006-2012). Based on initial extraction data (before a complete
evaluation of guidelines for all Provinces).
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Table 1.2 Total industrial emissions reported by sector. Alberta, 2006-2012

Industrial Sector Tonnes % cum.%

Conventional Oil and Gas Extraction 3,177,490 40.6 40.6
Non-Conventional Oil Extraction (including 1,778,269 22.7 63.3
Oilsands and Heavy Oil)

Electricity 1,623,774 20.7 84.1
Wood Products 310,845 4.0 88.0
Chemicals 241,637 3.1 91.1
Pulp and Paper 149,343 1.9 93.0
Petroleum and Coal Prod. Refining and 149,012 1.9 94.9
Manufacturing

Oil & Gas Pipelines and Storage 101,502 1.3 96.2
Cement, Lime and Other Non-Metallic Minerals 84,288 1.1 97.3
All other activities* 210,090 2.7 100.0

Total 7,826,250 100.0

* Source: Extracted from NPRI databases (2006-2012). Based on initial data before data analysis and
evaluation. Other Manufacturing, Mining and Quarrying, Aluminum, Metals (Except Aluminum and Iron and
Steel) Iron and Steel, Water and Wastewater Systems, Plastics and Rubber, Waste Treatment and Disposal
Transportation Equipment Mfg.). Based on initial extraction data (before a complete evaluation of guidelines
for all Provinces).

1.3. Significance

Adverse birth outcomes such as preterm birth and small for gestational age significantly
affect the survival of neonates and their future health. They also affect the economic burden of
healthcare systems. The past observed rates of these adverse birth outcomes in Alberta showed
values above the reported national average. The potential participation of a wide set of known
risk factors, including maternal, social and environmental, related to the occurrence of these
adverse birth outcomes in Alberta has been barely explored. Consequently, more research is
needed to identify local/regional risk factors associated with preterm birth and small for
gestational age. Additionally, the associations of the large industrial emissions occurred in
Alberta with preterm birth and small for gestational in Alberta have not been explored. Their
study may provide important insights in air pollution epidemiology. This thesis research aims to
contribute to reducing, to some extent, these knowledge gaps by (i) identifying areas of high

prevalence of preterm birth and small for gestational age and their related maternal risk factors,
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and (i1) taking the first steps in exploring the potential associations of mixtures of air pollutants
from industrial sources on adverse birth outcomes. The results of this thesis may (i) provide a
better understanding of key-maternal risk factors for preterm birth and small for gestational age
in Alberta, and (i1) identify harmful industrial mixtures released to air to guide future research

aimed to elucidate the health effects of ambient air pollution.
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Chapter 2

2. Prevalence of adverse birth outcomes, and related maternal and area-level
socioeconomic status factors in Alberta, Canada, (2006-2012).

2.1.  Abstract

Background. The annual crude rates of adverse birth outcomes (ABO) such as preterm birth
(PTB) and small for gestational age (SGA) in Alberta has been among the highest in Canada
from 2004-2011. An evaluation of the provincial distribution of ABO in conjunction with a large
set of known risk factors sets the path towards understanding the ABO occurrence within the
province.

Objectives. To identify areas of high PTB, SGA and low birth weight at term (LBWT)
occurrence, and to estimate the prevalence and attributable fraction (AF) of known maternal risk
factors and area-level socioeconomic status in those areas.

Methods: This prevalence study used data from the Alberta Perinatal Health Program including
all singleton live births (2006-2012), 21 maternal risk factors, and an area-level socioeconomic
status index (SES-index). Smoothed age-adjusted standardized prevalence ratios at small area
level were estimated to locate areas of low-, medium- and high-ABO occurrence. Key sets of risk
factors in the high-ratio areas were identified by calculating their attributable fraction (AF).
Results: A total of 330,957 births were analyzed. The highest prevalence of ABOs was
predominantly in urban areas. Across the three areas of occurrence: the period PTB prevalence
ranged from 4.4% to 10.9%; the period SGA prevalence ranged from 5.4% to 15.2%, and; the
period LBWT prevalence ranged from 0.8% to 3.8%. The key risk factors for spontaneous-PTB
were: past-preterm (AF=18%), smoking during pregnancy (AF=15%), bleeding after the 20™
week (AF=11%), low SES-index (AF=9%), substance use during pregnancy (AF=5%), and

gestational diabetes (AF=4%). For induced-PTB: gestational hypertension (AF=19%), past
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preterm (12%), proteinuria (10%), and smoking during pregnancy (6%). For SGA: low SES-
index (AF=12%), smoking during pregnancy (AF=6%), gestational hypertension (AF=4%) and
past-SGA (AF=3%). For LBWT: low SES-index (AF=16%), smoking during pregnancy
(AF=10%), and gestational hypertension (AF=7%).

Conclusion: The high-ABO prevalence areas were mainly urban. Low SES-index, smoking
during pregnancy, and gestational hypertension were the main common risk factors in the high-
ratio areas. The attributable fractions of the risk factors explored suggests that other unmeasured
factors (e.g. diet, ethnicity, air pollutants) and their interactions should be investigated to better

understand the occurrence of adverse birth outcomes in Alberta.
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2.2, Introduction

Adverse birth outcomes (ABOs) such as preterm birth (PTB), small for gestational age
(SGA) and low birth weight (LBW) are of great concern in public health. Babies born
prematurely, or with fetal growth restrictions, have a lower chance of survival and a higher
probability of developing chronic diseases, including physical and cognitive outcomes.!” The
perinatal and life-long health care needed by individuals with these health conditions
significantly impact health systems. For example, premature babies in Canada cost
approximately $587 million over the first ten years of life® and decrease the human capital over
the life course.’” Although considerable efforts have been made by health authorities to reduce the
ABO occurrence and related health impacts®? the current prevalence of ABOs is still a public
health concern.>!°

The control and reduction of the ABOs occurrence is complicated due, in part, to their
multifactorial nature. The mechanisms that regulate the timing of birth and the quality of the fetal
growth are susceptible to the maternal, social and natural conditions relating to the fetus.!! Risk-
factors and prevalence-based epidemiological approaches have contributed to identify risk
factors for ABOs. The first, has shown that a large variety of individual, social, and

environmental factors have been associated with PTB, SGA and LBW.!?"!¢ Examples include,

maternal age (too young or too old), low maternal body mass index, smoking and alcohol

2 7

consumption,” obstetric history,'® low income or education,!” ethnicity,'® the role of urban and

t,'20 and exposure to urban air pollutants.'*?!">* The second, has helped identify

rural contex
those sets of factors that result in the greatest harm to local populations,?* and are useful in
configuring target interventions,? helping to understand to what extent risk factors may explain

ABOs’ occurrence, identifying potential risk factor interactions for further research, and

hypothesizing about other unmeasured but probable factors affecting ABOs.
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In Alberta, the occurrence of SGA and PTB has been consistently above the national average
during the last decade. The average SGA crude rate in Canada from 2004 to 2008 was estimated
to be 8% (95%CI: 7.9-8.0), whereas in Alberta it was 8.7% (95%CI: 8.6-8.8).26 Similarly, the
national PTB crude rate was estimated to be 7.9% (95%CI: 7.9-8.0), whereas in Alberta it was
8.8% (95%CI: 8.7-8.9)%°. More recently (2006-2011), the national SGA and PTB crude rates
have decreased, remaining high in Alberta.?”-?® Previous studies on the prevalence of maternal
risk factors in Alberta reported a high prevalence of maternal prenatal smoking (26%) and
advanced maternal age (35 or older) (12%).2%2° However, they did not include data describing
other maternal risk factors such as gestational diabetes, or gestational hypertension. Thus,
exploring how the prevalence of ABOs and of an extensive range of relevant risk factors varies
within the province of Alberta could help us understand to what extent known risk factors could
explain their occurrence.

We carried out a prevalence study in Alberta to (1) quantify the occurrence of PTB, SGA,
and LBWT (low birth weight at term) at small area-level resolution; (2) estimate the prevalence
of known maternal risk factors and the prevalence of cases by area-level socioeconomic status in
three levels of occurrence: low, moderate (average) and high; and (3) identify the relatively more
important set of maternal risk factors in areas with high ABO occurrence. This study will inform
future research since is part of an ongoing project that investigates the geographic variability of

ABO and maternal, social and environmental factors in Canada.’!

2.3. Methods
2.3.1 Study design and definitions
We carried out a prevalence study of PTB, SGA, LBWT in Alberta, Canada, including all

singletons live births born in the province between 2006 and 2012. We defined PTB as newborns
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less than 37 weeks and zero days of gestational age; SGA as newborns below the tenth percentile
weight from a sex-age specific Canadian-population reference;*? and LBWT as newborns
weighing less than 2500 grams at term (gestational age equal or higher than 37 weeks and 0

days).

2.3.2 Birth data and area-level socioeconomic index

Birth data and maternal information were extracted from the birth registry of the Alberta
Perinatal Health Program, which covers the entire population of births in Alberta, whether in
hospital or planned home births with a registered midwife. Anonymous data of every singleton
live birth with gestational age between 22 and 42 completed weeks were analyzed. Our data
included maternal age, six-character postal code of residence at the time of birth, newborns’ birth
date, birth weight, type of labour (spontaneous, induced, no-labour, unknown) and gestational
age at delivery in completed weeks. Additionally, we included 21 maternal variables from the
following three categories: current pregnancy (i.e., gestational hypertension/diabetes, smoking,
substance use, proteinuria, anemia, bleeding anytime, blood antibodies), pre-pregnancy (i.e., pre-
existing diabetes/hypertension, low/high mothers’ weight), and past obstetrical history (i.e., past
preterm/SGA/abortions/stillbirths, parity, neonatal deaths) (Supplementary Table 2.1 shows the
definitions for the 21 maternal variables). We identified spontaneous and induced PTB as
indicated by the type of labour registered in the data registry.

We used the Canadian socioeconomic status index (SES-index) developed by Chan et al.** as
a proxy for area-level socioeconomic status, since no individual socioeconomic data were
included in the APHP database. This index incorporates data from the 2006 National Census
including: educational certificate, employment status, income, marital status, owning a home or

renting, transport mode, year of home-construction, and the aboriginal status or human
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developmental index of the individuals’ country-origin. The SES-index was previously found to
perform well in capturing gradients of the prevalence of adverse pregnancy outcomes>*. It is

reported in both continuous and quintile values at the dissemination area (DA) level, i.e., census
geography areas with a population of 400 to 700 persons.>* A low SES-index value, or quintile,

indicates low socioeconomic status.

2.3.3 Geo-coding

The geographical coordinates of the centroids of the six-character postal codes of the
mothers’ residences were assigned to the corresponding DA. There were 5,357 DAs in Alberta
based on the 2006 geographical framework. Because the Statistic Canada Postal Code
Conversion File for 2006 did not include all postal codes instituted after 2006, a vector overlay
of the postal code locations* with the DA boundary file*® was performed to capture, at the DA
level, all postal codes included in the study. We identified the type of DA as urban, rural, or
neither urban nor rural, by using the attribute information product GeoSuite provided by
Statistics Canada as the standard to identify geographical characteristics of georeferenced data.®’
For the Census year 2006, Statistics Canada classified an area as urban as those with a minimum
population concentration of 1,000 persons and a population density of at least 400 persons per

square kilometer; otherwise, it was classified as rural.’’

2.3.4 Statistical Analysis

The prevalence of SGA, PTB and LBWT for the province and by type of location
(urban/rural), maternal age groups, and SES-index quintiles was calculated. Maternal age groups
were based on the age categories used by the Canadian Institute of Health Information to
disseminate perinatal indicators:*® (1) less than 20 years; (2) 20-34 years; (3) 35-39 years; and (4)
+40 years old. The 20-34 age group was used as reference to study differences in ABO’s
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prevalence by maternal age (we applied independent proportions tests with Bonferroni correction
of p-values).

To identify low, average, and high-ABO occurrence areas, we (1) estimated age-adjusted
standardize prevalence ratios (SPRs) of SGA, PTB, and LBWT per DA; and (2) smoothed the
SPRs by applying an empirical Bayesian approach based on a Poisson random intercept
regression model, which accounts for unstable proportions existing in DAs with low numbers of
births and cases.>” SPRs by DA were based on the age-specific group proportion per ABO in the
whole province and the age group distribution in each DA (see Appendix 1). We labeled low-
and high-ratio areas where the smoothed SPRs were two standard deviations below or above the
corresponding SPR average (=1). The DAs with smoothed SPRs between the low- and high-ratio
areas were labeled as middle-ratio areas. We created maps for displaying the low-, middle- and
high-ratio areas of SGA, PTB and LBWT at the DA-level. The use of smoothed SPRs preserved
individual’s privacy when mapped.

We identified key risk factors in areas of 4igh occurrence by ranking them according to their
attributable fraction (AF). AF values were calculated according to methods described
elsewhere.>*” The AF combines the associative effect (e.g., relative risk or odds ratio) of a
specific risk factor and the proportion of the exposed population to that factor to quantify the
proportion of the disease burden among the exposed people that is attributed to a specific risk
factor (if a causal effect exists and it is not distorted by any bias).*! By calculating AFs, we
assumed that all selected risk factors were causative of the studied ABO. The odds ratios (ORs)
of the maternal risk factors on Spontaneous-PTB, Induced-PTB, SGA, and LBWT, were
estimated by applying a DA-specific logistic random-intercept model. This model accounts for
the exposure to similar unmeasured conditions that are potentially linked to the health outcomes

in mothers living in the same DA. We reported adjusted odds ratios (adjORs); potential
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confounders were identified by creating directed acyclic graphs.*? The associations of the ABOs
with SES-index quintiles and maternal age groups were estimated by logistic regression by using
as reference the highest SES-index quintile (most socially-advantaged areas) for the former, and
the 20-34 age group for the latter. We selected those risk factors with statistically significant
positive associative effect (adjORs > 1) to estimate their prevalence in the low-, middle-, and
high-ratio areas. We tested whether the proportions in the low- and high-ratio areas were
statistically equal compared with their corresponding proportions in the middle-ratio areas by
applying independent proportions tests (with Bonferroni correction of p-values). Reported
confidence intervals are at 95% and are referred to as CI to facilitate the reading of results. We
tested the distribution of cases across the SES-index quintiles and maternal age groups by
applying chi-square homogeneity test. We performed statistical analysis by using Stata (v.13)*

and SPSS (v.22)*, and made maps by using ArcGIS (v.10.4).$

2.3.5 Ethics approval

The study received ethics approval from the University of Alberta Research Ethics Board and
institutional approval from the Alberta Perinatal Health Program (APHP).
24. Results

The total number of births registered in Alberta from 2006 to 2012 was 349,762. Ninety-six
percent (n=334,894) of the births corresponded to singleton live births with a gestational age
between 22 and 42 completed weeks. Approximately 0.5% of these births (n=1,653) had an
invalid postal code and were excluded from the analysis. Births were registered in 4,422 of the
current 5,357 DAs in Alberta. Ninety-nine percent (n=4,396) of those, matched as urban or rural
location and had an SES-index value. Therefore, we included a total of 330,957 singleton live

births with a gestational age between 22 and 42 weeks for further analysis (Figure 2.1). Table 2.1
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shows the corresponding numbers and proportions of the variables included in the study. Most
births occurred in urban locations (88.34%), in the mothers aged 20 to 34 (79.53%), and in the
highest two SES-index quintiles (47.63% vs. 33.77% in the combined SES-index quintiles 1 and
2). The most prevalent conditions during pregnancy were: smoking (16.20%), gestational
hypertension (5.25%), gestational diabetes (5.03%), bleeding before the 20" week (5.06%), and
bleeding after the 20" week (3.26%). Mothers’ weight > 91 kg and other medical disorders were
the pre-pregnancy conditions most relevant (9.21% and 7.25%, respectively). Past preterm and
past abortions were the past obstetrical conditions more frequent (4.46% and 4.20%,

respectively).

2.4.1 Preterm Birth (PTB)

Prevalence of PTB. Table 2.2 shows the results of this section. The period prevalence of

PTB in the province was estimated at 6.82% (CI: 6.49, 7.15). From the PTB cases, 68% were
spontaneous and 32% induced. Among the spontaneous labors, the PTB prevalence was 6.27% (CI:
5.84, 6.69); whereas among the induced labors, the PTB was 6.59% (CI: 5.96, 7.22). Mothers over 40
years old had a statistically higher PTB prevalence (8.95%; CI:6.94, 10.96) compared with the
mothers aged 20-34 (6.54%; CI: 6.17, 6.91) (p=0.004). The prevalence of PTB was statistically
higher in the three lowest SES-index quintiles compared with the highest SES-index quintile: the
PTB prevalence ranged from 8.00% (CI: 7.77, 8.23) in the lowest to 6.11% (CI:5.95, 6.27) in the
highest quintile.

The PTB prevalence in the low-, middle-, and high-ratio areas was: 4.44% (CI: 3.35, 5.53),
6,72% (CI: 6.36, 7.08), and 10.95% (CI: 9.76, 12.13), respectively. Eighty five percent of the
high-PTB ratio areas were urban and mainly located within 10 of the 14 census metropolitan

areas (CMAs) that exist in Alberta (Table 2.2, Figure 2.2).
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PTB’s risk factors: prevalence and key factors. Table 2.3 shows the prevalence of the

positively associated maternal risk factors with PTB, across the three areas of occurrence (low-,
middle, and high-), as well as the proportion of PTB cases by SES-index quintiles and maternal
age-groups. The adjusted-ORs for all variables studied are presented in the Supplementary Table
2.2.

In the case of spontaneous PTB, comparisons between the middle- and the high-PTB ratio
areas showed differences (statistically significant) mainly related to: (i) an increased prevalence
of smoking during pregnancy from 24.2% (CI: 23.4, 25.0) to 36.9% (CI: 34.4, 39.3), and
substance use during pregnancy from 6.3% (CI: 5.8, 6.8) to 11.4% (CI: 9.8, 13.0); (i1) more
proportion of PTB cases in the lowest SES-index from 17.6% (CI: 16.9, 18.3) to 39.3% (CI:
36.9, 41.8); and a more proportion of cases in the age group <20 from 6.3% (CI: 5.8, 6.8] to
8.7% [CI: 7.2, 10.1). Bleeding after the 20™ week and gestational diabetes were maternal
conditions with homogenous prevalence across the areas with values around 13% and 6%
respectively. The factors with the highest AF values were past-preterm (17.6%), smoking during
pregnancy (14.7%), bleeding after the 20" week (10.9%) and living in a low SES-index status
area (9.3%) (Table 2.4).

In the case of the induced PTB, comparisons between the middle- and the high-PTB ratio
areas showed differences (statistically significant) related to: (i) an increased prevalence of
smoking during pregnancy from 19.1% (CI: 17.9, 20.1) to 25.9% (CI: 22.6, 29.2), and substance
use during pregnancy from 3.5% (CI: 3.0, 4.1) to 6.1% (CI: 4.3, 7.8); (ii) more proportion of
PTB cases in the lowest SES-index quintile from 16.0% (CI: 15.0, 17.0) to 36.3% (CI: 32.7,
40.0); and a more proportion of cases in the mothers aged < 20 years from 4.3% (CI: 3.7, 4.8) to
6.8% (CI: 4.9, 8.7). Gestational hypertension and proteinuria were noticeably prevalent across

the three areas of PTB occurrence (=26% and ~14%, respectively), followed by gestational
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diabetes (=10%), and bleeding before or after the 20" week (=7%). The key factors with the
highest AF values were gestational hypertension (18.5%), past preterm (11.6%), and proteinuria

(10.2%) (Table 2.4).

2.4.2 Small for gestational age (SGA)

Prevalence of SGA. Table 2.5 shows the results of this section. The prevalence of SGA

during the study period was 8.92% (CI:8.59, 9.25). In urban settings, the prevalence of SGA was
higher compared with the rural ones (9.20% [CI:8.59, 9.25] vs 6.78% [CI:5.82, 7.77]; p< 0.001).
No significant differences among SGA prevalence according to maternal age groups were
detected when compared with the age group 20-34 (8.88% [CI: 8.52, 9.24]). The prevalence of
SGA was statistically higher in the four lowest SES-index quintiles compared with the highest
SES-index quintile: the SGA prevalence ranged from 10.56% (CI: 10.30, 10.82) in the lowest to
7.78% (CI:7.60, 7.96) in the highest quintile.

The prevalence of SGA in the low-, middle- and high-ratio areas was: 5.44% (CI: 4.36, 6.52),
8.81% (CI: 8.45, 9.17), and 15.23% (CI: 14.01, 16.45), respectively. Ninety-eight percent of the
high-SGA ratio areas were urban and mainly located within five of the 14 of the current census
metropolitan areas (CMAs) in Alberta (Table 2.5, Figure 2.3).

SGA’s risk factors: prevalence and key factors. Table 2.6 shows the prevalence of the

positively associated maternal risk factors with SGA, across the three areas of occurrence, as
well as the proportion of SGA cases by SES-index quintiles and maternal age groups. The
adjusted-ORs for all variables studied are presented in the Supplementary Table 2.3.
Comparisons between the middle- and the high-SGA ratio areas showed, interestingly: (i) a
decrease in the prevalence of maternal risk factors during pregnancy mainly for smoking from

23.3% (CI: 22.7, 23.8) to 14.3% (CI: 13.1, 15.5), and substance use from 4.3% (CI: 4.1, 4.6) to
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2.3% (CI: 1.8, 2.8); (i1) an small increase in the prevalence of mothers’ weight <45 kg from 1.7%
(CI: 1.6, 1.9) to 2.6% (CI: 2.0, 3.1); (ii1) a more proportion of cases in the lowest SES-index
quintile from 15% (CI: 14.5, 15.4) to 45.7% (CI: 44.0, 47.4). By contrast, smoking and substance
use during pregnancy were notably higher in the low-ratio areas compared with the middle-ratio
areas: their corresponding prevalence were: 34.5% (CI: 32.2, 36.7), and 10.4% (CI: 8.9, 11.8),
respectively. Importantly, the prevalence of gestational hypertension was homogenous across the
areas with values around 8.5%. The factors with the highest AF values were: living in areas with
the lowest SES-index (11.6%), smoking during pregnancy (5.7%), gestational hypertension

(4%), past-SGA (2.8%), and pre-pregnancy mothers’ weight <45 kg (1.8%) (Table 2.4).

2.4.3 Low birth weight at term (LBWT)

Prevalence of LBWT. The prevalence of LBWT during the study period was 1.65% (CI:

1.31, 1.99). No significant differences among the LBWT prevalence according to the maternal
age groups were detected compared to the age group 20-34. The prevalence of LBWT was
statistically higher in the three lowest SES-index quintiles compared with the highest SES-index
quintile: the LBWT prevalence ranged from 2.12 % (CI: 1.99, 2.24) in the lowest to 1.40% (CI:
1.32, 1.48) in the highest SES-index quintile. (Table 2.7).

The prevalence of LBWT in the low-, middle- and high-ratio areas was: 0.76% (CI: 0.00,
1.98), 1.51% (CI: 1.14, 1.88), and 3.77% (CI: 2.64, 4.90), respectively (Table 2.7, Figure 2.4).
Ninety-eight percent of the high-ratio areas were urban and mainly located within eight of the 14
census metropolitan areas (CMAs) defined in Alberta in the 2006 geographical framework
(Table 2.7).

LBWT’s risk factors: prevalence and key factors. Table 2.8 shows the prevalence of the

positively associated maternal risk factors with LBWT across the three areas of occurrence, as
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well as the proportion of LBWT cases by SES-index quintiles and maternal age groups. The
adjusted-ORs for all variables studied are presented in the Supplementary Table 2.4.

Comparisons between the middle- and the high-LBWT ratio areas showed: (i) a lightly but
significant decrease in the prevalence of smoking during pregnancy from 2.6% (CI: 2.1, 3.1) to
3.7% (CI: 2.6, 4.8); and (i1) a more proportion of cases in the lowest SES-index quintile from
17.9% (CI: 16.7, 19.0) to 32.2% (CI: 29.5, 35.0). The prevalence of gestational hypertension was
homogenous (= 12%) across the three areas of occurrence (Table 2.8).

The factors with the highest AF values were: smoking during pregnancy (9.7%), living in the
two lowest SES-index areas (9.7% for quintile 1, and 5.9% for quintile 2), gestational
hypertension (7.2%), past-SGA (4.8%), pre-existing other medical disorders (3.2%), past-

preterm (2.9%) and pre-pregnancy mothers’ low weight (2.9%) (Table 2.4).

2.5. Interpretation

This study showed that the areas with the highest statistically-significant ratios of preterm
birth (spontaneous and induced), small for gestational age, and low birth weight at term among
singletons live births, occurred predominantly in urban locations, where 88% of the live births
occurred. Alberta has urbanized more than other provinces in Canada over the last five
decades,*® and around 80% of its population lives in urban settlements.*” These results are
consistent with other reports indicating an elevated SGA occurrence in urban settings in
Canada®®; whereas they contrast with studies that reported a higher incidence of ABO in rural
Canada. For example, Auger and collaborators'® reported higher rates of SGA, PTB and LBW in
the rural locations of Quebec, associated with low education level and after excluding aboriginal
population. Luo and collaborators* reported higher rates of SGA in rural places in Quebec,

associated with the degree of rural isolation where the access to optimal neonatal care could be
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scarce. These contradictory findings support the multifactorial nature of ABO and reinforce the
need to evaluate populations within distinct geographical boundaries.

The maternal risk factors and low area-level socioeconomic status for spontaneous-PTB,
induced-PTB, SGA and LBWT identified in this study, are consistent with findings from other
studies.!>13:16:59-52 For example, smoking during pregnancy and low socioeconomic status have
been reported as important contributors to the three studied ABO by their prevalence and
associated risk (or odds) ratios, while other factors (e.g., past-SGA, bleeding after the 20" week)
that have an high-risk ratio are, generally, less prevalent in the population. Thus, the prevalence
of smoking during pregnancy, that was estimated at 16%, keeps this factor as an important
contributor to ABO, even though its prevalence has reduced over time when compared to the
26% reported in 1994 to 1996.% It is important to note that in addition to lifestyle factors and
socioeconomic status, the prevalence of pregnant women aged 35 or older (=15%) has increased
with respect to the 11.8% reported in Alberta in 1994 t01996,% but its contribution to ABOs
cases was unnoticeable. Another maternal factor that deserves mention by its prevalence is
gestational hypertension. This factor has remained relatively stable (5 to 6%) over time in
Alberta as reported for the Calgary Health Region from 1994 to 2005.%

With respect to PTB, the high number of maternal risk factors significantly affecting PTB
emphasizes the differing nature of the pathological processes involved in spontaneous and
induced PTB.>!® For example, proteinuria was a significant risk factor only for induced-PTB; on
the contrary, smoking and substance use during pregnancy, bleeding after the 20" week and
gestational diabetes were relevant risk factors for spontaneous PTB.

In the case of SGA, two interesting patterns were observed. The first was related to the high
prevalence of smoking and substance use during pregnancy in the /ow-ratio areas, where the

prevalence of young mothers (<20 years old), and maternal pre-pregnancy weight >91 kg in low
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SES-index were 12% and 13%, respectively (data not shown in the results), and above the
corresponding averages (4.5% and 9.2% respectively). Although a global reduction in tobacco
use by women in high-income countries from 2007 to 2013 has been reported by the World
Health Organization,** an increment of smoking during pregnancy in young girls has been
observed in low and medium-high income countries.>® On the other hand, the protective effect of
having an excess of pre-pregnancy weight in combination with excessive gestational weight gain
on having small for gestational age babies in non-Hispanic women has been reported
elsewhere.’® However, a high prevalence of maternal pre-pregnancy weight > 91 kg, which has
been previously reported in rural areas across Canada,®® in combination with gestational diabetes
are associated with large-for-gestational-age (weights at or above the 90" percentile of a
reference according to gender and gestational age). Unfortunately, we did not include large-for-
gestational-age in this study despite its known associated increased risk of intrauterine death or
developing obesity, diabetes and other diseases (i.e., cancer) later in life.*” These results suggest
that the interplay among maternal age, weight, and smoking and socioeconomic status must be
further studied in conjunction with other factors such as diet and ethnicity. The second pattern
relates to the high ratios for SGA exclusively observed in five metropolitan areas including
Calgary and Edmonton. The concentration of elevated SGA occurrence in the main census
metropolitan areas of Alberta may be related to other unmeasured factors that may deserves
attention. For example, demographical factors such as immigrant populations continuously arrive
to Alberta. Immigration has been growing in Alberta for the last decade (between 2000 and
2007, Alberta received 7% of the total immigrants to Canada who have concentrated mainly in
Calgary and Edmonton).>” The concentration of South Asian and Chinese populations had
considerable growth in Calgary and Edmonton from 2006 to 2011 according to researchers>®>°

who have analyzed the geographic changes of ethnic enclaves in Canadian cities over time. In
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this regard, one potential explanation about having small babies from recent immigrants relies on
the intergenerational influences of a small maternal structure with intrauterine and infant growth
failure after adjusting for socioeconomic status.®%¢!

In the case of LBWT, the low rates we are reporting (<2%) are due to focusing on LBW at
term to avoid the inclusion of PTB cases with LBW. Despite the low number of LBWT cases
analyzed, it is important to highlight the co-occurrence of significant higher prevalence of
mothers’ weight <45 kg in combination with low socioeconomic status in the high-ratio areas,
which may suggest that the interaction between these conditions deserve further exploration.

Finally, it is important to note that single maternal risk factors explored occurred in, at most,
18.5% of cases in the exposed group. For the area-level socioeconomic status, at most 12% of
cases in the exposed group occurred in the lowest status. By considering that all the maternal and
area-level risk factors did no act independently, and that other aspects affected the estimates of
AF values (e.g., other non-accounted sources of bias), it may be incorrect to sum their AF values
to estimate to what extent the complete set of those risk factors account for the ABO cases.
Currently, attributable fractions estimation is an issue of considerable attention by theoretical
epidemiologists and cautions must be taken in using AFs and in interpreting the resulted
values.®® However, it is apparent that they would not explain the totality of the ABO cases in the
exposed group. It is probable that other unmeasured factors (e.g., diet, immigration status, air
pollution) and their interactions may play a relevant role, which need to be elucidated to better

understand the ABO occurrence in the province.

2.6.  Strengths and limitations
A significant strength of this study is the use of the birth registry of the Alberta Perinatal

Health Program, which covers the entire population of births in Alberta, whether in hospital or
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planned home births with a registered midwife, and its quality in registering relevant mother’s
information about the past obstetrical history, pre-existing medical conditions and pregnancy-
related health events. Additionally, the use of the Dissemination Areas for aggregating cases may
ensure future comparability with other related research since they are stable geographical units.
Besides, these areas are the smallest standard geographic boundaries in Canada for which all
census data are disseminated, which could facilitate to combine health data with socioeconomic
information when geographical analysis is required. However, it is important to emphasize that
estimations of rates (e.g., SPR) are affected by the size and shape of the geographical units
chosen for aggregating the data® and by the size of populations within the areas.®* In this regard,
the use of smoothing methods of the age-standardized prevalence ratio may produce more
precise estimates of occurrence.”

Limitations of this study are related to (i) the absence of data about other important maternal
risk factors for ABOs such as nutritional habits, and ethnicity; (ii) potentially inaccurate data
provided by the mothers in their historical data; (iii) probable underestimation of smoking and
substance use during pregnancy due to these information is self-reported at the time of labour
and delivery, being probable that some mothers do not admit to smoking and/or substance use
because of social pressures; (iv) over-representation of new and second generation Canadians in
certain DAs who may have higher rates of SGA using standardized Canadian charts®?; (v)
misclassification bias in urban/rural locations of the mothers’ postal codes having babies after
2006, since we based our geocoding on the 2006 geographical framework when the SES-index
was created; and (vi) probable overestimation of the prevalence of maternal risk factors related to
the past-obstetrical history (e.g., past-PTB) and pre-medical conditions (e.g., pre-diabetes) -
affecting the estimation of their corresponding related odds ratios- since I was unable to

identified mothers having more than one baby during the study period by using de-identified
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maternal data. These limitations must be considered for future studies aimed to configuring

target interventions.

2.7. Conclusions

Our study indicated that the areas with high occurrence in SGA, PTB, and LBWT in Alberta
were predominantly urban. Low area-level socioeconomic status, smoking during pregnancy,
and gestational hypertension are relevant conditions for the ABO occurrence in the province. The
high prevalence of smoking and substance use during pregnancy observed in the low-ratio areas
of SGA may indicate that the solely prevalence of these factors is not enough to explain the
potential occurrence of SGA. Additionally, the attributable fractions of the maternal risk factors
explored and area-level SES index, suggests that other unmeasured factors (e.g. diet, ethnicity,
air pollutants) and risk factor interactions could be investigated for better understanding the

occurrence of adverse birth outcomes in Alberta.
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Table 2.1 Prevalence (%) of the variables included in the study. Alberta, 2006-2012.

Category Subcategory/variable n %!

Type of location
Urban 292,357 88.34
Rural 38,600 11.66
Province 330,957 100.00

Age groups
<20 15,079 4.56
20-34 263,218 79.53
35-39 43,976 13.29
>40 8,684 2.62

SES-index quintiles
1 (most disadvantaged) 52,379 15.83
2 59,385 17.94
3 61,548 18.60
4 74,700 22.57
5 (most advantaged) 82,945 25.06

Current pregnancy
Smoker 53,174 16.20

Gestational hypertension 17,242 5.25
Bleeding before the 20th week 16,617 5.06
Gestational diabetes 16,507 5.03
Bleeding after the 20th week 10,700 3.26
Substance use 10,746 3.25
Proteinuria 6,520 1.99
Anemia 2,422 0.74
Blood antibodies 1,102 0.34
Pre-pregnancy

Mothers' weight > 91kg 30,235 9.21
Pre-existing other medical disorders 23,982 7.25
Pre-existing diabetes 3,199 1.00
Pre-existing hypertension 2,775 0.84
Mothers' weight < 45kg 2,041 0.60

Past obstetrical history
Past preterm 14,626 4.46
Past abortions 13,779 4.20
Past stillbirths 3,182 0.97
Past SGA 2,268 0.69
Neonatal deaths 1,784 0.54

'Most percentages are based in N =330,957, but denominator could vary for some variables with missing values.



Table 2.2 Prevalence (%) of preterm birth (PTB). Alberta, 2006-2012.

Category subcategory/variable cases (#) (%) 95%CI
by Type of area
Province 22,560 6.82 [6.49, 7.15]
Urban 19,924 6.81 [6.46, 7.16]
Rural 2,636 6.83 [5.87,7.79]
by PTB-type
Spontaneous 12,374 6.27 [5.84, 6.69]
Induced 5,909 6.59 [5.96, 7.22]
by Age groups
<20 1,187 7.87 [6.33, 9.40]
20 - 34 17,215 6.54 [6.17,6.91]
35-39 3,381 7.69 [6.79, 8.59]
>40 777 8.95! [6.94, 10.96]
by SES-index
1 (most disadvantaged) 4,191 8.002 [7.77, 8.23]
2 4,186 7.05? [6.84, 7.26]
3 4,245 6.91? [6.71,7.11]
4 4,862 6.51 [6.33, 6.69]
5 (most advantaged) 5,067 6.11 [5.95, 6.27]
by PTB-ratio areas
Low [SPR = 0.88] 1,381 4.44 [3.35,5.53]
Middle [SPR = 1.00] 18,519 6.72 [6.36, 7.08]
High [SPR = 1.13] 2,660 10.95 [9.76,12.13]

The high-ratio areas
predominantly occurred in the

following CMAs?
Lethbridge 19 16.96  [10.01,23.92]
Wood Buffalo 16 14.29 [7.80, 20.77]
Edmonton 901 12.55  [11.78,13.31]
Canmore 14 12.28 [6.26, 18.31]
Grande Prairie 33 11.19 [7.59, 14.78]
Brooks 22 10.95 [6.63, 15.26]
Calgary 919 10.30 [9.67,10.93]
Okotoks 36 9.47 [6.53,12.41]
Wetaskiwin 30 9.35 [6.16, 12.53]
Red Deer 52 8.97 [6,64, 11.29]

! significant higher vs. the 20-34 age category (p<0.0167 after Bonferroni’s correction).
2 significant higher vs. the highest SES-index quintile (p<0.0125 after Bonferroni’s correction).

3 exclusively the high-ratio areas with more than 5 cases were reported because of confidentiality issues



Table 2.3 Prevalence (%) of the positively associated maternal variables with spontaneous- or

induced-PTB, and proportion of cases by SES-quintiles and age groups, in the low-, middle-, and
high-PTB ratio areas. Maternal variables ordered by the prevalence in the middle-ratio areas of

spontaneous cases within maternal-categories. Alberta, 2006-2012.

Spontaneous PTB (12,374)

Induced PTB (5,909)

low middle high low middle high
(761) (10,126) (1,487) [ (342) (4,890) (677)
Category subcategory/variable % % % % % %
Current pregnancy
Smoking during pregnancy | 14.6 242 36.9 14.4 19.1 25.9
Bleeding after the 20" week ~ 14.3 133 12.9 5.6 6.7 6.8
Bleeding before the 20" week  10.6 9.8 6.2 8.5 7.6 6.2
Gestational diabetes 6.6 6.6 6.9 8.8 9.9 10.8
Substance use during pregnancy 33 6.3 11.4 2.6 3.5 6.1
Gestational hypertension 2.9 3.2 2.2 24.9 27.6 28.5
Proteinuria 1.7 1.2 0.5 15.5 13.7 15.4
Anemia 0.6 1 1.7 2.1 1.3 1.2
Blood antibodies 0.8 0.4 0.5 1.5 | 1.3
Pre-pregnancy
Pre-existing other medical disorders 8.9 8.9 8.8 14.9 13.3 11.2
Pre-existing diabetes 2.1 1.9 2.4 2.9 3 3.8
Mothers” weight < 45kg 0.4 1.1 1.4 0.6 1 1.6
Pre-existing hypertension 0.5 0.9 0.7 4.7 4 2.8
Past obstetrical history
Past-preterm  17.8 18.2 20.8 13.5 11.7 14.6
Past-abortions 4.4 59 7.6 4.7 4.8 5.3
Past-stillbirths 2 2.1 2.9 2.1 2.4 3.4
Neonatal deaths 1.9 1.4 1.6 1.2 0.9 1.6
Past-SGA 1.1 0.8 0.9 24 1.7 1.3
SES-index quintiles
1 (most disadvantaged) 3.2 17.6 39.3 4.7 16 36.3
2 10.1 19.6 14.1 9.9 20 16
3 192 18.6 19.0 17.8 19 16.4
4 216 22.2 18.8 23.4 21.5 21.1
5 (most advantaged: reference)  46.0 22.0 8.7 44.2 23.5 10.2
Age group (in years)
<20 5.4 6.3 8.7 53 43 6.8
20-34 80.8 77.6 71.7 77.2 71.7 77.8
35-39 113 13.6 10.9 13.7 14.8 10.8
>40 2.5 2.6 2.7 3.8 3.2 4.6

In parentheses, the number of cases by area of occurrence. In green, the percentages significantly lower; in yellow,

the percentages significantly higher. Both vs. the corresponding proportions in the middle-ratio areas (Level of
significance was 0.003 after Bonferroni’s correction). The distribution of PTB cases across the SES-index

categories was not homogenous (Chi-square test of homogeneity: p < 0.001). The distribution of PTB cases across
the age categories was not homogenous (Chi-square test of homogeneity: p = 0.001).
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Table 2.4 Total attributable fractions (AF in %) for variables positively associated with the

adverse birth outcomes. Alberta, 2006-2012.

Category Risk factors

Current Pregnancy

Smoking during pregnancy

Bleeding after the 20th week
Substance use during pregnancy
Gestational diabetes

Bleeding before the 20th week
Gestational hypertension

i

1.4
1
0.5

Anemia
Blood antibodies 0.8 _
Proteinuria 10.2 0.72 1.1
Pre-pregnancy Pre-existing other medical disorders 4.1 1.1 3.2
Pre-existing diabetes 2.2
Mothers weight < 45kg 0.7 1.8 2.9
Pre-existing hypertension 1.8 0.6
Past-obstetrical history Past preterm 11.6 0.7 2.9

Past abortions
Past stillbirths
Neonatal deaths

1.8

J 0.63

. 5 0.
03] 07| 2 4.8
5.9
1.6

1.2
5

8
2.8
1.8

Past-SGA
SES-index quintiles SES-index 1 (most disadvantaged) 9.3 3.9
2 1.7
3 2.0
4 1.6
5 (most advantaged: reference)
Age group (in years) <20 2.3
20-34 (reference)
35-39 1.5 1.41
>40 0.8 0.86

1.6
s |
h 0.6

Empty cells = not applicable because OR is < 1.0 or because it is a reference condition

'S-PTB = Spontaneous-PTB
21-PTB = Induced-PTB
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Table 2.5 Prevalence (%) of small for gestational age in Alberta, 2006-2012.

Category n (# cases) % 95%CI
by Type of area
Province 29,509 8.92 [8.59, 9.25]
Urban 26,893 9.20 [8.85,9.55]
Rural 2,616 6.78 [5.82,7.77]
by Age groups
<20 1,453 9.64 [8.12,11.16]
20-34 23,364 8.88 [8.52,9.24]
35-39 3,854 8.76 [7.87,9.65]
>40 838 9.65  [7.65,11.65]
by SES-index
1 (most disadvantaged) 5,530 10.56' [10.30, 10.82]
2 5,638  9.49! [9.25,9.73]
3 5,492 8.92! [8.70,9.15]
4 6,399  8.57! [8.37, 8.77
5 (most advantaged) 6,450 7.78 [7.60, 7.96]
by SGA-ratio areas
Low [SPR =0.78] 1,703 5.44 [4.36, 6.52]
Middle [SPR = 1.01] 24,458 8.81 [8.45,9.17]
High [SPR = 1.28] 3,348 15.23 [14.01, 16.45]

The high-ratio areas predominantly
occurred in the following CMAs:?

Edmonton 430 17.15 [15.67,18.62]

Red Deer 19 17.12 [10.11,24.12]

Brooks 26 15.85 [10.26,21.44]

Wood Buffalo 16 1524  [8.36,22.11]

Calgary 2,691 1491 [14.39, 15.43]
Overall 3,182

U'significant higher vs. the highest SES-index quintile (p<0.0125 after Bonferroni’s correction).
2 exclusively the high-ratio areas with more than 5 cases were reported because of confidentiality issues
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Table 2.6 Prevalence (%) of the positively associated maternal variables with SGA, and

proportion of cases by SES-quintiles and age groups, in the low-, middle-, and high-SGA ratio
areas. Maternal variables ordered by the prevalence in the middle-ratio areas within maternal-
categories. Alberta, 2006-2012.

Low Middle High
(1,703) (24,458) (3,348)
Category variable/subcategory % % %
Current pregnancy
Smoking during pregnancy 34.45 23.27 14.27
Substance use during pregnancy 10.39 4.33 2.27
Proteinuria 4.47 3.53 2.20
Gestational hypertension 8.46 8.23 9.24
Pre-pregnancy
Pre-existing other medical disorders 8.04 8.38 7.41
Pre-existing hypertension 1.53 1.10 0.96
Mothers' weight <45Kg 1.31 1.73 2.59
Past obstetrical history
Past preterm 5.24 4.31 4.00
Past-SGA 2.68 2.60 3.28
Past stillbirths 1.25 0.91 1.02
Neonatal deaths 0.66 0.52 0.54
SES-index quintiles
1 (most disadvantaged) 20.14 14.96 45.67
2 13.45 19.82 16.79
3 17.67 18.99 16.31
4 14.21 22.81 17.23
5 (most advantaged: reference) 34.53 23.42 4.00
Age group (in years)
<20 8.40 491 3.26
20-34 79.74 78.95 80.56
35-39 9.86 13.23 13.47
>40 2.00 2.92 2.72

In parentheses, the number of cases by area of occurrence. In green, the percentages significantly lower; in yellow,

the percentages significantly higher. Both vs. the corresponding proportions in the middle-ratio areas (Level of

significance was 0.003 after Bonferroni’s correction). The distribution of SGA cases across the SES-index groups

was not homogenous (Chi-square test of homogeneity: p < 0.001). The distribution of SGA cases across the age

groups was not homogenous (Chi-square test of homogeneity: p < 0.001).
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Table 2.7 Prevalence (%) of low birth weight at term. Alberta, 2006-2012.

Category n (cases) % 95%CI
by Type of area
Province 5,453 1.65 [1.31, 1.99]
Urban 4,989 1.71 [1.35,2.07]
Rural 464 1.20 [0.21,2.19]
by Age groups
<20 267 1.77 [0.19, 3.35]
20 - 34 4,239 1.61 [1.23,1.99]
35-39 745 1.69 [0.76, 2.62]
>40 202 2.33 [0.25,4.41]
by SES-index
1 (most disadvantaged) 1,110 2.12! [1.99, 2.24]
2 1,084 1.831 [1.72, 1.94]
3 979 1.591 [1.49, 1.69]
4 1,116 1.49 [1.40, 1.58]
5 (most advantaged) 1,164 1.40 [1.32,1.48]
by LBWT-ratio areas
Low [SPR =0.86] 195 0.76 [-0.46, 1.98]
Middle [SPR = 1.00] 4,169 1.51 [1.14, 1.88]
High [SPR = 1.17] 1,089 3.77 [2.64, 4.90]

The high-ratio areas predominantly
occurred in the following CMAs?

Lethbridge 28 6.19 [3.97, 8.42]
Medicine Hat 8 5.59 [1.83,9.36]
Wood Buffalo 7 5.19 [1.44, 8.93]
Calgary 556 3.92 [3.60, 4.24]
Red Deer 31 3.66 [2.39,4.92]
Edmonton 248 3.64 [3.20, 4.09]
Grande Prairie 30 2.98 [1.93,4.03]
Lloydminster 7 2.69 [0.72, 4.66]
Overall 915

U'significant higher vs. the highest SES-index quintile (p<0.0125 after Bonferroni’s correction).
2 exclusively the high-ratio areas with more than 5 cases were reported because of confidentiality issues



Table 2.8 Prevalence (%) of the positively associated maternal variables with LBWT, and
proportion of cases by SES-quintiles and age groups, in the low-, middle-, and high-LBWT ratio
areas. Maternal variables ordered by the prevalence in the middle-ratio areas within maternal-
categories. Alberta, 2006-2012.

LBWT-ratio areas

Maternal variable Low (195)* (Zd,i%gl)i (ll})lsg;l) .
% % % AF (%)
Current pregnancy
Smoking during pregnancy 23.32 26.89 22.05 9.73
Gestational hypertension 13.99 12.29 11.8 7.21
Gestational diabetes 5.70 6.47 5.54 1.04
Substance use during pregnancy 6.15 5.88 5.05 1.39
Bleeding before the 20"-week 5.70 5.84 4.80 0.51
Proteinuria 5.70 4.63 3.97 1.13
Blood antibodies 0.52 0.48 0.65 0.24
Pre-pregnancy
Pre-existing other medical disorders 8.21 10.79 9.55 3.18
Mothers’ weight < 45kg 0.52 2.58 3.69 2.86
Pre-existing hypertension 2.56 1.54 1.29 0.59
Past obstetrical history
Past-preterm 8.29 6.73 6.46 2.93
Past-SGA 3.63 5.04 5.35 4.78
Past-stillbirths 1.55 1.35 1.48 0.63
Neonatal deaths 1.04 0.58 0.74 0.22
SES-index quantiles
1 (most disadvantaged) 7.69 17.85 32.23 9.69
2 12.31 17.99 28.47 5.87
3 12.31 17.77 19.65 1.62
4 13.85 23.55 9.83 NA
5 (most advantaged: reference) 53.85 22.84 9.83 NA
Age group (years)
>20 5.64 4.97 4.50
20-34 77.95 76.88 80.99
35-39 11.79 14.03 12.58
>40 4.62 4.13 1.93

In parentheses, the number of cases by area of occurrence. In green, the percentages significantly lower; in yellow,

the percentages significantly higher. Both vs. the corresponding proportions in the middle-ratio areas (Level of

significance was 0.003 after Bonferroni’s correction). The distribution of LBWT cases across the SES-index groups
was not homogenous (Chi-square test of homogeneity: p < 0.001). The distribution of LBWT cases across the age
groups was not homogenous (Chi-square test of homogeneity: p = 0.01).
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Figure 2.1 Flow diagram for obtaining the study population.

Births in Alberta
2006 to 2012
N =349,762

Singleton live births with
gestational age from 22 to 42

Geo-database

weeks 3 A
n = 334,894 5,357 DAs
With valid postal code
n= 333,247
in 4,422 DAs

!

SES-index database (2006)
by DAs classified as urban or rural

Final match
n=2330,957
in 4,396 DAs
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Figure 2.2 Low-, middle- and high-ratio areas for Preterm Birth in Alberta, 2006 to 2012.
Standardized prevalence ratios (SPR) are values after smoothing.

0 10 20 30
\\i\‘ - I = | |
PR
i i'%ﬁ' E\
%
y Fort McMurray
el
\
Fort McMurray
 Formetumay,.
el N |
r : _ﬁ

Grande Prairié

5 Ig !
T f;ﬁf L

17y

" Edmonton
W
] ‘_.4 F
_ - Lo
i R S
. Al

S
Bl _Calgary

Standardized

Prevalence Ratios
(SPR) by
Dissemination Areas
Preterm Birth

| Null

B Low (SPR =0.88)
200 300

. Mid (SPR = 1.00)
I High (SPR = 1.13) R ' Lethbridge




Figure 2.3 Low-, middle- and high-ratio areas for Small for Gestational Age in Alberta, 2006 to
2012. Standardized prevalence ratios (SPR) are values after smoothing.
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Figure 2.4 Low-, middle- and high-ratio areas for Low Birth Weight at Term in Alberta, 2006 to
2012. Standardized prevalence ratios (SPR) are values after smoothing.
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Supplementary Table 2.1. Classification of the maternal variables evaluated.

Category Variable Definition
Current Pregnancy Anemia Anemia (HGB<100 gm/I)
Blood antibodies Blood antibodies (RH, Anti C, Anti K, etc.)
Bleeding before the 20"-week Bleeding < 20 weeks
Bleeding after the 20™-week Bleeding > 20 weeks

Gestational hypertension
Gestational diabetes
Proteinuria

Smoking

Substance use during

Pregnancy induced hypertension

Gestational diabetes

Proteinuria > 1+

Smoker anytime during pregnancy

Alcohol > 3 drinks on any one occasion during pregnancy OR Alcohol > 1 drink per day
throughout pregnancy OR Drug dependent, inappropriate or excessive use of any substance
which may adversely affect the outcome of the pregnancy.

Pre-pregnancy

Mothers' weight > 91kg
Mothers' weight < 45kg
Pre-existing diabetes
Pre-existing hypertension
Pre-existing other medical
disorders

Gravida

Weight > 91 kg

Weight < 45kg

Diabetes controlled by diet OR insulin dependent diabetes

Diagnosis of pre-pregnancy hypertension OR anti-hypertensive drugs used

Pre-existence of heart disease-symptomatic OR chronic renal disease OR other medical
disorders (e.g. epilepsy, severe asthma, lupus, Crohns disease) OR acute medical disorder
(acute Asthma, Thyrotoxicosis, UTI, etc.)

Total number of pregnancies, including the current pregnancy regardless of gestation or
outcome.

Past obstetrical history

Neonatal deaths
Parity

Past-abortions
Past-preterm
Past-SGA
Past-stillbirths

Neonatal death(s)

Total number of previous pregnancies that progressed beyond 20 weeks’ gestation,
regardless of outcome.

Abortion between 12 to 20 weeks and under 500 gr. birth weight

Delivery at 20- 37 weeks

Small for gestational age as recorded on antepartum risk assessment.

Stillbirth(s)
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Supplementary Table 2.2 Association between maternal variables and SES-index with PTB (spontaneous and induced).

Spontaneous -PTB Induced-PTB
Maternal variable OR! 95%CI OR! 95%CI adjusted for!:
Current pregnancy
Bleeding after the 20" wk. 6.55 [6.16,6.96 [ ]
Gestational diabetes 2.54 [2.35,2.74 [ ]
Bleeding before the 20" wk. 2.21  [2.07,2.36 1.49 [1.34,1.65]
Blood antibodies 2.04 [1.53,2.72 2.64 [2.01,3.46]

] 2.41

]

]

]
Gestational hypertension 1.97 [1.76,2.20] 2.85 [2.68,3.03] Age

]

]

]

]

]

1.22

2.15,2.69

1.11, 1.33] Age

Smoking during pregnancy 1.66 [1.58,1.74 1.29 [1.20,1.39] Age, SES-index, substance use
Substance use during pregnancy 1.65 [1.53,1.79 1.06 [0.92,1.24] Age, smoking, SES-index
Anemia 142 [1.17,1.72 1.68 [1.32,2.14] Age, bleeding before & after 20" wk.
Proteinuria 0.93 [0.78,1.11 2,99 [2.71,3.30]
Use of ACT 0.88 [0.85,0.92 ]

Pre- and gestational diabetes & hypertension

1.01 [0.95,1.06] Age

Pre-pregnancy
Pre-existing diabetes 4.45 [3.84,5.16] 234 [1.99,2.75] Age
Pre-existing hypertension 2.58 [2.09,3.19] 290 [2.51,3.36] Age, smoking, substance use, SES-index
Mothers' weight < 45kg 1.66 [1.38,1.99] 1.71 [1.30,2.24] Age, SES-index, smoking, substance use
Pre-existing other medical disorders 1.60 [1.50,1.71] 1.58 [1.46,1.72] Age
Mothers' weight > 91kg 1.03  [0.96,1.11] 0.85 [0.78,0.92] Age
Past obstetrical history
Past preterm 6.69 [6.33,7.08] 4.83 [4.39,531] Age, parity
Past stillbirths 3.21  [2.80, 3.68] 211 [1.77,2.54] Age, parity
Neonatal deaths 3.19 [2.70,3.79] 229 [1.72,3.05] Age, parity
Past abortions 1.58 | ] 1.07 [ 1] Age
Past SGA 1.57 [ ] 212 [ 1 Age, parity
Gravida 1.11  [1.09,1.12] 1.05 [1.04,1.07] Age
Parity 1.06 [ ] 1.01 [ ] Age

SES-index quintiles

1 (most disadvantaged) 1.31 [1.23,1.38] 112 [1.03,1.22]  Rural residence, age,
2 1.14 [1.08, 1.21] 1.07 [0.99, 1.16] smoking’ substance use
3 1.12  [1.06, 1.19] 1.05 [0.97,1.14]
4 1.09 [1.03,1.15] 1.02  [0.94,1.11]
5 (most advantaged: reference) 1.00

! Confounders for adjusting odds ratios per variables were selected as informed by direct acyclic graphs (DAG).
Bold indicates significant ORs (p-value < 0.05).
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Supplementary table 2.3. Association between maternal variables and SES-index with SGA. Alberta (2006-2012).

Maternal variable aOR! 95%CI adjusted for':

Current pregnancy
Gestational hypertension 1.75 [1.67,1.83] Age
Smoking during pregnancy  1.66 [1.61, 1.71]  Age, SES-index, substance use
Proteinuria 149 [1.38,1.61] Pre-hypertension, gestational hypertension
Substance use during pregnancy 1.17 [1.09,1.24] Age, SES-index, smoking
Bleeding before the 20™-week  1.00  [0.94, 1.05]
Use of ACT 1.00 [0.97,1.02] Age
Bleeding after the 20™-week 0.98 [0.92, 1.05]
Anemia 0.91 [0.78,1.05] Age
Blood antibodies 0.91 [0.73,1.13]
Gestational diabetes  0.91  [0.85,0.96] Age
Pre-pregnancy
Mothers' weight < 45kg 3.42 [3.09,3.79] Age, smoking, substance use, SES-index
Pre-existing hypertension 141 [1.26,1.59] Age, smoking, substance use, SES-index
Pre-existing other medical disorders 1.17 [1.12,1.22] Age
]
]

Pre-existing diabetes 0.62 [0.54,0.75] Age
Mothers' weight >91kg ~ 0.49 [0.47,0.52] Age
Past obstetrical history

Past SGA 6.40 [5.84,6.99] Age, parity
Past stillbirths 1.31 [1.15,1.49] Age, parity
Neonatal deaths 1.30 [1.10,1.55] Age, parity
Past preterm 1.22  [1.14,1.29] Age, parity
Past abortions 1.02  [0.96,1.08] Age, parity
Gravida  0.89 [0.88,0.90] Age
Parity  0.80 [0.79,0.81] Age

SES-index quintile
Rural residence, age, smoking,

1 (most disadvantaged) 1.34 [1.29, 1.39] substance use
2 1.20 [1.16, 1.25]
3 1.12  [1.08, 1.16]
4 1.10 [1.06, 1.14]

5 (most advantaged: reference) 1.00

! Confounders for adjusting odds ratios per variables were selected as informed by direct acyclic graphs (DAG). Bold indicates significant ORs (p-value < 0.05).
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Supplementary table 2.4 Association between maternal variables and SES-index with LBWT. Alberta, 2006 to 2012.

Maternal variable OR! 95%CI Adjusted? for:

Current pregnancy
Gestational hypertension 2.57  [2.36,2.79] Age
Smoking during pregnancy 1.79  [1.67,1.91]  Age, SES-index, substance use
Blood antibodies 1.57 [1.07,2.29]
Proteinuria 1.40  [1.21,1.61]  Pre- and gestational hypertension, gestational diabetes
Substance use during pregnancy 1.38  [1.22,1.56]  Age, SES-index, smoking

Bleeding after the 20" week 1.28  [1.12, 1.46]

Gestational diabetes 1.23  [1.10, 1.37] Age
Bleeding before the 20 week 1.12  [1.00, 1.26]

Anemia 0.84 [0.60,1.19] Bleeding before and after the 20" week

Pre-pregnancy
Mothers' weight <45kg 4.47  [3.76,5.32]  Age, smoking, SES-index, substance use
Pre-existing hypertension 1.83  [1.47,2.28]  Age, smoking, substance use, SES-index
Pre-existing other medical disorders 1.50  [1.37,1.64] Age
Pre-existing diabetes 0.91  [0.68, 1.21] Age
Mothers' weight >91kg  0.53  [0.46,0.59] Age
Past obstetrical history

Past SGA 9.45 [8.29,10.78] Age, parity
Past preterm 1.83  [1.64,2.05]  Age, parity
Past stillbirths  1.75  [1.38,2.21]  Age, parity
Neonatal deaths 1.43  [1.02,2.02]  Age, parity
Past abortions 1.14  [1.00, 1.30]  Age, parity
Gravida 0.94 [0.92,096] Age
Parity 0.87 [0.84,0.89] Age

SES-index quintiles
1 (most disadvantaged) 1.43 [1.31,1.56] Rural residence, age, smoking, substance use
2 126 [1.16,1.37]
3 1.09 [1.00,1.19]
4 1.05 [097,1.15]
5 (most advantaged: reference)

Age groups (20-34: reference)
<20 1.10 [0.97,1.25]
35-39 1.05 [0.97,1.14]
>40 1.45 [1.26,1.68]

I Confounders for adjusting odds ratios per variables were selected as informed by direct acyclic graphs (DAG). Bold indicates significant ORs (p-value < 0.05).
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Chapter 3

3. Associations between maternal residential proximity to air-pollutant
mixtures from industrial sources and preterm birth and small for
gestational age

3.1. Abstract

Background. The effect of mixtures of chemicals released into the air from industrial sources on
adverse birth outcomes has been barely studied. The objectives of this study were (i) to
characterize mixtures of chemicals released into the air by industrial facilities in Alberta during
2006 to 2012; (ii) to estimate their associations with small for gestational (SGA) spontaneous
preterm birth (sPTB), and induced preterm birth (iPTB) for informing future research.

Methods: I used data from the Canadian National Pollutant Released Inventory. I grouped 133
chemicals released to the air by industrial facilities into ten broader chemical classes (NOz, SO:,
CO, PM, VOCs, PAHs, metals, other inorganics, nitrosamines/ethers/alcohols, and other
organics). | applied cluster analysis based on proportions of the ten chemical classes in the
annual emissions per facility to profile the mixtures. Birth data were based on 330,257 singletons
live births registered in the province. We used maternal residential proximity (10-km buffer) to
assign exposure to the sources of the mixtures and multivariable logistic regression for
estimating the associations of the group of mixtures with SGA, sPTB and iPTB in three areas of
occurrence (low-, medium, and high-ratio), adjusted for the relevant maternal covariates and
area-level socioeconomic status previously identified (chapter 2).

Results: A total of 6,259 facilities overall emitting 133 chemicals were classified into 52
mixtures. These mixtures were subsequently grouped into nine groups of mixtures based on the
predominant chemical class (the chemical class with > 60% of the proportional content) in the

emissions. The groups of mixtures were: NO>-mixtures, CO-mixtures, SO2-mixtures, PM-
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mixtures, VOCs-mixtures, Metals-mixtures, Other inorganics-mixtures, Other organics-mixtures,
and Heterogeneous-mixtures. Results showed that mixtures containing a high proportion (=60%)
of NO», or PM, or CO were the most common (83% of the facilities) and represented 33% of the
emissions. They were densely present across the province and were emitted mainly from the oil-
and energy-related sectors. Mixtures having a high proportional content of VOCs, metals, other
organics and other inorganic chemicals, were scarce (they represented 0.24% of the total
emissions) and mainly emitted in the major cities and not linked to the oil- and energy-related
sectors. The VOCs-mixtures were associated with a 37% (95% CI: 11-69%) increase in the odds
of SGA. Metals-mixtures, other inorganic-mixtures, and other organic-mixtures were associated
with a 17% (95% CI: 5-30%), 17% (95% CI: 6-28%), and 24% (95% CI: 9-41%), respectively,
increase in the odds of iPTB. PM-mixtures were positively associated with SGA (OR=1.08;
95%CI [1.02, 1.13]). Heterogeneous-mixtures were positively associated with spontanecous PTB
(OR=1.36; 95%CI [1.13, 1.63]).

Conclusion: In summary, over one hundred of chemicals were released into the air by industrial
facilities. Gases (NO», CO, SO,) and PM were the main components in the mixtures. Groups of
mixtures with high proportional content of VOCs, metals, other organics, and other inorganic
substances were sparse, but were associated with SGA the first one, and with iPTB the rest.
Heterogeneous-mixtures were positively associated with sPTP and PM-mixtures were positively
associated with SGA. These results may motivate and justify further research for studying
associations between mixtures of hazardous chemicals released into the air from industrial

sources and adverse birth outcomes.
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3.2 Introduction

The associations of mixtures of hazardous chemicals released into the air by industrial
facilities on adverse birth outcomes (ABOs) such as preterm term birth (PTB) and small for
gestational age (SGA) have been barely studied.!* The research in air pollution and perinatal
epidemiology has tended to focus on exploring the associations of criteria air pollutants such as
ozone (0O3), carbon monoxide (CO), nitrogen dioxide (NO3), sulphur dioxide (SO), and
particulate matter (PM) with ABOs.>!! Recently, associations of mixtures of air pollutants with
ABOs have been reported.’ Such multipollutant approaches assume a more realistic pattern of
environmental exposure'? and hypothesize that the chemical composition of a mixture of air
pollutants may alter the toxic behaviour of the single air pollutants that compose the mixture.'> A
mixture of pollutants may present additive, synergistic, potentiation, inhibition, or antagonistic
effects on the human body'? and, consequently, on the fetal development.? That means: the
toxicity of a mixture of air pollutants may not be the sum of the toxicities of their components. In
fact, multi-pollutant approaches have reported contrasting results. For example, a study,
including data from Edmonton, Calgary and Montreal reported individual associations of CO,
NO:; and PM2 5 on intrauterine growth restriction, while an association only persisted for CO
when all pollutants were combined in the same model.'* In contrast, a study in Detroit found
positive associations of CO, SOz, NO; and PMo with SGA in both individual and multi-pollutant
models.'

However, current single or multi-pollutant approaches have generally focused on evaluating
criteria air pollutants since data are easily available from air monitoring stations, most of them
located in urban settings.? As a result, a knowledge gap exists about the contribution of other
hazardous chemicals to air pollution and their effects on pregnancy outcomes.! According to data

reported by industries to national pollutant inventories (where they exist), hundreds of hazardous
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chemicals that are not routinely measured by air monitoring stations are released into the
atmosphere in considerable amounts.!"! Some of them are either recognized or suspected as
developmental toxicants (agents that impact the quality of the fetal development and cause
adverse effects such as death, structural and functional abnormalities, alteration of fetal growth,
and preterm birth!7). Compilations of toxic chemicals evaluated by environmental health hazard
assessment’s offices include a list of more than 500 chemicals recognized, and 200 chemicals
suspected to be developmental toxicants.'® Although the list of hazardous toxicants is ample,
few studies have characterized their contribution to air pollution and measured their associations
on pregnant women and newborns.!”!” Some examples include: (i) polycyclic aromatic
hydrocarbons (PAHs), that have been positively and negatively related to PTB in different
pregnancy periods;?° (ii) incremental exposure to total airborne PAHs during the first trimester of
pregnancy has been associated with a decrement in the foetal growth ratio and an elevation of the
cephalization index;?! (iii) exposure to NO, combined with high levels of benzene (> 2.7 ug/m?)
were linked with an increased risk of PTB in pregnant women in a cohort of 785 women in
Valencia, Spain.?? The association of exposure to air pollutant mixtures from point industrial
sources on ABOs is less clear. Recently, a cross-sectional study in Alabama®? indicated that
proximity (< 5 km) to coke production and steel manufacturing facilities emitting mixtures of
volatile organic compounds and metals increased the odds of LBW and PTB, respectively.?’
Accordingly, there is a need to estimate the health risks related to the exposure to many, proven
and suspected, developmental toxicants acting individually or as a chemical mixture that are
released into the air by industrial sources.?*2¢

In parallel, interest exists in implementing interdisciplinary approaches to evaluate the
environmental risk and the toxicity of complex air pollutant mixtures since the detailed

biological mechanisms implicated have not been completely elucidated.?”-?® There is evidence
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that air pollutants induce oxidative stress in cells, triggering a series of reactions that include the
release of inflammatory mediators and apoptosis.?**? Some toxicological in vitro studies have
shown that biological endpoints do not always follow a dose-response relationship specific to air
pollutants mass. For example, changes in the chemical composition of PM may play a role in
altering cell responses.** This, in turn, adds complexity to understanding the mechanistic
relationships between cells and air pollutants. At the individual level, possible effects of air
pollutants in the mothers include changes in blood viscosity, hypertension, genetic or epigenetic
changes in germ cells, and endocrine disruption. All of them could relate to SGA or prematurity.

The main goal of this study was to conduct an initial assessment of the potential association
of mixtures of air pollutant emitted from industrial and commercial sources with PTB and SGA
in Alberta, Canada. Alberta is a highly-industrialized province, where hundreds of hazardous
chemicals are continuously released into the air by industrial facilities densely present across the
province** (Figures 3.1 and 3.2). In 2014, Alberta had the highest emissions of SOz, NO,,
volatile organic compounds (VOCs), ammonia (NH3), and fine particulate matter (PMzs) in
Canada®®. The large amount of reported emissions and the high number of chemicals released
into the air represent a challenge to understand and study the local effects of air pollution on
adverse birth outcomes, especially within a multipollutant context. Additionally, the 2006-2010
crude rates of PTB and SGA in Alberta were reported above the national average.
Consequently, interest exist in characterizing the local constellation of the potential individual,
social and environmental risk factors on ABOs in Alberta.

This study continues the previous work presented in Chapter 2, in which areas of low-,
medium-, and high-ratio of PTB and SGA in Alberta were identified, as well as their
corresponding prevalence profiles of known maternal risk factors and area-level socioeconomic

status. Briefly, in the high ratio areas the key risk factors were: (i) for spontaneous PTB: past-
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preterm, smoking during pregnancy, bleeding after the 20th week and low SES-index; (ii) for
induced PTB: gestational hypertension, past preterm, and proteinuria; and (iii) for SGA: low
SES-index, smoking during pregnancy and gestational hypertension. Now, the turn is to explore
the potential participation of air pollutant mixtures from industrial sources in those areas of
occurrence to better describe the network of the risk factors impacting the ABOs’ occurrence in
the province.

This work is part of an interdisciplinary exploratory study aimed to identify potential
relationships between ABOs and air chemical emissions from industrial sources in Canada, by
using complementary methodological approaches (i.e., spatial data mining, integrative
geographical analysis and epidemiological analysis) as a foundation for future research.?’ This
paper aims: (1) To characterize mixtures of air pollutants released by industrial facilities in
Alberta during 2006 to 2012; and, (2) To estimate the association of the characterized industrial

air-pollutant mixtures with preterm birth and small for gestational age.

3.3. Methods
3.3.1 Brief description of methods published in chapter 2

3.3.1.1 Study population

This study focuses on the births and industrial emissions data from the province of Alberta,
Canada, between 2006 and 2012. All singletons live births with a gestational age between 22
and 42 completed weeks were considered. Birth records were provided by the Alberta Perinatal
Health Program that covers the entire population of births in Alberta (whether in a hospital or
planned home births with a registered midwife). It includes the six-character postal code of

maternal residence at birth and an extensive list of maternal covariates (21 variables).
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3.3.1.2 Health outcomes definition

Small for gestational age was defined as those newborns with weighs below the tenth
percentile according to sex- and age of the Canadian population;*® whereas preterm birth was
defined as those newborns with less than 37 weeks and zero days of gestational age.>® The
gestational age at delivery in completed weeks was available in the APHP registry as well the

type of labor: Spontaneous (sPTB) or Induced (iPTB).
3.3.1.3 Geocoding of health outcomes

The geographical latitude and longitude of the centroids for the six-character postal codes of
the mothers’ residences were obtained from the 2006 geographical framework*® and assigned to
the corresponding dissemination area (DA). DAs are census geographic areas with a population
of 400 to 700 persons.*! T used the DAs to estimate the area-level occurrence of PTB and SGA
and to use an area-level socioeconomic status as covariate (see area-level covariates section).
Because the Statistic Canada Postal Code Conversion File for 2006 did not include all postal
codes instituted after 2006, a vector overlay of the postal code locations** with the DA boundary
file* was performed to capture all postal codes in each one of the DAs included in the study

period.

3.3.1.4 Areas of low-, medium- and high-ratio of PTB and SGA

I estimated the DA-level smoothed age-adjusted standardized prevalence ratios (SPR) of
PTB and SGA to identify DAs with low-, medium-, and high-ratio of PTB and SGA. The
detailed methods and results of the prevalence of ABOs’ related maternal risk factors and area-
level socioeconomic status were presented previously (see Chapter 2). Briefly, the area-level
smoothed age-adjusted standardized prevalence ratios (SPR) of PTB and SGA were based on an

empirical Bayes approach.* The low-ratio and the high-ratio areas were defined as the ones
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located two or more standard deviations (SD), respectively below or above of the average age-
adjusted SPR (=1) after smoothing. The medium-ratio areas were the ones located between +/-

2SD. The prevalence of maternal risk factors and the proportion of cases (PTB, SGA) by area-

level SES-status quintiles were estimated by those area-level of occurrence. I used these areas of

occurrence as strata for logistic regression (see following sections) to integrate the environmental

component (exposure to the resulted mixtures) with the corresponding profiles of individual and

social risk factors previously identified.

3.3.2  Characterization of the industrial air pollutant mixtures

I used data of chemical emissions by industrial and commercial facilities into the
environment from the Environment and Climate Change Canada’s National Pollutant Release
Inventory (NPRI)*. Those emissions are reported annually. Data files were available from the
NPRI website*. The database included, among other information: (i) the releases of 342
chemicals to media (air, water, land) in different units (e.g., tonnes, kg, g) above specific-
chemical thresholds; (i1) the standard codes of single chemicals from the Chemical Abstracts
Service,*® and non-standard codes for other groups of chemicals aggregated specifically for
reporting into the NPRI (i.e., arsenic and its compounds); (iii) the geo-location of the facilities
(latitude/longitude); (iv) the industrial sector associated with the activity of each facility
reporting emissions, and; (v) the changes in reporting requirements and thresholds, chemicals
that have been added/removed, changes in the industry sectors, and substances reported both
individually as a part of a group of chemicals (i.e., anthracene is reported individually and
included in PAHs) to avoid double counting.*’

I extracted the chemicals released into the air from the NPRI. The emissions reported in

kilograms (kg) and grams (g) were converted to tonnes. 1 used the 19-key industry sectors for
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reporting results used by the NPRI for disseminating results*® (supplemental table S3.1). 1
conducted cluster analysis to statistically typify the air pollutant mixtures from industrial sources
in Alberta by following the next steps and delimitations:
1) The individual chemicals reported by facilities were aggregated into chemical classes,
or families of chemicals according to their chemical structure and properties (i.e.,
polycyclic aromatic hydrocarbons, volatile organic compounds). I followed the chemical
classifications of the Agency for Toxic Substances and Disease Registry*’ for forming the

chemical classes.

2) The defined chemical classes (in italics) were: (a) SOz; (b) NO>; (c) CO; (d) PM
(grouped all types of reported particles regardless of its diameter: PM» 5, PM or total
PM); (e) VOCs (including 50 chemicals); (f) PAHs (including 32 chemicals), (g) metals
(including 14 chemicals); (h) other inorganics (including 18 chemicals); (i)
nitrosamines/ethers/alcohols (including 6 chemicals); and, (j) other organics (including
9 chemicals). The chemicals included in each chemical class category are listed in the

supplemental table S3.2.

3) The emissions of SOz, NO,, and CO were kept as corresponding individual classes due

to their large air emissions from industrial facilities in Alberta.

4) It is important to mention that industrial facilities do not report the detailed
constituents of PM (such as metals, VOCs or PAHs) to the NPRI. Thus, particles (PM)
are reported as an individual pollutant and it was considered as an independent pollutant

in this analysis.
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5) I calculated the facility-specific proportion of each chemical in a class as reported

(annual tonnes).

6) I performed a cluster analysis on the facilities emitting two or more chemical classes to
form groups of facilities emitting similar proportions of chemical classes. Accordingly, I
defined mixture as a combination of the chemical classes based on their proportional
amounts emitted. For example, a combination of two chemical classes SO>:VOCs in the
following proportions [0.8:0.2], [0.2:0.8], or [0.5:0.5] could potentially be considered as
different mixtures by the cluster analysis. The rationale supporting this argument is based
on recent evidence from in vitro toxicological studies suggesting that not only the types
of chemicals that compose the air pollution in any given sample, but their proportional
content play an important role in producing different biological responses>>-*°.
Consequently, the type of chemical and its proportions in a mixture may alter the
relationships between air pollutants and health outcomes. Cluster analysis was performed
in STATA v.13°! by choosing the Euclidean distance as a measure of resemblance or
proximity among facilities, and the Ward’s hierarchical agglomerative method (or
Ward’s minimum variance method)>?* to classify them in collective categories called
mixtures. The Ward’s method tends to produce compact clusters® and it has been used in
characterizing multi-pollutant environments elsewhere.’**>* The initial number of

clusters for further analysis was determined by observing the pseudo-F stopping rule

index®’ (see Appendix 2).
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3.3.3 Assessment of the association of the industrial air pollutant mixtures on adverse
birth outcomes
I applied multiple logistic regressions to examine the association between the health

outcomes and the industrial air pollutant mixtures according to the following criteria:

a) Dependent variables. sPTB, iPTB, and SGA, measured individually as yes/no.

b) Exposure assignment. [ used the presence (yes/no) of an emitting facility emitting a
mixture in a 10-km buffer from the mother’s postal code at birth as a proxy for
environmental exposure. The distances were calculated by using the latitude and
longitude of the centroids of the mother’s postal codes at birth and the latitude and
longitude of the facilities per year and for each postal code using ArcGIS software.>® The
geographical coordinates of the facilities are provided by the NPRI. Since pollution data
is reported annually, we considered only births occurred from April to December to
ensure potential exposure to mixtures at least during the last three months of the
gestational period. Thus, the main explanatory variables were the mixtures in the 10 km

buffer for each birth.

¢) Individual covariates. I used as individual covariates the maternal risk factors
previously identified as relevant for sPTB, iPTB, and SGA (see Chapter 2). For example,
for sPTB we used as covariates: past-preterm, pre-existing diabetes, pre-existing
hypertension, pre-existing other medical disorders, bleeding before the 20™-week,
bleeding after the 20"-week, gestational hypertension, gestational diabetes, smoking

during pregnancy, substance use during pregnancy, pre-pregnancy mothers' weight >
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91kg, pre-pregnancy mothers' weight < 45kg, having more than 1 child, category of the
mothers’ age (<20, 20-34, 35-39, > 40), and SES-index quintile. All covariates are

mentioned in the corresponding tables of results.

d) Area-level covariates. I used the Canadian socioeconomic status index (SES-index)

developed by Chan et al.”’

as a proxy for neighborhood-level socioeconomic status since
no individual socioeconomic data were available for our study. This index incorporated
data from the 2006 National Census in the dimensions related to (i) deprivation (e.g.,
educational certificate, employment status, income, marital status, owning a home or
renting, transport mode), (i1) the potential existence of indoor environmental pollutants
related to health outcomes (e.g., year of home-construction), and (iii) cultural identities
(the aboriginal status or human development index of the individuals’ country-origin).

The SES-index was previously found to perform well in capturing gradients of the

prevalence of adverse pregnancy outcomes.*

e) Strata. Our main interest in using the previously identified areas with low-, medium-,
and high- ratio of PTB and SGA was to integrate a risk factor’s profile of the individual,
area-level socioeconomic status, and industrial air pollutant’s mixtures by areas of
occurrence. The profile of the prevalence of maternal risk factors (from a set of 21
maternal risk factors) and area-level socioeconomic status in the three ratio areas was
previously integrated (see Chapter 2). To compensate for multiple tests, the significance
level was adjusted by using the Bonferroni’s correction. Thus, I interpreted only results

with p-value < 0.006 as significant.
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3.3.4  Ethics approval
The study received ethics approval from the University of Alberta Research Ethics Board and

institutional approval from the Alberta Perinatal Health Program (APHP).

3.4. Results
3.4.1 Characterization of industrial air pollutant mixtures

Descriptive statistics of industrial air emissions. We extracted from the NPRI 62,641

entries of pollutants released to air in Alberta from 2006 to 2012. They include more than six
thousand facilities (n=6,279) reporting more than seven million fonnes of 133 different
chemicals releases to the air across Alberta (Supplemental Tables S3.3 and S3.4). Annual
amounts showed a decreasing trend over time, being the total emissions in 2012 almost 17%
lower than in 2006. The annual number of reported emitted chemicals varied from 114 to 103.
After 2007, the number of chemicals was almost constant around 105 (Figure 3.3).

The emissions aggregated by chemical class indicated that SO., NO, CO, and PM accounted
for approximately 97% of the total air pollutant emissions, and the remaining 3% is composed of
other inorganics (<1.4%), VOCs (=1.3%), other organics (<0.01%), metals (<0.009%),
nitrosamines/ethers/alcohols (=0.004%), and PAHs (=0.003%). The Table 3.1 shows the
industrial emissions by year aggregated in the ten chemical classes.

Industrial facilities from the oil and energy sector (including Conventional oil and gas
extraction, Non-conventional oil and gas extraction, Electricity, Petroleum and coal product
refining and manufacturing, and Oil and gas pipelines and storage) were the major emitters of
SOz, NO,, CO, PM, VOC, and other inorganics, contributing with approximately 88% of the
pollutants released into the air during the study period. The Wood products sector accounted for

16% of the CO emissions, and 6% of both PM and VOCs’ emissions. The emissions from the
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Chemical industry generated approximately 70% of the PAHs, 47% of other inorganics, and
94% of other organics. Metals were released from a variety of industrial activities: 88% of the
total metal-related releases were originated by the Other Manufacturing (<28%), Pulp and Paper
(=21%), Non-conventional oil and gas extraction (=16%), Electricity (<15%), and the Iron &
Steel (=8%) sectors. Finally, the activities related to the Plastics and Rubber sector generated the
93% of the nitrosamines/ethers/alcohols emitted to the air during the study period. See Figure
3.4 and Table 3.2 for the results presented in this section.

Mixtures’ profiles. From the 6,279 facilities, 51% (n=3,223) emitted two or more chemical

classes contributing 97% of the emissions (6,802,407 fonnes); the remaining 49% of the facilities
(n=3,056) emitted only one chemical class contributing 3% of the total emissions (220,617
tonnes). We initially classified the 6,279 facilities in 52 clusters based on statistical criteria
(stopping rule) (Table 3.3). Subsequently, we grouped them into nine groups of mixtures to
simplify the description of the mixtures. The characteristic that grouped those 52 mixtures into
nine groups of mixtures was the dominance of one chemical class proportionally representing
more than 60% of the emissions, or the absence of dominance of any particular chemical class.
The tables 3.3, 3.4 and 3.5 present the results of this section. The nine groups of mixtures
characterizing the mixtures of industrial emissions were (ordered by the number of facilities

belonging to each group: largest to smallest):

1) The NO>-mixtures: this group included 2,776 facilities (44% of the facilities) densely
present across the province (Figure 3.5), whose emissions (1.6 million tonnes) had a high
proportional content of NO2 (= 60%). It included 15 of the 52 mixtures. The
Conventional oil and gas extraction sector was the major contributor to this group (86%

of the total emissions within this group).
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2) The CO-mixtures: this group included 1,072 facilities (17% of the facilities) densely
present across the province (Figure 3.6), whose emissions (733.8 thousand tonnes) had a
high proportional content of CO (= 60%). It included 9 of the 52 mixtures. The sectors of
Conventional oil and gas extraction and Wood products contributed with almost 87% of

the total emissions within this group.

3) The PM-mixtures: this group included 1,403 facilities (22% of the facilities) densely
present across the province (Figure 3.7), whose emissions (32.8 thousand tonnes) had a
high proportional content of PM (> 60%). This group comprises only 3 of the 52
mixtures. Seven key industrial sectors contributed to 98% of the total emissions within
this group (Mining and quarrying, Other-except manufacturing-, Conventional oil and
gas extraction, Petroleum and coal product refining and manufacturing, Oil and gas

pipelines and storage, Other manufacturing, and Wood products).

4) The heterogeneous mixtures: this group included 702 facilities (11% of the facilities)
located across the province (Figure 3.8), whose emissions were the highest in terms of
amounts (3.2 million fonnes). This group was characterized by a combination of two or
three gases with individual proportions no major than 60% of the total content, in
combination with many other chemical classes such as PM, VOCs, and OI. It included 11
of the original 52 mixtures. The Electricity sector was the main contributor to these
mixtures (46% of the total emissions within this group) followed by Conventional oil and

gas extraction and Non-conventional oil and gas extraction (contributing 21% and 18%,
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respectively). This group included a subgroup of mixtures where the combined

participation of NO> and CO was predominant (subsequently named sub-group NO>-CO).

5) The SO:z-mixtures: this group included 161 facilities (2.6% of the facilities) located
across the province (Figure 3.9), whose emissions (1.4 million tonnes) had a high
proportional content of SO2 (> 60%). It included 5 of the 52 mixtures. The Non-
conventional oil and gas extraction, and Conventional oil and gas extraction sectors

contributed to 55% and 42% of the total emissions in this group.

6) The VOCs-mixtures: this group included 124 facilities (2% of the facilities), mainly
located in Edmonton, Calgary and Lethbridge (Figure 3.10), whose emissions (8.8
thousand tonnes) had a high proportional content of VOCs (= 60%). It included 4 of the
52 mixtures. The Other Manufacturing sector was the major contributor to this group

(58% of the total emissions within this group).

7) The Metals-mixtures: this group included 22 facilities (0.4% of the facilities), mainly
located in Edmonton, Calgary, Lethbridge and Medicine Hat (Figure 3.11), whose
emissions (198 tonnes) had a high proportional content of Metals (= 60%). It contained 2
of the 52 mixtures. The Other Manufacturing sector was the major contributor to this

group (95% of the total emissions within this group).

8) The OIl-mixtures: this group included 18 facilities (0.3% of the facilities), mainly
located in the areas of Edmonton, Calgary, Reed Deer and in the northwest of the

province (Figure 3.12), whose emissions (7.8 thousand tonnes) had a high proportional
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content of other inorganics (= 60%,). It comprises 2 of the 52 mixtures. The Water and
Waste Water Systems sector was the major contributor to this group (79% of the total

emissions within this group).

9) The OO-mixture was composed of one facility (0.016% of the facilities) from the
Plastics and Rubber sector whose emissions (0.88 tonnes) had a high proportional

content of Other Organics (= 60%), and it was located in the Calgary area (Figure 3.13).

Overall, the PAHs and nitrosamines/ethers/alcohols classes had a very low proportional
participation in some of the 52 mixtures. The PAHs represented less than 0.021% of the fonnes

reported by 15% of the facilities (n=969) and they were present in 17 of the 52 mixtures.

3.4.2 Associations of industrial air-pollutant mixtures with preterm birth and small for
gestational age
The results for the corresponding estimated odds ratios per adverse birth outcome, strata
(level of PTB or SGA occurrence) and the group of mixtures are shown in the Table 3.6. The
following groups of mixtures showed statistically significant (p<0.006) associations with some
adverse birth outcome:
a) PM-mixtures were positively associated with SGA (OR=1.08; 95%CI [1.02, 1.13]) in
the medium-ratio areas;
b) VOCs-mixtures were positively associated with SGA (OR=1.37; 95%CI [1.11, 1.69])
in the high-ratio areas;
c) Heterogeneous-mixtures were positively associated with spontaneous PTB (OR=1.36;

95%CI [1.13, 1.63]) in the high-ratio areas;
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d) Metals-mixtures were positively associated with induced PTB (OR= 1.17; 95%CI
[1.05, 1.30]) in the medium-ratio areas;

e) OIl-mixtures were positively associated with induced PTB (1.17; 95%CI [1.06, 1.28])
in the medium-ratio areas;

f) OO-mixtures were positively associated with induced PTB (OR=1.24; 95%CI [1.09,

1.41]) in the medium-ratio areas.

3.5. Discussion

In this study, we firstly characterized industrial emissions in Alberta as sources of potentially
hazardous air pollutant mixtures for adverse birth outcomes. As far as [ know, no previous
reports have characterized facility-reported air emissions in Alberta by using an approach based
on combined air pollutants (mixtures). To reach this purpose, I used the NPRI since many of the
chemicals reported by the industry as discharged to air are not captured by the air monitoring
stations.®® The NPRI collects data over 340 substances, including carcinogens, some
hydrocarbons, and toxic substances of concern, but does not collect pollutant information on
pesticides, herbicides, and greenhouse gases. Despite this limitations, the NPRI is the most
complete and reliable data source about toxic industrial emissions in Canada according to
Environment and Climate Change Canada.*® In other countries where national toxic inventories
compile industrial emissions, those inventories have played a relevant role in tracking emissions
of hazardous chemicals by industrial sources over time and in setting initial hypothesis for
research in environmental-health.®! For example, they have been used to assess the effects of
toxic chemicals released into the air (mainly using proximity analysis) on: gestation and birth

weight,* infant mortality,! preterm birth and small for gestational age,®* leukemia morbidity and
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63.64 cancer rates.%® Also, they have been used to estimate toxic releases density and

mortality,
environmental equity issues in New Jersey.®¢

The characterization of the mixtures from the industrial facilities across Alberta was
complicated due to a large number of facilities (more than 6 thousand) and the number chemicals
reported during the study period (more than one hundred). This resulted in many potential
combinations of chemicals complicating the creation of a comprehensive characterization of the
mixtures. Consequently, the aggregation of single chemicals into chemical classes allows us to
create an initial framework to facilitate the identification of patterns in the mixtures. It would be
ideal to aggregate single chemicals according to their toxicity or health effects. However, not all
chemicals have a well-characterized toxic potential (known as human toxicity equivalency
potential®”) or a well-recognized health effect. For this reason, I decided to use chemical groups
based on their chemical structure and properties. For example, chlorine dioxide and toluene
diisocyanate (mixed isomers), that were released into the air during the study period, do not have

1."* Thus, we considered that the use of the

yet an associated human toxicity equivalency potentia
ten chemical classes could provide some insights into the potential effects of mixtures based on
their proportional content to inform future research. As we described in the introduction,
potential interactions of co-pollutants (i.e., antagonisms, potentiation, synergism, etc.) is one of
the issues of major concern in studying the health effects of the mixtures of pollutants'**® and
toxicological studies may be guided by the results of observational studies, like this study. Few
toxicological studies have approached effects of mixtures of pollutants, but they have suggested
that the proportional participation of co-pollutants in a mixture (i.e., PM) trigger different

biological endpoints®® and that reductions in certain components may best protect human

health.>”
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Another point that it is important to mention is with regard to the use of cluster techniques
for characterizing the industrial emissions. The use of clustering methods does not guarantee a
“unique solution” but they provide a useful description of a complex data structure to facilitate
its understanding and the extraction of information for specific purposes.®*> In fact, cluster
analysis has been widely used in the context of air pollutant mixtures. For example, for finding
similarities among monitoring site characteristics with regard to nitrogen oxides and oxidative
chemicals,> among Chinese cities based on groups of pollutants,*® and for exploring spatial and
temporal air pollutant pattern profiles in areas where air monitoring stations provide sufficient
temporal and spatial air pollutant concentrations.>* Thus, given that many hazardous chemicals
from industrial sources are not captured by current air monitoring systems, a cluster approach
based on data from national toxic inventories may be useful for having an initial framework of
the air pollutant mixtures derived from industry.

After characterizing the mixtures, our exploratory analysis corroborated previously
identified downtrend in the emissions of NO2, SO, and PM and the large participation of the
energy-related sectors (i.e., oil and gas extraction, power generation, petroleum and coal product
refining, and manufacturing) during the study period.®®"! It is well known that Alberta is a key
driver of Canada’s economy due to its rich natural deposits of oil and gas, and power
generation.”> This situation explains the high number of industrial facilities from those sectors
operating across the province, and the consequent amount of chemicals released into the air.
However, the downtrend in the emissions during the last 20 years, probably could be explained,
in part, by the role of the Environmental Protection and Enhancement Act’® aiming to protect the
integrity of ecosystems and human health.

Additionally, and importantly, our characterization of the mixtures showed three important

aspects. The first one reinforces the idea of studying mixtures of chemicals instead of single
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chemicals to describe more realistic patterns of exposure to air pollutants. This is based on the
fact that the major industrial emissions included two or more chemicals (single chemicals were
emitted by many facilities, but in relatively smaller amounts: 3% of total emissions). The second
one relates to the complexity of the type of mixtures observed. Most of the identified mixtures
contained large proportions of gases (i.e., NO2, SO2, CO) and PM, and smaller proportions of
VOCs, PAHs, metals, other organics and other inorganics. This underlines the potential
complexity associated with the study of mixtures in epidemiological and toxicological research,
when many hazardous chemicals are participating in very small proportions and their effects
could be masked by other pollutants. Studies on the toxicity of traffic-related PM have shown
that organic content (consisting of potentially many chemical substances) could be related to a
higher PM toxicity,?® but other inorganic elements such as arsenic-content in PM> s have been

.7 The last one underlines the mixtures

associated with an elevated toxicity of this pollutant
emitted in —relatively- small amounts but with a high proportional content of toxic VOCs, metals,
other inorganics, and other organics could potentially be hazardous for adverse birth outcomes
and that their further investigation is needed to elucidate their health effects. It has been reported
that excessive exposure to heavy metals has been associated with cellular and DNA damage and
carcinogenicity””. Interestingly, our results showed that mixtures with a high proportional content
of VOCs, metals, other inorganics, or other organics were statistically associated with the
adverse birth outcomes.

The VOCs-mixtures showed a statistically significant positive association with SGA. These
mixtures may contain chemicals such as benzene, carbon disulphide, toluene, and methanol
(whose combined emissions comprised approximately 30 thousand tonnes during the study

period; see Supplementary table 3.3). These four chemicals are classified as recognized

developmental toxicants.!® Additionally, they may contain acetaldehyde, ethylbenzene, styrene
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and xylene, which were also important contributors to the VOCs’ emissions into the air and are
listed as suspected developmental toxicants. Studies on the relationship between benzene in
outdoor air pollution and adverse birth outcomes are sparse, but positive associations have been
reported. Benzene exposure during pregnancy has been related to a decrease of biparietal
diameter growth,’® a decrease in head circumference in the fetus,”” and an increased risk of
preterm birth.?? Currie and Schmieder®, who have investigated the effect of fetal exposure to
toxic releases in the United States, reported positive associations of VOCs and metals with birth
weight and gestation duration.

Interestingly, the heterogeneous-mixtures containing small proportional content of VOCs,
PM, metals, other inorganics, and other organics (combined accounted for 2% or more of the
individual emissions) showed a statistically significant association with sPTB which may
indicate that combinations of high content of gases with other chemical species may exacerbate
pro-inflammatory processes.

The Metals-mixtures, Ol-mixtures and OO-mixtures were statistically associated with iPTB.
Previous studies have reported associations among some metals and adverse birth outcomes. A
cohort study across Canada’® found positive associations between mercury in blood samples of
pregnant women and SGA. Metals in blood samples may come from many different sources
(food, water, soil, dust) and are hypothesized to induce growth restriction through oxidative
stress pathways by damaging the vascular endothelium of the placenta causing an impaired
nutrient transport’®. Lead has been more consistently associated with PTB and there is not
conclusive evidence about the effects of other metals on PTB.!” The metals from industrial
sources that were released into the air in Alberta during the study period included recognized

developmental toxicants (cadmium and mercury) and suspected developmental toxics (cobalt,
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and nickel). Metals such as cadmium, chromium, lead, and mercury may induce multiple organ
damages, even at lower levels of exposure.”

In regard to the association of OI-mixtures with iPTB, some studies have related single
chemicals included in this group, such as arsenic (recognized as developmental toxicant),
chlorine dioxide, and hydrogen fluoride (suspected developmental toxicants) and that were
highly emitted during the study period (more than12 thousand tonnes, see Supplementary table
3.3). For example, health-occupational studies in an aluminum smelter facility (that is an
important source of hydrogen fluoride) found a higher risk of preterm birth in the spouses of the
male production-workers.” A study in Huelva’*, that is located close to the largest copper
smelter in Spain, demonstrated that some inorganic arsenic species (As III) tend to concentrate in
PM; 5 representing an added health risk for local populations. On the other hand, the OO-
mixtures may include hexachlorobenzene, and toluenediisocyanate (mixed isomers), which are
recognized developmental toxicants, and HCFC-22 (chlorodifluoromethane) as a suspected
developmental toxicant. Hexachlorobenzene is a bioaccumulative, persistent, and toxic chemical
released as a by-product/impurity in the manufacturing of chlorinated compounds,®® whose
association with adverse birth outcomes has not been evaluated when present in outdoor air
pollution.

PM-mixtures showed positive associations with SGA, which is in line with reported findings
elsewhere.’

These results are exploratory in nature and other limitations need to be considered. A
problem when using the NPRI for estimating environmental exposure is that it provides annual
data. That means, we only know the total emissions per year per facility. For this reason, I used
proximity analysis and restricted the birth data from April to December to ensure a time window

of at least three months of potential exposure. The use of the proximity to sources of mixtures as
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a proxy of exposure is expected to introduce misclassification bias. Real exposure to mixtures
depends on other unaccounted factors such as prevailing winds, atmospheric chemistry and
secondary pollutant production, mobility and activity patterns of pregnant women, among others.
Bell and Belanger®! reported that: (i) the median of the percentage of pregnant women that
changes residence during pregnancy has been estimated at 20% after reviewing fourteen studies
in different countries, and that (ii) the median distance moved during pregnancy was < 10 km. I
used a 10 km buffer zone around mothers’ postal code since it is considered as representative of
the scale between 0.2 and 20 km that is regularly used to study human exposure to vehicular-
related pollutants (which considers potential travelling distances of some pollutants)®?. Transport
of gases and aerosols varies according to the chemical, but long-range (regional to global)
transport of gases and aerosols is well documented.®* Currie and Schmieder,* that aggregated
industrial emissions at county level in a national-level study, reported positive associations of
prenatal exposure to toluene and cadmium with birth weight and an increased probability of
death. Thus, we considered that the 10-km buffer could potentially provide important insights for
our initial exploratory study for informing future research.

Although it is possible to apply intensity-distance exposure models by using the annual
emissions reported to the NPRI and the distances from sources of mixtures to the maternal postal
codes, these models do not consider the potential toxicity associated to the mixture, which is the
key issue in studying mixtures. It has been reported that large air-pollutant emissions do not
necessarily translate into a higher health risk and that toxicity-weighted approaches provide a
better estimation of the health risks associated with air toxic pollutants.®” Toxicity-weighted
approaches incorporate individual toxicity factors previously estimated for weighing the

emissions (i.e. the Non-cancer risk score for NO; is 2.2 and for Benzene is 8.1 compared to

toluene'®). However, I did not follow a toxicity-weighted approach because the toxicity
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equivalency potentials for many of the chemicals included in our study are still unknown (as I
explained previously). Consequently, I decided to apply a distance-proximity model as the
starting point for identifying potential hazardous mixtures. The identification of potential
hazardous mixtures and their sources is just the first step in a chain of steps of risk
characterization.?® Following steps will require (1) measuring or modeling changes in
atmospheric concentrations of air pollutants and their environmental deposition, (2) modeling
time/activity patterns and measuring individual exposure, and (3) assessing changes in health
effects based on dose-response relationships. Complementary in vitro and in vivo studies would
be useful for understanding the interactive biological effects that complex mixtures produce. In
this regard, new evidence suggests that the particle size -from coarse to ultrafine-, and the
content of secondary inorganic aerosols, black, elemental and primary and secondary organic
carbon, and transition metals in the mixtures should be considered to better understand the
potential deleterious effects of the air pollutant mixtures.>

Other factors that would limit the interpretation of the results are related to the effect of other
unmeasured confounders, such as ethnicity, nutrition, and medication during pregnancy. It is
expected to reduce the bias associated with confounding variables by incorporating a large set of
maternal variables previously identified as relevant for sPTB, iPTB or SGA and an area-level
socioeconomic status. Additionally, the use of the three-level of occurrence areas (low-, medium-
, high-) may help to control for effect modification effects related to demographic characteristics
(i.e., ethnicity, migration status) in combination with exposure disparities, which may be related
to adverse birth outcomes.**® For example, the results indicated that most of the high-ratio areas
of SGA located in urban settings where the affluence of immigrant populations have been
considerable in Alberta for the last decade®® and traffic-related pollution may be higher

compared to rural settings. Additionally, the average number of mixtures in the 10-km buffer of
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the high-ratio areas (10 mixtures in the high-SGA ratio areas and 8 mixtures in the high-PTB
ratio areas) was higher than then average number of mixtures in the 10 km buffer of the low-ratio
areas (4 mixtures in the low-SGA ratio areas and 5 mixtures in the low-PTB ratio areas) (data not
shown).

Finally, it is important to mention that I tested the associations between the groups of
mixtures and the adverse birth outcomes and not between the 52 mixtures and ABOs due to the
problem of multiple comparisons that arose from testing 52 mixtures in the three adverse birth
outcomes (i.e., to find significant associations that are falsely significant only by random
chance). I estimated that for a significance level of 0.05, random chance would explain 39% of
the significant associations. By aggregating the mixtures into the broader groups of mixtures the
sample size by groups increased for statistical analysis and reduced the false positive rate to

some extent.

3.6. Conclusion

In this study, I characterized air pollutant mixtures from industrial sources in Alberta from
2006 to 2012 and explored their associations with small for gestational age (SGA), spontaneous
preterm birth (sPTB) and induced preterm birth (iPTB) for informing future research. Results
showed that (i) more than one hundred of chemicals are released into the air by industrial
facilities; (i1) gases (NOz, CO, SO2) and PM were the main components in the mixtures; (iii)
however, groups of mixtures with high proportional content of VOCs, Metals, other organics,
and other inorganic substances are sparse but that were associated to either SGA, iPTB or sPTP;
(iv) VOCs-mixtures were associated with increased odds of SGA; (v) Metals-mixtures, Other-
inorganics mixtures and Other-organics mixtures were associated with increased odds of iPTB;

(v) Mixtures with a high proportional content of gases and PM were associated with increased

74



odds of sPTB and SGA respectively. These results may motivate and justify further research
aimed to elucidate associations between ambient mixtures of hazardous chemicals released into

the air from industrial sources and adverse birth outcomes.
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Table 3.1. Annual emissions into the air by chemical-class. Alberta, 2006-2012.

Chemical-class Total % 2006 2007 2008 2009 2010 2011 2012

(tonnes) (tonnes) (tonnes) (tonnes) (tonnes) | (tonnes) | (tonnes) | (tonnes)

Nitrogen oxides (expressed as NO») 2,658,483 | 37.916 434,844 427,978 391,984 377,302 | 353,277 | 344,574 | 328,524
Sulphur dioxide (SO,) 2,478,493 | 35.349 405,614 386,363 363,210 357,698 | 339,932 | 320,732 | 304,945
Carbon monoxide (CO) 1,498,960 | 21.379 207,043 211,483 197,758 223,898 | 229,442 | 197,639 | 231,698
Particulate Matter (PM)* 183,524 | 2.617 28,044 28,192 26,950 26,269 | 26,799 23,747 23,522
Other inorganic 96,296 1.373 14,476 13,124 12,897 12,195 12,574 12,090 18,941
Volatile Organic Compounds (VOC) 93,892 1.339 12,678 12,101 16,053 16,059 16,245 10,838 9,918
Other organic 670 0.010 168 160 141 180 5 8 8
Metals 662 0.009 50 39 47 131 117 236 41
Nitrosamines/ethers/alcohols (N/E/A) 304 0.004 87 70 43 30 22 26 27
Polycyclic aromatic hydrocarbons (PAHs) 179 0.003 34 25 25 13 24 38 19
Totals 7,011,463 100.0 | 1,103,038 | 1,079,534 | 1,009,107 | 1,013,776 | 978,438 | 909,929 | 917,642

*Particulate Matter is represented by total particulate matter (TPM). Amounts of PM o and PM> s were not considered for this table (they jointly accounted for
and additional 11,560.70 tonnes, for reaching a total of 7,023,023.82 tonnes).
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Table 3.2. Releases of chemical-classes into the air by industrial sector. Alberta, 2006-2012.

Industrial Sector Total % SO, NO, CcoO PM* vocC PAHs Metals Other N/E/A** Other
(tonnes) (tonnes) (tonnes) (tonnes) (tonnes) (tonnes) | (tonnes) | (tonnes) | Inorganic | (tonnes) Organic
(tonnes) (tonnes)
g:g;iggﬁ“al Oil and Gas 3,046,739 | 43454 | 661,787.10 | 1,527,762.94 | 824,864.05 | 5.866.31 | 21,526.21 254 | 492807 1.58
Electricity 1,568,759 | 22.374 | 840,627.73 | 560,101.36 | 100,001.66 | 51,082.29 28.30 98.82 | 16,818.64 0.01
Non-Conventional Oil
Extraction (including Oil 1,374,665 | 19.606 | 818,608.65 | 294,533.60 | 165,584.04 | 44,920.53 | 35,536.40 3381 | 10371 | 15,332.86 0.01 11.62
sands and Heavy Oil)
Wood Products 266,687 | 3.804 87.11 8,676.75 | 24043529 | 11,555.05 | 5,890.32 0.64 39.24 0.09 2.32
Chemicals 213,069 | 3.039 14,634.12 88,407.41 40,299.60 | 11,548.62 | 11,536.65 | 122.04 12.36 | 45,860.38 17.42 630.22
Pulp and Paper 130,512 1.861 33,467.27 29,063.77 4722477 | 8079.64 | 885599 558 | 13592 | 3.679.52 0.00
Petroleum and Coal Product 127,776 1.822 56,176.01 30,705.60 27,013.47 | 10,513.50 | 1,626.61 8.52 595 | 1,724.72 1.78 0.00
Refining and Mfg.
Cement, Lime and Other 74,082 1.057 10,850.94 39,193.61 14,871.00 |  8,705.48 101.48 727 14.09 338.47 0.00
Non-Metallic Minerals
(s)tlérfggas Pipelines and 65,905 | 0.940 2,391.56 43,206.15 16,953.52 1,814.73 | 1,460.37 0.04 0.00 78.49
Aluminum 36,226 | 0.517 33,274.19 1,777.15 207.98 721.35 245.70 0.01
Mining and Quarrying 33,986 | 0.485 517.18 11,120.99 6,857.28 | 15,486.44 3.53 0.14
Other Manufacturing 22,050 | 0314 2.945.54 3,528.13 404574 | 4,760.89 | 5.793.16 186.55 708.06 31.74
Metals (Except Aluminum 18,643 | 0.266 1,238.69 13,502.69 1,293.37 740.46 201 | 1,866.01
and Iron and Steel)
Other (Except Manufacturing) 18246 | 0.260 163.88 5,954.82 4381988 | 6,737.24 507.90 0.23 6.72 53.63 0.84 0.97
Tron and Steel 6468 | 0.092 44342 823.34 4,124.64 975.98 26.99 50.87 22.38 0.00
Water and Wastewater 6,156 | 0.088 1,279.69 0.24 487621
Systems
Plastics and Rubber 941 0.013 713.78 133 200.87 24.62
Waste Treatment and 553 | 0.008 124.44 363.95 15.47 38.88 2.14 8.50 0.00
Disposal
Totals 7,011,463 | 100.000 | 2,478,493.07 | 2,658,482.75 | 1,498,960.25 | 183,523.99 | 93.892.27 | 178.50 | 662.26 | 96,296.03 | 304.23 669.76

* Particulate Matter is represented by total particulate matter (TPM). Amounts of PM ¢ and PM» s were not considered for this table (they jointly accounted for
and additional 11,560.70 tonnes, for reaching a total of 7,023,023.82 tonnes).
** N/E/A = Nitrosamines/ethers/alcohols




Table 3.3 Characterization of mixtures by the proportional content of the ten chemical classes. Number of facilities and total emissions
by mixture. Alberta, 2006-2012.

Group of mixture S0: NO: co PM voc PAHs Metals or* N/E/A** | 00*** | Fac. tonnes
mixtures (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) #
Heterogeneous- 1 20.6 31.1 442 2.2 1.0 0.9 31 186,497
mixtures 2 39.8 23.8 344 0.9 0.9 26 81,335
3 0.5 42.5 27.7 17.5 114 0.4 19 48,943
4 6.0 143 41.7 27.2 9.8 0.9
5 35.0 49.2 13.2 1.7 0.6 0.3 30 776,340
6 56.7 30.2 9.5 2.0 1.1 0.4 39
7 2.3 17.2 7.6 2.9 114 359 14.6 123,217
NO>-CO 8 50.1 49.4 0.4 149 102,573
9 54.8 44.8 160 129,706
10 46.2 53.7 87 79,645
11 42.4 57.4 134 123,490
NO:-mixtures 12 0.6 60.0 38.0 0.3 1.2 245 265,024
13 35.0 150 107,140
14 30.2 153 141,124
15 25.3 0.5 102 109,247
16 13.9 18.2 0.4 21 49,107
17 17.6 0.9 16
18 1.6 22.5 0.4 5.9 17 35,259
19 20.8 137 123,112
20 0.8 16.4 0.3 95 151,290
21 13.5 122 147,090
22 10.1 74 63,771
23 0.5 202 80,363
24 4.4 41
25 5.1 151 112,938
26 179,087
SO:z-mixtures 27 9.1 17.8 1.4 44 1.1 21 124,009
28 7.2 4.0 43 0.7 41 489,691
29 2.8 86 113,832
30 13.9 6.5 3.6 1.0 1.4 716,437
31
CO-mixtures 32 39.3 60.6 199 81,580
33 36.8 0.5 214 158,100
34 | 33.1 61 37,148
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Group of mixture S0: NO: co PM voc PAHs Metals or* N/E/A** | 00*** | Fac. tonnes
mixtures (%) (%) (%) (%) (%) (%) %) (%) (%) (%) #

35 16.6 44 42,079
36 26.7 96 47,502
37 0.7 1.7 53 275,669
38 0.6 2.7 10.6 1.5 22 46,408
39 0.3 4.3 29.3 0.8 35
40 348

PM-mixtures 41 8.2 3.5 5.5 33 5.3 30
42 24
43

VOCs-mixtures 44 1.9 2.5 23
45 2.4 2.4 4.2 34 9.2 3.5 19
46 0.3 38.7
47 74

OI-mixtures 48 7.0 2.2 0.6 0.9
49

Metal-mixtures 50 10.4
51 17

OO-mixtures 52

* OI = other inorganics
** N/E/A = Nitrosamines/ethers/alcohols
**%* 00 = other organics
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Table 3.4. Groups of mixtures. Number of facilities and total emissions. Alberta, 2006-2012.

SE::E;:: Description #illlr;il):lt(;lé'gs Facilities (#) | Facilities (%) tonnes tonnes (%)
Heterogeneous Any group is less that 60% 11 702 11.18 [ 3,217,990.93 45.82
NO;-mixtures NO2 > 60% of the emissions 15 2,776 44.21 1,576,689.49 22.45
SO;-mixtures SO2 > 60% of the emissions 5 161 2.56 | 1,444,978.58 20.57
CO-mixtures CO > 60% of the emissions 9 1,072 17.07 733,809.27 10.45
PM-mixtures* PM > 60% of the emissions 3 1,403 22.34 32,776.54 0.47
VOC-mixtures VOC > 60% of the emissions 4 124 1.97 8,787.81 0.13
Ol-mixtures** OI > 60% of the emissions 2 18 0.29 7,792.33 0.11
Metals-mixtures | Metals > 60% of the emissions 2 22 0.35 197.88 2.82E-03
OO-mixtures*** | OO > 60% of the emissions 1 1 0.02 1 1.42E-05

TOTALS 52 6,279 100 | 7,023,023.82 100.00

* PM represent Total PM (TPM) when it is reported; PMio, when TPM is not reported; PM, s, when TPM and PM, is not reported.
** OI = other inorganics;
**%* 00 = other organics
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Table 3.5. Proportional contribution (%) of the 19 key industrial sectors to the groups of mixtures. Alberta, 2006-2012.

NO:- PM- CO- Heterogeneous NS VOCs Metals or** 00***

Sector* | mixtures | mixtures | mixtures mixture mixtures | mixtures mixtures mixtures mixtures

1 86.02 16.40 54.32 21.27 42.25 2.83 1.64

2 1.99 0.03 6.10 46.40

3 0.21 0.02 1.52 17.78 54.57 0.25

4 0.02 6.19 33.20 0.64

5 4.40 0.06 0.31 4.30 0.16 8.67 0.35

6 0.03 1.07 3.80

7 0.82 14.46 0.20 3.33 0.12

8 1.57 1.77 0.51 1.40

9 3.38 6.95 0.32 0.18 0.10 12.89

10 2.49 2.79

11 0.19 27.99 0.56 0.55

12 0.10 6.44 0.70 0.12 0.31 58.31 95.37 2.55

13 1.09 17.63

14 0.18 19.59 0.25 0.22 5.45 0.95 0.35

15 0.88 0.32

16 79.43

17 8.03 0.67 100

18 0.08 0.42 1.01 0.04

19 0.03
Totals 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

* 1 (Conventional Oil and Gas Extraction); 2 (Electricity); 3 (Non-Conventional Oil Extraction, including Oil sands and Heavy Oil); 4 (Wood Products);
5(Chemicals); 6 (Pulp and Paper); 7 (Petroleum and Coal Product Refining and Mfg.); 8 (Cement, Lime and Other Non-Metallic Minerals); 9 (Oil & Gas
Pipelines and Storage); 1 (Aluminum); 11 (Mining and Quarrying); 12 (Other Manufacturing); 13 (Metals, except Aluminum and Iron and Steel); 14 (Other,
except Manufacturing); 15 (Iron and Steel); 16 (Water and Wastewater Systems); 17 (Plastics and Rubber); 18 (Waste Treatment and Disposal); 19
(Transportation Equipment Mfg.). White cells express values equal to zero or less than 1%.

** QI = other inorganics.

**%* 00 = other organics.



Table 3.6. Adjusted odds ratios (adj-OR) for groups of mixtures by ABO. Alberta, 2006-2012.

low-ratio areas

medium-ratio areas

high-ratio areas

Group of
ABO mixture adj-OR 95%CI adj-OR 95%CI adj-OR 95%CI
SGA! (n=23,587) (n=210,471) (n=16,693)
Heterogenous 0.90 [0.75,1.07] 0.97 [0.93,1.01] 1.14  [0.98, 1.33]
NO,CO 1.03  [0.89,1.19] 1.00  [0.96, 1.03] 0.97 [0.87,1.07]
NO> 1.01 [0.88,1.19] 1.03  [0.99, 1.08] 1.17 [0.88, 1.55]
SO:2 091 [0.73, 1.14] 0.94  [0.90,0.99] 0.93 [0.83,1.03]
(6{0) 1.00 [0.87,1.14] 1.04 [1.00, 1.09] 1.00 [0.76, 1.32]
PM 1.08 [0.92,1.26] 1.08 [1.02,1.13]* 0.73  [0.57,0.93]
voC 0.98 [0.81,1.21] 1.00  [0.95,1.05] 1.37 [1.11,1.69]*
o)1 1.17  [0.95,1.43] 0.99 [0.95,1.04] 1.09 [0.94, 1.26]
Metals 0.83  [0.64, 1.08] 1.05 [1.00,1.10] 0.92 [0.74, 1.14]
00 omitted 1.05  [0.98,1.11] 0.84 [0.72,0.98]
sPTB? (n=14,125) (n=124,665) (n=10,930)
Heterogenous 1.07 [0.81, 1.41] 0.96 [0.90, 1.02] 1.36 [1.13,1.63]*
NO2CO 1.00 [0.81, 1.23] 1.00  [0.94, 1.05] 0.92 [0.78,1.09]
NO» 0.85 [0.69, 1.04] 1.00  [0.93, 1.06] 0.96 [0.78,1.20]
SO: 1.18  [0.87,1.60] 1.07  [1.01,1.15] 0.96 [0.79,1.15]
CO 1.01  [0.90, 1.34] 0.98 [0.91, 1.05] 1.06 [0.86, 1.30]
PM 0.87 [0.68,1.09] 1.01  [0.93,1.09] 0.81 [0.66,1.01]
VOoC 0.89 [0.67,1.18] 1.07  [0.99, 1.15] 1.08 [0.84,1.39]
Ol 0.86 [0.61,1.21] 1.08 [1.01,1.15] 0.98 [0.82,1.18]
Metals 1.10 [0.83, 1.47] 0.96 [0.89,1.03] 122 [0.98,1.52]
00 omitted 0.97 [0.87,1.07] 0.89 [0.64,1.25]
iPTB? (n=6,265) (n=56,216) (n=5,161)
Heterogenous 0.93 [0.61, 1.41] 0.89  [0.81,0.98] 1.00 [0.74, 1.32]
NO.CO 1.16  [0.85, 1.58] 1.03  [0.96, 1.12] 0.96 [0.75,1.23]
NO» 1.13  [0.84, 1.53] 1.04 [0.94,1.15] 1.20 [0.85, 1.68]
SO2 0.83  [0.52,1.32] 091 [0.83,1.01] 1.00  [0.76, 1.30]
CO 0.96 [0.71, 1.29] 0.99  [0.90, 1.10] 0.90 [0.65,1.23]
PM 1.05 [0.74, 1.48] 0.99 [0.88,1.11] 1.32  [0.95,1.83]
VoC 1.02  [0.65,1.59] 0.97 [0.86,1.01] 0.85 [0.60, 1.21]
Ol 1.53  [0.96, 2.44] 1.17  [1.06, 1.28]* 1.11  [0.85, 1.45]
Metals 0.96 [0.64,1.45] 1.17  [1.05, 1.307* 1.25  [0.90, 1.73]
00 omitted 1.24  [1.09, 1.417* 1.36  [0.87,2.12]

'adj-OR for SGA: Covariates: SES-index, age-category, more than one child in the past, smoking during pregnancy,
substance use during pregnancy, past-SGA, pre-diabetes, pre-hypertension, gestational-diabetes, gestational-
hypertension, pre-existing other medical disorders.

2adj-OR for sPTB: Covariates: SES-index, age-category, more than one child in the past, smoking during
pregnancy, substance use during pregnancy, past-preterm, pre-diabetes, pre-hypertension, gestational-diabetes,
gestational-hypertension, pre-existing other medical disorders, pre-pregnancy maternal weight < 45kg, pre-
pregnancy maternal weight > 91 kg, bleeding during pregnancy.

3adj-OR for iPTB: Covariates: SES-index, age-category, more than one child in the past, smoking during pregnancy,
substance use during pregnancy, past-preterm, pre-diabetes, pre-hypertension, gestational-diabetes, gestational-
hypertension, pre-existing other medical disorders, bleeding during pregnancy, blood antibodies, proteinuria.

4 Highlighted ORs indicates p-value < 0.006 (Level of significance was 0.0055 after Bonferroni’s correction).
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Figure 3.1. Map of facilities reporting direct releases to air in 2014, by sector, and reported total
quantities of these releases.
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Figure 3.2. Map of facilities reporting direct releases to air. Alberta, 2006-2012.

Emitting facilities. Alberta 2006-2012.
Source: National Pollutant Release Inventory (NPRI).
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Figure 3.3 Total fonnes (left y-axis) of pollutant releases to the air and number of chemicals
(right y-axis) reported. Alberta 2006-2012.
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Figure 3.4 Percent distribution of the ten chemical-classes of pollutants released to the air in by

the main industrial sectors. Alberta, 2006-2012.
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Figure 3.5. Facilities emitting mixtures with high proportional content (> 60%) of NO». Alberta,
2006-2012
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Figure 3.6. Facilities emitting mixtures with high proportional content (> 60%) of CO. Alberta,

2006-2012.
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Figure 3.7. Facilities emitting mixtures with high proportional content (> 60%) of PM. Alberta,

2006-2012.
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Figure 3.8 Facilities emitting mixtures with no dominance (> 60%) of some chemical class.
Alberta, 2006-2012.
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Figure 3.9. Facilities emitting mixtures with high proportional content (> 60%) of SO:. Alberta,

2006-2012.
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Figure 3.10 Facilities emitting mixtures with high proportional content (> 60%) of VOCs.
Alberta, 2006-2012.
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Figure 3.11 Facilities emitting mixtures with high proportional content (> 60%) of Metals.
Alberta, 2006-2012.
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Figure 3.12 Facilities emitting mixtures with high proportional content (> 60%) of Other-
inorganics. Alberta, 2006-2012.
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Figure 3.13 Facilities emitting mixtures with high proportional content (> 60%) of Other-
organics. Alberta, 2006-2012.
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Supplemental table 3.1. List of the 19 key industrial sectors used by the NPRI for reporting
pollutant releases (to air, water and land).

Key industrial sectors
Conventional Oil and Gas Extraction
Non-Conventional Oil Extraction (including Oilsands and Heavy Oil)
Electricity
Wood Products
Chemicals
Pulp and Paper
Petroleum and Coal Product Refining and Mfg.
Oil & Gas Pipelines and Storage
Cement, Lime and Other Non-Metallic Minerals
Other Manufacturing
Mining and Quarrying
Aluminum
Other (Except Manufacturing)
Metals (Except Aluminum and Iron and Steel)
Iron and Steel
Water and Wastewater Systems
Plastics and Rubber
Waste Treatment and Disposal
Transportation Equipment Mfg.

Source: Statistic Canada 2016. Industry classifications. [Internet]. [cited 2016 Sep 23].

Available from: http://www.statcan.gc.ca/eng/concepts/industry



http://www.statcan.gc.ca/eng/concepts/industry

Supplemental Table 3.2. Classification of chemicals into chemical classes.

Category Chemical-class Chemical name CAS Number
1 | Sulphur dioxide Sulphur dioxide 7446- 9-5
2 | Nitrogen oxides Nitrogen oxides (expressed as NO2) 111 4-93-1
3 | Carbon monoxide Carbon monoxide 63 - 8-

4 | Particulate Matter PM2.5 - Particulate Matter <= 2.5 Microns NA - M1
PM1 - Particulate Matter <= 1 Microns NA-M9
PM - Total Particulate Matter NA-MS8

5 | Volatile Organic 1,1,2,2-Tetrachloroethane 79-34-5

Compounds 1,1,2-Trichloroethane 79- -5

(non-PAHs) 1,2,4-Trimethylbenzene 95-63-6
1,2-Dichloroethane 17-6-2
1,3-Butadiene 1 6-99-
1,4-Dioxane 123-91-1
2-Butoxyethanol 111-76-2
Acetaldehyde 75-1-
Acetonitrile 75-5-8
Acrolein 17-2-8
Aniline (and its salts) 62-53-3
Benzene 71-43-2
Biphenyl 92-52-4
Carbon disulphide 75-15-
Carbon tetrachloride 56-23-5
Carbonyl sulphide 463-58-1
Chloroform 67-66-3
Cresol (all isomers and their salts) 1319-77-3
Cumene 98-82-8
Cyclohexane 11-82-7
Dicyclopentadiene 77-73-6
Ethylbenzene 1 -414
Ethylene 74-85-1
Ethylene glycol 17-21-1
Ethylene oxide 75-21-8
Formaldehyde 5--
Formic acid 64-18-6
Isoprene 78-79-5
Isopropyl alcohol 67-63-
Methanol 67-56-1
Methyl ethyl ketone 78-93-3
Methyl isobutyl ketone 18-1-1
Methyl tert-butyl ether 1634-4-4
Methylenebis(phenylisocyanate) 1 1-68-8
n,n-Dimethylformamide 68-12-2
n-Butyl alcohol 71-36-3
n-Hexane 11 -54-3
N-Methyl-2-pyrrolidone 872-5 -4
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Category Chemical-class Chemical name CAS _Number
5 | Volatile Organic Phenol (and its salts) 1 8-95-2
Compounds Propylene 115-7-1
(non-PAHSs) Quinoline (and its salts) 91-22-5
Styrene 1 -42-5
tert-Butyl alcohol 75-65-
Toluene 1 8-88-3
Toluene-2,6-diisocyanate 91-8-7
Trichloroethylene 79-1-6
Triethylamine 121-44-8
Vinyl acetate 18-54
Vinyl chloride 75-1-4
Xylene (mixed isomers) 133-2-7
6 | Polycyclic aromatic 1-Nitropyrene - PAH 5522-43-
Hydrocarbons (PAHs) 3-Methylcholanthrene - PAH 56-49-5
5-Methylchrysene - PAH 3697-24-3
7,12-Dimethylbenz(a)anthracene - PAH 57-97-6
7H-Dibenzo(c,g)carbazole - PAH 194-59-2
Acenaphthene - PAH 83-32-9
Acenaphthylene - PAH 2 8-96-8
Anthracene 12 -12-7
Benzo(a)anthracene - PAH 56-55-3
Benzo(a)phenanthrene - PAH 218-1-9
Benzo(a)pyrene - PAH 5-32-8
Benzo(b)fluoranthene - PAH 2 5-99-2
Benzo(e)pyrene - PAH 192-97-2
Benzo(g,h,i)perylene - PAH 191-24-2
Benzo(j)fluoranthene - PAH 2 5-82-3
Benzo(k)fluoranthene - PAH 2 7-8-9
Dibenz(a,h)acridine - PAH 226-36-8
Dibenz(a,j)acridine - PAH 224-42-
Dibenzo(a,e)fluoranthene - PAH 5385-75-1
Dibenzo(a,e)pyrene - PAH 192-65-4
Dibenzo(a,h)anthracene - PAH 53-7-3
Dibenzo(a,h)pyrene - PAH 189-64-
Dibenzo(a,i)pyrene - PAH 189-55-9
Dibenzo(a,l)pyrene - PAH 191-3 -
Fluoranthene - PAH 2 6-44-
Fluorene - PAH 86-73-7
Indeno(1,2,3-c,d)pyrene - PAH 193-39-5
Naphthalene 91-2-3
PAHs, total unspeciated NA - P/H
Perylene - PAH 198-55-
Phenanthrene - PAH 85-1-8
Pyrene - PAH 129- -
7 | Metals Aluminum (fume or dust) 7429-9 -5
Aluminum oxide (fibrous forms) 1344-28-1
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Category Chemical-class Chemical name CAS _Number
7 | Metals Cadmium (and its compounds) NA- 3
Chromium (and its compounds) NA- 4
Cobalt (and its compounds) NA-5
Copper (and its compounds) NA-6
Hexavalent chromium (and its compounds) NA-19
Lead (and its compounds) NA- 8
Manganese (and its compounds) NA-9
Mercury (and its compounds) NA-1
Nickel (and its compounds) NA - 11
Silver (and its compounds) NA - 13
Vanadium (except when in an alloy) and its compounds 744 -62-2
Zinc (and its compounds) NA - 14
8 | Other inorganics Ammonia (total) NA - 16
Antimony (and its compounds) NA- 1
Arsenic (and its compounds) NA-2
Asbestos (friable form) 1332-21-4
Calcium fluoride 7789-75-5
Chlorine 7782-5 -5
Chlorine dioxide 1 49-4-4
Hydrochloric acid 7647- 1-
Hydrogen fluoride 7664-39-3
Hydrogen sulphide 7783- 6-4
Molybdenum trioxide 1313-27-5
Nitrate ion in solution at pH > 6. NA - 17
Nitric acid 7697-37-2
Phosphorus (total) NA -22
Phosphorus (yellow or white) 7723-14-
Selenium (and its compounds) NA - 12
Sulphuric acid 7664-93-9
Titanium tetrachloride 755 -45-
9 | Nitrosamines/ethers/ 2-Ethoxyethanol 11-8-5
alcohols Chloroethane 75- -3
Diethanolamine (and its salts) 111-42-2
i-Butyl alcohol 78-83-1
Pentachloroethane 76-1-7
Tetrachloroethylene 127-18-4
10 | Other organics Dichloromethane 75-9-2
HCFC-142b 75-68-3
HCFC-22 75-45-6
Hexachlorobenzene 118-74-1
Nitrilotriacetic acid (and its salts) 139-13-9
Polymeric diphenylmethane diisocyanate 916-87-9
p-Phenylenediamine (and its salts) 16-5-3
Toluene-2,4-diisocyanate 584-84-9
Toluenediisocyanate (mixed isomers) 26471-62-5
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Supplemental Table 3.3. List of the 133 chemicals and releases reported to the air. Alberta, 2006-2012.
Note the change in the format of reporting tonnes in scientific notation when tonnes < 0.01.
SN Total ” 2006 2007 2008 2009 2010 2011 2012
(tonnes) (tonnes) (tonnes) (tonnes) (tonnes) (tonnes) (tonnes) (tonnes)
Nitrogen oxides (expressed as NO2) 2,658,482.75 37.92 | 434,843.88 | 42797841 | 39198352 | 377,302.11 | 35327651 | 344,574.24 | 328,524.07
Sulphur dioxide 2,478,493.07 3535 | 40561417 | 386,362.78 | 363209.69 | 357,698.11 | 339,931.87 | 320,731.87 | 304,944.59
Carbon monoxide 1,498,960.25 2138 | 207,042.70 | 211,482.61 | 197,757.94 | 223,897.64 | 229,441.99 | 197,639.43 | 231,697.94
PM - Total Particulate Matter* 183,523.99 262 | 2804388 |  28,192.03 | 2695024 | 2626933 | 26,799.29 | 23,747.29 | 23,521.95
Ammonia (total) 63,827.27 0.91 10,512.57 9,285.10 8,902.46 812863 | 870999 | 893331 | 935522
Methanol 16,362.57 0.23 2,494.24 227453 2,399.44 217353 | 2,179.98 | 2,368.63 | 247222
Xylene (mixed isomers) 13,338.14 0.19 1,174.58 1,062.02 3,328.10 3,12229 | 3379.16 694.92 577.08
n-Hexane 12,822.55 0.18 1,862.14 1,739.33 1,669.74 2,10861 | 230125 | 1,553.57 | 1,587.91
Hydrogen fluoride 12,585.72 0.18 1,170.44 1,159.89 97431 947.02 907.11 814.58 |  6,612.37
Carbony! sulphide 11,819.15 0.17 1,745.25 1,734.48 1,726.27 192453 | 1,857.86 | 1,697.97 | 1,132.79
Hydrogen sulphide 8,202.13 0.12 943.70 988.08 1,534.63 1,558.15 | 1,537.73 856.45 783.38
Carbon disulphide 7,424.87 0.1 1,388.69 1,311.62 1,268.49 1,246.76 996.62 721.09 491.60
Toluene 7,421.27 0.1 733.59 597.22 1,741.52 1,680.46 | 1,817.94 436.47 414.07
Sulphuric acid 6,880.16 0.10 1,292.70 1,095.71 943.64 874.71 913.54 910.53 849.33
Ethylene 5,998.53 0.09 694.67 768.75 712.52 900.33 72025 | 1,204.13 997.88
Hydrochloric acid 3,793.23 0.05 459.04 482.49 44336 437.57 402.74 47090 | 1,097.15
Ethylbenzene 2,516.89 0.04 183.49 173.77 618.88 612.43 657.85 134.41 136.08
Formaldehyde 2,325.49 0.03 507.16 423.86 268.91 250.42 243.66 341.59 289.89
Cyclohexane 2,297.72 0.03 357.47 324.50 374.19 343.39 274.68 263.44 360.06
1,2,4-Trimethylbenzene 2,271.89 0.03 139.06 132.69 575.89 547.28 635.75 127.75 113.47
Benzene 1,574.33 0.02 279.62 223.99 249.66 218.37 231.85 147.58 223.26
Acetaldehyde 1,335.09 0.02 21227 279.87 23230 201.42 137.69 131.20 140.35
Propylene 1,287.78 0.02 122.96 205.22 210.16 188.77 191.78 208.98 159.91
Vinyl acetate 1,254.92 0.02 101.60 113.07 92.70 79.53 116.45 378.88 372.69
Styrene 826.64 | 1.18E-02 168.47 182.96 124.97 65.52 68.56 61.80 154.38
Ethylene glycol 628.50 | 8.96E-03 148.55 126.81 89.61 125.57 62.93 43.14 31.89
HCFC-142b 595.36 | 8.49E-03 138.41 151.35 134.63 170.96
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Chemical Name Total % 2006 2007 2008 2009 2010 2011 2012
(tonnes) (tonnes) (tonnes) (tonnes) (tonnes) (tonnes) (tonnes) (tonnes)

2-Butoxyethanol 486.00 | 6.93E-03 72.08 87.82 65.07 54.58 72.01 70.61 63.81
Methyl ethyl ketone 458.79 | 6.54E-03 73.28 108.99 90.94 32.56 37.65 64.90 50.48
n-Butyl alcohol 448.54 | 6.40E-03 77.17 89.05 61.44 43.99 57.13 70.58 49.18
Phosphorus (total) 445.82 | 6.36E-03 43.65 47.07 38.39 185.81 26.64 34.01 70.26
Chlorine dioxide 289.43 | 4.13E-03 40.45 39.43 36.33 32.20 35.28 36.94 68.80
i-Butyl alcohol 283.39 | 4.04E-03 79.23 63.45 36.49 30.01 21.76 26.06 26.40
Zinc (and its compounds) 25229 | 3.60E-03 14.66 8.86 12.32 61.56 12.10 133.06 9.73
Chlorine 218.20 | 3.11E-03 8.40 20.85 17.73 17.51 24.87 28.54 100.30
Acrolein 205.71 | 2.93E-03 20.45 34.61 32.50 36.55 26.52 27.12 27.97
Cumene 204.53 | 2.92E-03 11.15 11.23 58.67 54.14 57.69 5.67 597
Manganese (and its compounds) 183.41 | 2.62E-03 8.93 7.36 7.96 44.78 41.80 60.94 11.64
Isopropyl alcohol 120.24 | 1.71E-03 37.99 13.40 11.80 11.73 12.22 18.63 14.48
Methyl isobutyl ketone 94.57 | 1.35E-03 8.04 30.14 18.97 2.90 4.99 15.50 14.02
Acenaphthylene - PAH 84.16 | 1.20E-03 16.13 12.57 12.25 8.48 11.00 12.44 11.28
Formic acid 77.24 | 1.10E-03 1.55 0.02 0.07 0.05 68.64 6.62 0.30
Cresol (all isomers and their salts) 64.01 | 9.13E-04 0.07 0.08 18.17 17.89 17.02 10.77
1,4-Dioxane 63.89 | 9.11E-04 13.65 22.63 5.72 3.06 4.74 13.21 0.89
Naphthalene 57.76 | 8.24E-04 12.48 7.05 6.95 0.71 7.73 21.07 1.77
Dichloromethane 55.18 | 7.87E-04 26.41 6.83 241 7.06 3.67 4.18 4.62
Chromium (and its compounds) 54.93 | 7.83E-04 2.80 2.55 3.60 3.81 39.51 1.60 1.06
Phenol (and its salts) 54.79 | 7.81E-04 11.60 11.33 9.50 1.90 3.85 1.85 14.75
Vanadium and its compounds 51.40 | 7.33E-04 8.60 7.55 7.95 7.57 8.14 6.07 5.53
1,3-Butadiene 40.75 | 5.81E-04 9.33 10.43 5.41 4.31 2.65 4.36 4.26
Nickel (and its compounds) 39.43 | 5.62E-04 5.44 6.26 6.72 5.46 543 5.22 4.90
Copper (and its compounds) 3432 | 4.89E-04 1.65 1.61 1.62 1.78 3.06 23.42 1.19
Lead (and its compounds) 25.65 | 3.66E-04 3.17 2.99 3.77 3.29 4.03 3.45 4.95
Calcium fluoride 21.78 | 3.11E-04 2.67 2.96 2.92 3.09 3.35 3.35 3.44
Diethanolamine (and its salts) 19.69 | 2.81E-04 7.24 5.76 5.82 0.33 0.32 0.21 0.01
Phenanthrene - PAH 18.16 | 2.59E-04 3.38 2.98 2.87 1.85 2.20 2.46 241
Nitrate ion in solution at pH > 6.0 16.29 | 2.32E-04 8.14 8.15
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Chemical Name Total % 2006 2007 2008 2009 2010 2011 2012
(tonnes) (tonnes) (tonnes) (tonnes) (tonnes) (tonnes) (tonnes) (tonnes)
Trichloroethylene 14.03 | 2.00E-04 14.03
Ethylene oxide 12.55 | 1.79E-04 5.11 1.57 1.11 1.24 1.32 1.00 1.20
HCFC-22 12.18 | 1.74E-04 3.23 1.95 1.72 1.17 1.10 1.66 1.35
Molybdenum trioxide 791 | 1.13E-04 1.40 1.41 2.34 1.53 1.23
Methyl tert-butyl ether 6.72 | 9.59E-05 0.42 0.02 4.64 1.27 0.25 0.11 4.00E-03
PAHS, total unspeciated 6.44 | 9.19E-05 0.80 0.81 0.79 0.41 0.81 091 1.92
Dicyclopentadiene 6.37 | 9.09E-05 1.01 1.42 1.48 0.74 0.65 0.02 1.06
N-Methyl-2-pyrrolidone 5.75 | 8.20E-05 0.08 0.79 1.30 2.02 1.56
1,2-Dichloroethane 5.38 | 7.68E-05 3.98 0.55 0.55 0.09 0.12 0.07 0.03
Mercury (and its compounds) 497 | 7.09E-05 0.93 0.99 0.64 0.73 0.82 0.41 0.45
n,n-Dimethylformamide 4.80 | 6.84E-05 0.78 0.49 1.32 0.84 0.63 0.74
Cadmium (and its compounds) 426 | 6.07E-05 0.23 0.38 0.47 0.99 0.60 0.73 0.86
Acetonitrile 420 | 5.98E-05 1.20 0.80 0.03 0.01 1.39 0.78
Hexavalent chromium (and its compounds) 3.86 | 5.51E-05 0.66 0.58 0.57 0.54 0.55 0.46 0.50
Arsenic (and its compounds) 3.73 | 5.32E-05 0.66 0.54 0.63 0.61 0.43 0.44 0.42
Nitrilotriacetic acid (and its salts) 3.53 | 5.03E-05 1.69 1.84
Cobalt (and its compounds) 3.44 | 491E-05 0.70 0.25 0.24 0.34 1.04 0.59 0.29
Methylenebis(phenylisocyanate) 3.02 | 4.30E-05 0.30 1.04 1.57 0.05 0.05
7H-Dibenzo(c,g)carbazole - PAH 291 | 4.15E-05 0.00 0.00 0.82 0.82 1.26
Pyrene - PAH 2.78 | 3.97E-05 0.41 0.42 0.42 0.32 0.38 0.42 0.40
Asbestos (friable form) 2.65 | 3.78E-05 2.65
Fluoranthene - PAH 2.57 | 3.67E-05 0.40 0.42 0.42 0.33 0.34 0.35 0.31
Aluminum oxide (fibrous forms) 245 | 3.49E-05 2.45
Polymeric diphenylmethane diisocyanate 2.32 | 3.32E-05 0.06 0.20 1.61 0.10 0.12 0.12 0.12
Biphenyl 2.30 | 3.28E-05 0.09 0.07 0.09 0.49 0.55 0.55 0.45
Fluorene - PAH 1.84 | 2.62E-05 0.30 0.24 0.28 0.21 0.25 0.27 0.28
Aluminum (fume or dust) 1.58 | 2.26E-05 0.06 1.40 0.02 0.04 0.04 0.03
Toluenediisocyanate (mixed isomers) 1.13 | 1.61E-05 0.10 0.09 0.30 0.29 0.30 0.05
Selenium (and its compounds) 0.86 | 1.23E-05 0.09 0.10 0.35 0.33
Vinyl chloride 0.81 | 1.16E-05 0.81
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Chemical Name Total % 2006 2007 2008 2009 2010 2011 2012
(tonnes) (tonnes) (tonnes) (tonnes) (tonnes) (tonnes) (tonnes) (tonnes)

Tetrachloroethylene 0.80 | 1.14E-05 0.01 0.37 0.37 0.03 0.02 0.01

Acenaphthene - PAH 0.79 | 1.13E-05 0.17 0.12 0.14 0.08 0.09 0.10 0.09

Triethylamine 0.46 | 6.53E-06 0.15 0.08 0.00 0.18 0.05

Anthracene 0.40 | 5.70E-06 0.14 0.04 0.05 0.04 0.05 0.04 0.04

Phosphorus (yellow or white) 0.36 | 5.17E-06 0.00 0.25 0.11

Chloroethane 0.34 | 4.79E-06 0.06 0.07 0.12 0.09

Antimony (and its compounds) 0.32 | 4.54E-06 0.01 0.01 0.28 0.02

Silver (and its compounds) 0.27 | 3.86E-06 0.00 0.08 0.09 0.05 0.05

Chloroform 0.27 | 3.84E-06 0.14 0.13

Benzo(a)phenanthrene - PAH 0.22 | 3.20E-06 0.04 0.04 0.03 0.03 0.02 0.03 0.03

Benzo(a)anthracene - PAH 0.19 | 2.72E-06 0.04 0.03 0.04 0.03 0.02 0.02 0.01

Nitric acid 0.15 | 2.17E-06 0.04 0.05 0.07

1,1,2-Trichloroethane 0.11 | 1.55E-06 1.09E-01

Benzo(e)pyrene - PAH 0.07 | 9.36E-07 1.23E-02 1.13E-02 1.12E-02 9.96E-03 7.43E-03 7.33E-03 6.02E-03

tert-Butyl alcohol 0.05 | 6.56E-07 4.60E-02

Benzo(a)pyrene - PAH 0.04 | 6.08E-07 1.09E-02 1.05E-02 6.01E-03 5.44E-03 3.17E-03 3.15E-03 3.52E-03

Benzo(g,h,i)perylene - PAH 0.04 | 5.66E-07 6.44E-03 4.76E-03 7.26E-03 4.24E-03 3.65E-03 6.05E-03 7.32E-03

Toluene-2,4-diisocyanate 0.03 | 4.96E-07 3.48E-02

Benzo(b)fluoranthene - PAH 0.03 | 4.58E-07 5.84E-03 4.48E-03 3.48E-03 3.89E-03 4.51E-03 4.73E-03 5.17E-03

Indeno(1,2,3-c,d)pyrene - PAH 0.02 | 3.50E-07 4.84E-03 3.66E-03 4.52E-03 2.82E-03 2.65E-03 2.37E-03 3.68E-03

1,1,2,2-Tetrachloroethane 0.02 | 3.00E-07 2.10E-02

Benzo(k)fluoranthene - PAH 0.02 | 2.65E-07 4.14E-03 3.02E-03 3.16E-03 2.26E-03 1.12E-03 2.08E-03 2.80E-03

Hexachlorobenzene 0.02 | 2.43E-07 5.63E-03 2.60E-03 1.77E-03 1.80E-03 1.89E-03 2.13E-03 1.20E-03

Benzo(j)fluoranthene - PAH 0.01 | 1.89E-07 2.92E-03 2.42E-03 2.37E-03 1.48E-03 1.47E-03 2.57E-03

2-Ethoxyethanol 0.01 | 1.75E-07 1.00E-03 1.13E-02

Titanium tetrachloride 0.01 | 1.71E-07 4.00E-03 8.00E-03

Perylene - PAH 9.96E-03 | 1.42E-07 2.03E-03 1.35E-03 6.99E-04 1.02E-03 8.16E-04 2.01E-03 2.04E-03

Carbon tetrachloride 9.00E-03 | 1.28E-07 5.00E-03 4.00E-03

p-Phenylenediamine (and its salts) 9.00E-03 | 1.28E-07 4.00E-03 5.00E-03

Toluene-2,6-diisocyanate 8.70E-03 | 1.24E-07 8.70E-03
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Chemical Name Total % 2006 2007 2008 2009 2010 2011 2012
(tonnes) (tonnes) (tonnes) (tonnes) (tonnes) (tonnes) (tonnes) (tonnes)

Dibenzo(a,h)anthracene - PAH 6.55E-03 | 9.34E-08 1.11E-03 1.35E-03 1.07E-03 7.64E-04 8.19E-04 6.64E-04 7.71E-04

Quinoline (and its salts) 6.10E-03 | 8.70E-08 3.60E-03 2.50E-03

Isoprene 4.00E-03 | 5.70E-08 2.00E-03 2.00E-03

Dibenz(a,j)acridine - PAH 3.20E-03 | 4.56E-08 8.62E-04 6.98E-04 6.22E-04 3.70E-04 3.23E-04 3.21E-04

Aniline (and its salts) 2.90E-03 | 4.14E-08 1.90E-03 1.00E-03

7,12-Dimethylbenz(a)anthracene - PAH 1.36E-03 | 1.93E-08 3.75E-04 3.50E-04 1.15E-04 1.30E-05 5.02E-04

3-Methylcholanthrene - PAH 1.31E-03 | 1.87E-08 5.63E-04 2.55E-04 5.00E-06 2.00E-06 4.89E-04

Dibenzo(a,i)pyrene - PAH 1.29E-03 | 1.84E-08 7.55E-04 2.50E-04 2.84E-04

Pentachloroethane 1.00E-03 | 1.43E-08 1.00E-03

Dibenzo(a,e)pyrene - PAH 8.19E-04 | 1.17E-08 2.50E-04 2.48E-04 2.12E-04 1.09E-04

Dibenz(a,h)acridine - PAH 6.50E-04 | 9.27E-09 2.50E-04 2.48E-04 1.20E-04 1.50E-05 1.70E-05

1-Nitropyrene - PAH 5.34E-04 | 7.62E-09 2.50E-04 2.48E-04 2.00E-05 8.00E-06 8.00E-06

Dibenzo(a,l)pyrene - PAH 5.02E-04 | 7.16E-09 2.50E-04 2.48E-04 2.00E-06 1.00E-06 1.00E-06

5-Methylchrysene - PAH 4.98E-04 | 7.10E-09 2.50E-04 2.48E-04

Dibenzo(a,e)fluoranthene - PAH 4.98E-04 | 7.10E-09 2.50E-04 2.48E-04

Dibenzo(a,h)pyrene - PAH 4.98E-04 | 7.10E-09 2.50E-04 2.48E-04

Totals 7,011,463.12 100.00 | 1,103,038.06 | 1,079,534.26 | 1,009,106.82 | 1,013,775.55 | 978,437.59 | 909,928.60 | 917,642.23

*Particulate Matter is represented by total particulate matter (TPM).

Amounts of PM o and PM, s were not considered for this table (they jointly accounted for and additional 11,560.70 tonnes) .
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Supplemental Table 3.4. Pollutant releases to air by industrial sector. Alberta, 2006-2012

Industrial Sector Total o 2006 2007 2008 2009 2010 2011 2012

(tonnes) (tonnes) (tonnes) (tonnes) (tonnes) (tonnes) (tonnes) (tonnes)

Conventional Oil and Gas Extraction 3,046,739 | 4345 | 528,010 | 502,555 458,206 430,847 393,119 | 378,586 | 355,416
Electricity 1,568,759 | 2237 | 234,022 | 234,121 227,601 221,563 228233 | 216,722 | 206,496
Eﬁgﬁ‘:ﬁggggﬁgﬁ fl"{téf;‘;tyiogﬂ) 1,374,665 | 19.61 | 189,675 | 198,750 191,122 214,666 200,333 | 186,065 | 194,053
Wood Products 266,687 3.80 37,482 37,508 24,879 44,288 51,114 18,372 | 53,043
Chemicals 213,069 3.04 30,877 29,593 30,181 29,894 30,299 31,317 | 30,907
Pulp and Paper 130,512 1.86 | 20,732 19,412 19,322 16,891 17,714 15,843 | 20,598
Eﬁgiﬁm and Coal Product Refining 127,776 1.82 18,180 17,348 19,892 18,878 17,202 18,957 | 17,319
&ﬁ"‘r‘;tls Lime and Other Non-Metallic 74082 | 1.06| 11,894 | 12,057 11,679 8,683 9,842 9,846 | 10,083
0il & Gas Pipelines and Storage 65,905 0.94 12,130 11,978 9,779 8,758 7,980 8,189 7,091
Aluminum 36,226 0.52 4,771 3,993 4,586 5,621 6,028 5,980 5,247
Mining and Quarrying 33,986 0.48 751 2,177 2,596 4,429 6,787 9,948 7,297
Other Manufacturing 22,050 0.31 3,680 3,075 2,574 2,993 3,206 3,250 3,273
g/igs (Except Aluminum and Iron and 18,643 0.27 3,085 2,991 2,805 2,382 2,505 2,333 2,541
Other (Except Manufacturing) 18,246 0.26 5,854 1,893 1,891 1,950 2,056 2,477 2,125
Tron and Steel 6,468 0.09 807 975 958 927 932 929 940
Water and Wastewater Systems 6,156 0.09 881 912 855 835 861 903 910
Plastics and Rubber 941 0.01 194 191 152 89 82 74 159
Waste Treatment and Disposal 553 0.01 13 3 31 82 144 138 143
Totals* 7,011,463 | 100.00 | 1,103,038 | 1,079,534 | 1,009,107 | 1,013,776 978,438 | 909,929 | 917,642

*Based on table 3.3, in which Particulate Matter is represented by total particulate matter (TPM). Amounts of PM ¢ and PM, s were not considered for this table
(they jointly accounted for and additional 11,560.70 tonnes).
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Chapter 4

4. Conclusions and final remarks

This thesis focused on providing a better understanding of the local factors impacting the
occurrence of preterm birth and small for gestational age in Alberta. Also, in the identification of
potentially hazardous mixtures of air pollutants from industrial sources associated with adverse
birth outcomes (a significant knowledge gap in air pollution and perinatal epidemiology’+?).
These two aspects represent initial steps for further generation of new hypotheses for the study of
air pollution and perinatal epidemiology. A more extensive research project named DoMINO?
established the research framework for this thesis study. It will be briefly commented on the
research context section below. Afterward, this chapter summarizes the key findings of this

thesis and their potential links with future research in public health.

4.1. The research context

DoMINO? was an interdisciplinary and collaborative research project in which knowledge
users, researchers, and trainees from different disciplines (i.e., computer sciences, geography,
epidemiology, and perinatology) examined co-location of sources of industrial emissions,
socioeconomic index, maternal risk factors, and adverse birth outcomes in Canada. The project
was exploratory considered as a foundation for future research. The project’s strategy based on
an integrated knowledge translation plan (iKT)*° that, among other benefits, allowed knowledge
users to be involved in focusing the research questions, and allowed trainees to develop skills in
interdisciplinary collaboration.

Accordingly, some specific research questions emanating from DoMINO were integrated

into the main topic of this thesis research. Those questions were: (1) Where did low and high
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occurrence of ABO exists during the study period? (i1) Which maternal risk factors, among those
routinely measured by health authorities in Alberta, could explain the ABO range of occurrence?
Within this context, the results of this thesis contributed to reaching the research goals by:

1. Identifying areas of low, moderate, and high occurrence of preterm birth and
small for gestational age;

2. Comparing the distribution of the prevalence of risk factors in those areas, and
identifying local key risk factors for spontaneous and induced preterm birth, and
small for gestational age;

3. Estimating the effects of air pollutant mixtures from industrial sources on
spontaneous and induced preterm birth, and small for gestational age.

Lastly, the DOMINO project was a great opportunity to learn how to work in an

interdisciplinary environment towards the same goals.

4.2. Key findings
4.2.1. Areas of elevated occurrence of PTB and SGA: the urban imprint in Alberta

The results showed that the areas with a high occurrence of PTB and SGA were
predominantly urban. This result may be associated, to a certain degree, with the urbanization
and migration changes observed in the province during the study period. According to national
statistics, Alberta has urbanized more rapidly than other provinces in Canada in the last five
decades®, and, currently, around 80% of its population lives in urban settlements.” In parallel, a
high demographic flow of immigrant populations mainly to Calgary and Edmonton (the major

cities in the province)®’

occurred since 2000s. Alberta has one the highest population growth
rates in Canada: the national population growth rate was +5.3%, while in Alberta was +10.2%,

between 2006 and 2012'°,
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Consequently, it is probable that associated factors to a rapid urbanization process and
demographic changes are playing a relevant role in the occurrence of PTB and SGA. Worldwide,
it has been observed that urbanization processes are usually accompanied by an economic
development and an increase in poverty in some population groups.'? The economic
development is accompanied by an increase of infrastructure (i.e., industrial facilities, roads,
increased use of motor vehicles) that usually increase the level of air pollution and, consequently,
the expected negatively impact human health!?. In this regard, the data indicated that populations
of mothers living in the areas of high occurrence were potentially exposed, on average, to more
air pollutant mixtures from industrial sources compared to the mothers living in the areas with
low occurrence (10 mixtures vs. 4 mixtures, respectively); although, the industrial emissions
have reduced over the study period. The increase in poverty is linked to some population
subgroups who fail to adapt and to align with the urban-style life and standards, suffering lack of
opportunities and increasing the problems of psychological adaptation;'? which may increase
individual stress and impact negatively pregnant women. In this regard, the results indicated a
higher proportion of PTB and SGA cases in areas with low socioeconomic index compared to
the high socioeconomic index. Additionally, the intergenerational influences of a small maternal
structure of South Asian and Chinese populations, which have increased their concentration in
Calgary and Edmonton from 2006 to 2011° could be related to high rates of SGA!!. The extent to
which immigrant populations contribute to high rates of ABO in Alberta is an issue that deserves

further research.

4.2.2. Risk factors impacting the occurrence of PTB and SGA in Alberta
To my knowledge, this is the first study identifying small areas of low and high occurrence

of ABO in Alberta, and the distribution of risk factors across those areas. Traditionally,
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observational epidemiological studies identify risk factors of diseases, or the effects of specific
interactions (i.e., effect modification) of a small number of risk factors.!* However, there is an
increasing interest in identifying networks of already known risk factors acting at local/regional
scale to understand how they distribute in subgroups of populations across different geographic
settings. This approach, different from the classical risk factor epidemiology, may improve our
understanding of the role of multiple risk factors in the causal pathway for ABO in different
places and could result as highly informative for public health researchers and policy-makers.!?

The results of the prevalence of risk factors participating in the high-occurrence areas vs. the
low-occurrence areas, showed for:

a) Spontaneous PTB: A higher prevalence of smoking during pregnancy (+22%),
substance use during pregnancy (+8%), and past abortions (+3%). There were 36%
more cases in the lowest SES-index quintile and 3% more cases in the mothers less
than 20 years of age.

b) Induced PTB: A higher prevalence of smoking during pregnancy (+12%), and
substance use during pregnancy (+4%). There were 32% more cases in the lowest
SES-index quintile and 2% more cases in the mothers less than 20 years of age.

c) SGA: A lower prevalence of smoking during pregnancy (-20%), substance use
during pregnancy (-8%), and proteinuria (-2%). There were 5% fewer cases in the
mothers less than 20 years of age and 26% more cases in the lowest SES-index
quintile.

The higher prevalence of smoking and substance use during pregnancy in areas with a low
occurrence of SGA was unexpected. These results motivated a subsequent analysis in urban and

rural areas. That analysis showed a high prevalence of smoking and substance use during
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pregnancy in very young women living in rural areas (results did not show in this study) that
may explain these results.

Additionally, the corresponding attributable fractions of the measured risk factors of ABOs
in the high-occurrence areas of Alberta provided an initial assessment of the key risk factors for
ABOs. The key measured determinants were, for:

a) Spontaneous PTB: Past-preterm (AF=18%), smoking during pregnancy
(AF=15%), bleeding after the 20" week (AF=11%), the lowest SES-index
(AF=9%), substance use during pregnancy (AF=5%), and gestational diabetes
(AF=4%).

b) Induced PTB: Gestational hypertension (AF=19%), past-preterm (AF=11%),
proteinuria (AF=10%), and smoking during pregnancy (6%).

c)  SGA: the lowest SES-index (AF=12%), smoking during pregnancy (AF=6%),
gestational hypertension (AF=4%), and past-SGA (AF=3%)).

These results showed that no one risk factor explained more than 19% of cases (in the high-
occurrence areas), and that if it was possible to sum their AFs (which theoretically it is not
always possible and cautions in its interpretation is needed) they would account, at most, for
62% of the spontaneous PTB cases, 46% of the induced PTB cases, and 25% of the SGA cases.
In such case, the observed results of preterm birth are in line with other studies reporting that
approximately 30% of the PTB cases are from unknown causes.'*

Another important result was revealing the role of gestational diabetes, gestational
hypertension, proteinuria, and bleeding after the 20" week (which were homogeneously
distributed across the areas of occurrence) as important contributors to the ABO occurrence in
Alberta. This underlines the importance of keeping a continuous surveillance of pregnant women

and the need of understanding how susceptibility to exposure to air pollutants may be modified
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by these factors. Recently, the presence of pregnancy comorbidities such as preeclampsia,
chronic diabetes, and asthma status has been identified as effect modifiers of air pollutants on
preterm birth.!> Concomitantly, in this thesis, the finding that the lowest SES-index and smoking
during pregnancy were common important factors for spontaneous PTB and SGA, are in line
with two previous studies of predictors of PTB!'®!” and SGA!® in Alberta. In parallel, and as it
was previously mentioned, there is evidence on how urbanization processes may be associated
with an increase of adverse social conditions despite the economic benefits accompanying urban
development.'?

All these results emphasize the importance of further research in public health for

understanding how all these key factors may interact to impact the occurrence of adverse birth

outcomes.

4.2.3. The characterization of mixtures of air pollutants from industrial sources

The characterization of mixtures of air pollutants is a building block in the multi-pollutant
approach to understanding the human health risk they represent.'® Studies on the adverse health
effects of mixtures of air pollutants based on the commonly measured criteria air pollutants (i.e.,
NO2, SO, CO, O3, and PM) have increased over the last decade.!” However, the content of other
hazardous chemicals within those mixtures is practically unknown mainly because they are not
measured by air monitoring systems. Operational issues (i.e., associated costs to identify small
quantities of a variety of chemical substances in air samples), among other things, complicate
initiatives to measure their concentrations in the air. Consequently, assessing their health impact
is hard to achieve.

I used data from the National Pollutant Release Inventory (NPRI)? of Canada to characterize

mixtures of chemicals released by industrial facilities into the air in Alberta. The NPRI is
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publicly available, and their data-quality is certified by the environmental authorities in Canada.
The NPRI tracks hundreds of chemicals considered as dangerous for human health, although do
not track other important pollutants released to air. The NPRI, it collects and reports only annual
emissions. The use of annual emissions is a limiting factor for estimating the level of exposure to
hazardous chemicals during pregnancy in the nearby populations. Despite these limitations, the
NPRI represents a valuable data source for building an initial framework to generate hypothesis
about the potential effects air pollutant mixtures from industrial sources on adverse birth
outcomes. Currently, it is the only source of information compiling a large set of chemicals
emitted to the environment by industrial sources in Canada.

This study proposed an original approach for generating an initial view of the type of
mixtures emitted from industrial sources in Alberta based on chemical groups and their
proportional content in the emissions for each facility.

The main results showed that:

a)  97% of the total emissions were composed of two or more chemical groups.

b)  Very complex mixtures containing many chemical classes, including a high
proportion of gases, were the most relevant regarding the amounts released into the
air: they represented 46% of the total emissions during the study period, were
emitted by 11% of the facilities and were widely present across the province.

c) Mixtures containing a high proportion (=60%) of NO,, or PM, or CO were the most
common (83% of the facilities) and represented 33% of the emissions. They were
densely present across the province and were emitted mainly from the oil- and

energy-related sectors.
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d) Mixtures containing a high proportion (=60%) of SO, were emitted by 3% of the
facilities but represented 21% of the total emissions.

e) Mixtures having a high proportional content (>60%) of volatile organic compounds,
metals, other organic chemicals and other inorganic chemicals, were scarce (they
represented 0.24% of the total emissions). They were principally emitted in the
major cities and not linked to the oil- and energy-related sectors.

These results clearly show that a wide range of different mixtures is present in the ambient
air of Alberta, and give empirical support to the use of multi-pollutant approaches for a better
understanding of the impact of air pollution on health outcomes. Interestingly, the mixtures
having a high proportional content of volatile organic compounds, metals, other organic
chemicals, and other inorganic chemicals, were located mainly in urban areas, where we also
observed a higher prevalence of adverse birth outcomes. Since these types of mixtures may be
highly toxic for human populations, their geo-location is important for planning further studies

about their health effects.

4.2.4. The associations of mixtures from industrial sources with adverse birth outcomes
The results indicated that not all mixtures were associated with spontaneous preterm birth,
induced preterm birth or small for gestational age. The mixtures that increased the odds of the
studied adverse birth outcomes were:
a) Mixtures with a significant proportion (=60%) of volatile organic compounds
increased odds of SGA by 37%;
b) Mixtures with a significant proportion (>60%) of metals, or other organics, or
other organics increased odds of induced PTB by 17%, 17% and 24%,

respectively;
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C) Mixtures heterogeneous with a major proportion of gases increased odds of
spontaneous PTB by 36%, and;

d) Mixtures with a significant proportion (>60%) of PM increased odds of SGA by
8%

A careful interpretation of results must be done since limitations exist. An important one is
that the analysis was based on the presence (yes/no) of the mixtures emitted within a 10 km
buffer around maternal postal codes. This is a weak method for correctly assigning exposure to
women during pregnancy. However, I decided to use it since we were also limited by the
annually reported emissions in the NPRI. Nevertheless, the use of important covariates (maternal
risk factors, area-level socioeconomic index, and the presence of the other mixtures in the buffer
zone) for adjusting their effects may reduce, to some extent, uncertainty. Additionally, the
biologically plausible mechanisms already associated with individual chemicals in these groups
may add some theoretical support to our results.!*?

Although substantial evidence exists about the toxicity of some individual volatile organic
compounds (i.e., benzene, toluene) metals (i.e., lead, cadmium), arsenic, and other many

21.22 in the mixtures, the toxicity of mixtures of hazardous pollutants is a key question

chemicals
to be solved. One of the most significant challenges in a multi-pollutant approach is to
understand the interactive patterns (i.e., potentiation, synergism, inhibition) of air pollutant
mixtures on different health outcomes.?* In multi-pollutant approaches, it is hypothesized that the
mixture determines its toxicity and that this toxicity could be the results of the changes suffered
during their transport in the atmosphere (during which photochemical reactions occurs to
produce secondary pollutants) altering their physic-chemical properties (i.e., solubility, volatility,

persistence). Consequently, different mixtures of the same chemicals could impact biological

endpoints in different ways. One example was provided recently by an in vitro toxicological
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study done by Manzano-Leon et al. (2016)*, who observed that PMa s samples from Mexico
City showed pro-inflammatory effects, except when the proportional content of polycyclic
aromatic hydrocarbons increased above 0.1% of the PM> 5 mass. Their findings suggested the
existence of inhibitory processes among chemical components that could be detected when the
chemical content of the mixture changes.

Accordingly, the mixtures that were identified as having a significant proportion of volatile
organic compounds, metals, and other inorganic chemicals may provide preliminary insights
about the potential role of these groups of chemicals in increasing the toxicity of a mixture of air
pollutants. Those identified mixtures were emitted in very small amounts in relation to the total
emissions, but could be highly toxic. As far as I know no other studies have investigated the
effects of mixtures of air pollutants from industrial sources on adverse birth outcomes. Thus, the
identified mixtures associated with preterm birth and small for gestational age could be good
candidates for further research aiming to assess their toxicity and health effects.

Additionally, the results could provide practical knowledge applicable to environmental
health policy. One is related to the importance of geographically locate hazardous mixtures
released into the air from industrial sources to advise environmental authorities where and what
chemicals should be monitored. Another relates to the increased scientific evidence about the
long-term adverse health effects from being exposed to hazardous chemicals during fetal
development and early life, such as Alzheimer’s disease?®, or cancer diseases®. In this regard,
the results of this thesis may inform public health authorities about potential long-term effects of
hazardous mixtures on populations living in their proximity. In parallel, the results may motivate
and inform future research to develop new methods for measuring the toxicity of hazardous

mixtures in the ambient air (i.e., by measuring their oxidative burden?®). Thus, the knowledge of
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how mixtures of hazardous pollutants affect pregnancy outcomes and the future life of newborns

should be a priority in environmental health epidemiology.

4.3. The inherent complexity of environmental-health research

The last reflection is about the complexity associated with the study of the risk factors for
adverse birth outcomes. It is recognized that the relationships among individual (i.e., genetic,
lifestyle, age), social (i.e., education, income, access to medical care), and environmental factors
(i.e., exposure to toxicants in air, water, and food) with adverse birth outcomes are highly
complex. Keune and collaborators®’ have postulated that environmental and health research is by
“nature” complex and that some considerations should accompany this type of studies, for
example: (i) some health outcomes are the result of multi-causal systems and that, in such
systems, the search for a single or ultimate cause is fruitless; (i1) that ambiguity and controversies
in the assessment of environmental health risks are expected due to the large uncertainties,
knowledge gaps, and partial understanding of the disease-risk factors’ relationships (for example,
health effects from high doses for a number of toxicants are well established, but their effect of
small doses over longer periods is unknown); and that (iii) all the related aspects to a specific

environment and health issue cannot be investigated by only one research.

Finally, this thesis showed the complexity associated with the study of a wide range the risk
factors for preterm birth and small for gestational age. It provided supporting knowledge about
small areas in Alberta with an excess occurrence of adverse birth outcomes, the distribution of
key maternal risk factors in the three areas of occurrence (low, moderate, high), and the key
maternal risk factors impacting the occurrence of these health outcomes. It faced the complexity
associated with exploring the effects of industrial emissions related to the heterogeneity in the

industrial emissions into the air in Alberta. However, the characterization of the mixtures may be
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used as an initial framework for suggesting new hypotheses about the role of specific potential
hazardous mixtures on pregnancy outcomes. The results suggest that much more efforts are

required to understand the effects of the air pollution on adverse birth outcomes.
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Appendix 1 — Age-adjusted Standardize Prevalence Ratios and Smoothing
1) Standardization of prevalence proportions (Age-adjusted).
We used the indirect method for calculating Standardized Proportions Ratios (SPR). The
expected number of ABOs cases were based on the age-specific PTB/SGA/LBWT proportions
for the age distribution of the whole province and the age distribution in the Dissemination Areas

(DAs)
The age-categories were chosen from the Canadian Institute of Health Information ( ):
Category 1 (k=1): less than 20 years’ old
Category 2 (k=2): between 20 and 34 years’ old
Category 3 (k=3): between 35 and 39 years’ old
Category 4 (k=4): 40 years old and older
The age-adjusted SPR for the i" DA is (Gerstman 2003):

SPR; = 0; / ei. where:
0i = observed number of cases in the Dissemination Area i

ei. = Yr—1 Pxny; it represents the age-adjusted expected number of cases in the

Dissemination Area i

Py = proportion of adverse birth outcomes in the k™ age-category of the reference

population
nki = number of livebirths in the k™ age-category in the i DA

Age-category proportions of Preterm Birth in the Province (reference population)

Age-category proportions of small for gestational age in the province (reference population)
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Age-category proportions of low birth weight at term in the province (reference population)

2) Smoothing of SPR based on a Bayesian model.
We used the Rabe-Hesketh and Skrondal (2008) program developed for stata-Software for

predicting SPR using empirical Bayes. The model specification is based on a random-intercept
Poisson model for the number of cases by DA.

Model specification:

In(pi) = In(ei) + 1 + G
where:
In(e;) is an offset to ensure that B + {; can be interpreted as a model-based DA-specific

log of SPR.
{i~ ~ (0, ¥)is a random intercept representing unobserved heterogeneity between DAs.
The commands are (using PB_cases variable as an example):

gllamm PB_cases , i( DA) offset ( Inexpected ) family(poisson) link(log) adapt

gllapred mu, mu nooffset

The following graphs show the histograms for age-adj. SPR of SGA and the smoothed age-adj. SRP of SGA as an

example.
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The following graphs shows the final histogram for the smoothed age-Adj.SPR of PTB and LBWT.
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Appendix 2 - Cluster Analysis

We followed the steps suggested by Everitt et al (2 11: p. 261) to do cluster analysis.

1)

2)

3)

Define objects to cluster. The objects should be representative of the cluster structure
believed to be present. Industry and commercial facilities are the emitters of pollutants into
the air, water and land. Facilities reporting to the NPRI are one of the most complete sources
of information to characterize air pollutants from industry and commerce. Although not all
facilities report to the NPRI, they represent the fraction of the industry and commercial
activities that release important quantities of pollutants to the media (thresholds are defined

by law).

Variables to be used. Variables should only be included only if there is good reason to think
they will define the clusters. We assumed that the knowledge of the mixtures of pollutants
emitted by industry and commercial facilities can be approached by aggregating the
chemicals released to the air in Alberta (n=135) into ten broader classes. These ten classes of
chemicals are based on the chemical structure and nature of the 135 chemicals released in
the province during the study period. Our objective was to gain knowledge about mixtures
of chemicals released by industry. Besides, working with classes of chemicals avoids
managing a lot of ZERO values in the data matrix (see next point), since it is no expected

that all facilities (n=6,279) release all chemicals (n=133).

Missing values. It is desirable have a low proportion of missing values. The aggregation of
chemicals into classes resulted in lowering the number of missing and ZERO values. In our
context, a missing value can be replaced as zero (that means that there are no emissions of

the chemicals aggregated in a specific class or they are emitted in very small quantities
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4)

5)

below of the standard-thresholds), since neither the informative meaning is altered nor

mathematical calculations.

Variable standardization. Standardization is not necessarily always indicated and can
sometimes be misleading. In our context, all descriptors were expressed with values between
and 1 (proportions of the emissions by class of chemicals per facility) and no further

standardization was needed.

Proximity measure. Knowledge of the context and type of data may suggest suitable choices.
We chose Euclidean distances as proximity measurement between objects (facilities), which
is a metric distance developed for quantitative descriptors. The Euclidean distance is defined

as (Legendre and Legendre, 2 11):

P
D, (x,.X,) = z (V1= V25 i
j=1
Where:
D1 (x1, x2) = Distance between objects x1, and x»
y1; =™ descriptor in object 1
¥2; =j™ descriptor in object 2
The Euclidean distance do not have an upper limit (it increases with the number of
descriptors) and produces an Euclidean dissimilarity matrix which is a desirable property for

dissimilarity matrices (see Everitt et al, 2 11).
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6) Clustering method. Methods should be effective at recovering clusters and insensitive to
error. We used the Wards linkage agglomerative hierarchical method that works well for

many situations and is reasonably robust.

7) Number of clusters. One of the most difficult decisions to make is the number of clusters to
be considered for further analysis. We used the stopping rules criteria to determine the
number of clusters. We calculated the Calinski & Harabaz pseudo-F provided by stata to

select the number of clusters.

Stata commands:

For example:

cluster wardslinkage Prop_G1 Prop G2 Prop G3 Prop_G4 Prop G5 Prop_G6 Prop G7 Prop_GS8 Prop_G9
Prop_G10, measure(L2) name(Ward Link)

cluster stop Ward_Link, rule(calinski) groups(2/100)

cluster generate C_ WardLink = groups (52), name( Ward_Link)

The final table of clusters was:
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tabulate mixprof C43WardLink

mixprof C43

WardLink Freq. Percent Cum.
1 31 0.49 0.49
2 26 0.41 0.91
3 19 0.30 1.21
4 15 0.24 1.45
5 5 0.08 1.53
6 30 0.48 2.01
7 39 0.62 2.63
8 12 0.19 2.82
9 13 0.21 3.03

10 23 0.37 3.39
11 19 0.30 3.69
12 8 0.13 3.82
13 30 0.48 4.30
14 24 0.38 4.68
15 21 0.33 5.02
16 41 0.65 5.67
17 86 1.37 7.04
18 245 3.90 10.94
19 150 2.39 13.33
20 149 2.37 15.70
21 160 2.55 18.25
22 199 3.17 21.42
23 214 3.41 24.83
24 61 0.97 25.80
25 87 1.39 27.19
26 134 2.13 29.32
27 44 0.70 30.02
28 96 1.53 31.55
29 53 0.84 32.39
30 22 0.35 32.74
31 35 0.56 33.30
32 153 2.44 35.74
33 102 1.62 37.36
34 21 0.33 37.70
35 16 0.25 37.95
36 17 0.27 38.22
37 137 2.18 40.40
38 95 1.51 41.92
39 122 1.94 43.86
40 74 1.18 45.04
41 202 3.22 48.26
42 41 0.65 48.91
43 151 2.40 51.31
44 1 0.02 51.33
45 12 0.19 51.52
46 1,250 19.91 71.43
47 348 5.54 76.97
48 1,349 21.48 98.46
49 74 1.18 99.63
50 17 0.27 99.90
51 5 0.08 99.98
52 1 0.02 100.00
Total 6,279 100.00

155



8) Replication and testing. Cophenetic correlation for comparing dendograms. We compared
the solution obtained by applying the average linkage and the Ward’s method before

selecting the final solution. Both solutions were similar.

9) Interpretation. We described the final selected categories (mixtures) based on the

proportional content of the ten chemical classes.
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