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Abstract

Objective: Phthalates, chemicals found in a variety of consumer goods and personal care products, may
adversely affect fetal neurodevelopment. Women are exposed to a mixture of phthalates during
pregnancy because of the common presence of these chemicals in consumer goods. The aim of this

study is to investigate potential associations between phthalate exposure during the first trimester of

gestationand Intelligence Quotient (1Q) scores of 3-year old children.

Methods: | used data from 608 mother-child pairs in the Maternal-Infant Research on Environmental
Chemicals (MIREC) study and follow-up MIREC-CD Plus study to examine the association of first
trimester phthalate metabolite concentrations and IQin 3-year old children. | used traditionallinear
regression to examine associations of IQ scores with individual urinary phthalate metabolites and,

because a number of phthalates are highly correlated, | used weighted quantile sum regression to

examine the association of IQscores and phthalates mixtures.

Results: Mono (3-carboxypropyl) phthalate was inversely associated with Full Scale 1Q (FSIQ) (-0.8, 95%
Cl: -1.5,0.0)and Performance IQ (P1Q) (-1.0, 95%Cl: -1.7,-0.1) in children in adjusted single chemical
models. Higher exposure to a mixture of phthalate metabolites was inversely associated with FSIQ and

PIQ, with mono (3-carboxypropyl) phthalate, mono-n-butyl phthalate, the sum of di (2-ethylhexyl)

phthalate metabolites, and mono-ethyl phthalate identified as the main contributors in the FSIQ mixture

(42%, 29%, 14% and 10%), and mono (3-carboxypropyl) phthalate, mono-n-butyl phthalate, and the sum

of di (2-ethylhexyl) phthalate metabolites identified as the main contributors in the PIQ mixture (54%,

22%, and 14%)



Conclusion: Prenatal exposure to some phthalate metabolites was associated with slightly lower 1Q

scores in children. More work is needed to further understand important windows of susceptibility to

phthalate exposure during early-childhood neurodevelopment.
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Chapter 1: Introduction

1.1 Environmental Epidemiology
Environmental epidemiology is a branch of epidemiology and public health researchthat investigates

how environmental hazards, whether naturally occurring (e.g., radon, metals), or human-created (e.g.,
industrial chemicals, air pollution), impact human health. The US National Research Council defines
environmental epidemiology as “the study of the effect on human health of physical, biological, and

chemical factorsin the external environment (National Research Council, 1991) .

Environmental epidemiology focuses on exposure assessment and measurement, and how exposure is
associated with population-wide health impacts (Rothman, 1993) Environmental epidemiology is similar
to occupational epidemiology in that unlike clinical or infectious disease epidemiology, exposures in
environmental epidemiology are often low dose and long-term or chronic, which can pose significant
challenges for measurement and assessment (P. O. Wilkinson, 2006). Exposure assessment can be
performed using large-scale estimates based on the best available data (e.g., air pollution monitoring
used as an estimate of biological markersfor individual exposures to certain pollutants), or by using
direct measurements of biomarkers from participants’ bodies (Needham et al., 2007). The number of
environmental epidemiological cohort studies has grown over the last 30 years, based largely on the
improved technological capacity to directly measure biomarkers of chemical exposure. Ensuring
appropriate classification of exposure remains one of the major challenges in environmental
epidemiology, but as laboratory equipment and novel techniques of measurement continue to improve,

the quality of data measured improves, and the participant burden canbe reduced.

Challenges in environmental epidemiology are similar to those in other types of epidemiology. Most
environmental epidemiology studies are non-experimental, observational research, including a large

number of cross-sectional studies, case control studies, and, more recently, large cohort studies based



on routinely collected data (Rothman, 1993). While longitudinal cohort studies in particular can provide
good evidence for quantifying environmental risk, high quality cohort studies are expensive and time-
intensive; it is also challenging to recruit and retain participants. In addition, data from these studies

may be plagued by unmeasured confounding and measurement error.

While environmental epidemiology has many challenges, it has also contributed to several significant
public health successes. The discovery that there is no safe level of lead exposure for children is a major
public health finding with population-level impacts (Health Canada, 2013; Lanphear et al., 2005). The
discovery of adverse health effects associated with substances such as Bisphenol A (Health Canada,
2008; European Chemicals Agency, 2017)and mercury (Grandjean et al., 1997) also point to the
importance of this kind of work. Our study on phthalates aims to build on established best practicesfor
environmental epidemiological investigations and incorporate a relatively novel statistical technique to

solve modern challenges related to chemical mixture exposure.

1.2Problem Statement and Objectives

Phthalatesare a chemical group of human-manufactured aromatic estersthat are found in a wide
variety of consumer goods (Health Canada, 2017). Phthalate exposure is ubiquitous in Canada (Health
Canada, 2010). At high doses, phthalates act as endocrine disruptors and are associated with a variety of
endocrine sensitive outcomes (Diamanti-Kandarakis et al., 2009). In humans, some evidence indicates
that phthalate exposure during endocrine-sensitive periods, including pregnancyand early childhood,
may be associated with adverse outcomes in hormone-sensitive processes, including a variety of
neurodevelopmental outcomes including Attention Deficit/Hyperactivity Disorder (ADHD), Intelligence
Quotient (IQ) scores, a number of autistic traits, and measures of fine motor control (Daniel et al., 2020;
Doherty et al., 2017; Engel et al., 2018; Factor-Litvak et al., 2014; Olesen et al., 2018; Oulhote et al.,

2020; Polanska et al., 2014; Téllez-Rojo et al., 2013; Testa et al., 2012). Phthalates cancross the placenta



and alter endocrine sensitive outcomes in the developing fetus (Mitro, Johnson, & Zota, 2015). The
relationship between fetal exposure to phthalates and childhood IQscores has been investigatedin
several birth cohort studies (Factor-Litvaket al., 2014; H. B. Huang et al., 2015; Hyland et al., 2019;
Jankowska et al., 2019; J. I. Kim et al., 2017; Nakiwala et al., 2018; E. M. Tanner et al., 2019) but these
studies did not consider the potential effects of exposure to phthalate mixtures. From a biological

perspective, phthalates are believed to be endocrine disruptors, and exposure to groups of phthalates

may result in adverse health effects, even if single-chemical exposures are low (Kortenkamp, 2014)

In this study, | investigatedthe association between prenatal phthalate exposure during pregnancy and
Child 1Q scores at age 3 in the Maternal-Infant Research on Environmental Chemicals cohort (MIREC)
and the follow up MIREC Child Development (MIREC-CD Plus) study. The objectives of this study areto
investigate the association between individual phthalate metabolites measured during the first
trimester of gestation, andthe child’s IQ measured at age 3. A secondary objective of this study is to
investigate potential sex differences in the association between phthalate exposure and IQ scores. The
final objective of my study is to investigate whether exposure to a mixture of phthalates is associated
with child 1Q, using a method called weighted quantile sum regression (WQSR). This study aims to
consider potential confounding using multivariable linear regression, and employs model-building

techniques to reduce bias.

Chapter 1 of this thesis will provide an introduction and rationale for the study. Chapter 2 consists of a
literature review to properly situate the problem in the current academic environment. Chapter 3
describes the cohort study that was the data source for this project; Chapter 4 is the prepared
manuscript, ready for submission to academicjournals. Chapter 5 provides further discussion of the
results that are provided in Chapter 4, as well as suggestions for further directions for this type of study.

This project represents a secondary analysis of data, with high quality and novel statistical techniques.



1.3 Rationale

Phthalatesare a group of chemicals that are regularly used in industrial and consumer products
(Heudorf et al., 2007; Schettler et al., 2006). Initially, phthalates were considered safe due to their rapid
breakdown in the human body, but further testing on animal models showed that there are adverse
effects associated with repeated exposures to the chemicals (Gray & Gangolli, 1986; Lloyd & Foster,
1988). With improvements in biomonitoring science, epidemiological studies monitoring human

exposure to phthalatesbecame more feasible and common.

Several studies have reported an inverse association between phthalate exposure and
neurodevelopmental outcomes in young children, including language development (Olesen et al., 2018)
IQ scores (Factor-Litvak et al., 2014), and psychomotor and behavioural development (Engel etal.,
2018; Testa et al., 2012; Whyatt et al., 2012) The inverse relationship between phthalates and
neurodevelopmental outcomes is hypothesized to be due to endocrine disruption during the early
gestational period. Phthalates may interfere with thyroid hormones, essential for normal brain
development during gestation (X. Dong et al., 2017; Ghisari & Bonefeld-Jorgensen, 2009; Poon et al.,
1997; Sugiyama et al., 2005). Alternately, phthalates have also been found to act as antiandrogens
(Andrade et al., 2006; Christen et al., 2012; Howdeshell et al., 2008) and higher exposure may interfere
with sex-specific organization of neural structures during early life development. Hormone disruption
during the first trimester of pregnancy may be particularly important to consider because the first
trimesteris a critical period of growth and reorganization for many neural structures (Buss et al., 2012;
Kostovi¢ et al., 2002; Vohr et al., 2017) and a time period during which a developing fetus relies
exclusively on maternal sources of thyroid hormones (Shepard, 1967). A wide variety of studies have
examined the association between prenatal phthalate exposure and 1Q scores (Factor-Litvak et al., 2014;
H.B. Huang et al., 2015; Hyland et al., 2019; Jankowska et al., 2019; J. |. Kim et al., 2017; Nakiwala et al.,

2018; ETanner et al., 2019). Traditionally, studies that look at phthalate exposure and 1Qscores do so



using a single exposure-single outcome approach, and traditional regression modelling. More recently,
environmental epidemiologists have begun to investigate the effects of chemical mixtures on humans
(Joseph M Braun etal., 2016; Carlin et al., 2013). Toxicologists have found some evidence from animal
studies that phthalates actin a biologically additive wayin the body (Howdeshell et al., 2008)which may
mean that low-level exposure to individual chemicals may be harmful when the chemicals are

considered together.

My thesis aims to add to existing literature on phthalate exposure and intellectual ability using a pan-
Canadian cohort, which will be the first investigation of this type in a Canadian population. My thesis
also aims to help fill the data gapin assessing correlated phthalatesas a mixture, using a novel statistical

technique that is still relatively new in environmental epidemiology.

1.4 Public Health Significance

Phthalates are chemicals that most Canadians come in contact with on a daily basis (Health Canada,
2010). Since 2007, the same 11 phthalates metabolites that were measured in MIREC (MnBP, MEP,
MBzP, MCHP, MEHP, MOP, MiNP, MMP, MCPP, MEHHP, and MEOHP) have been measured as a part of
the ongoing Canadian Health Measures Survey (CHMS), a national biomonitoring and physical
examination survey sampled to provide representative data (Cycle 1, 2007-2009, Cycle 2 2009-2011, and
Cycle 5, 2016-2017). Inthe CHMS, all participants had detectable levels of at least one phthalate
metabolite in urine samples (Haines et al., 2017; Health Canada, 2019). For this reason, adverse health
effects associated with phthalatesare potentially relevant to all Canadians. My thesis focuses specifically
on earlylife and development, and will provide additional data for assessment of how phthalates may

affectintelligence scores during an important window of development. These results may be included in

future risk assessments, particularly when considering cumulative phthalate exposure.



From a public health perspective, higher childhood 1Q scores have consistently been linked with reduced
all-cause mortality in adulthood in large cohorts in Scotland (Calvin et al., 2017; Warrilow et al., 2021),
Sweden (Sorberg Wallin et al., 2018), Britian, United States (Martin & Kubzansky, 2005) and in at least
two meta-analyses (Calvin et al., 2011; Dobson et al., 2017). Higher IQ scores has also been linked to a
reduced number of chronic health conditions in adulthood (Wraw et al., 2015), even when factors such
as socio-economic statusand childhood adversity are considered. Additionally, studies estimate that the
societal cost of deficits in intellectual abilities can amount to billions of dollars (Attina et al., 2016;

Gaylord et al., 2020; Trasande et al., 2015).



Chapter 2: Literature Review

2.1 Phthalate Chemistry and Environmental Sources

2.1.1 Chemical and Physical Properties of Phthalates

The chemical group known as phthalatesis composed of diesters of 1, 2-benzenedicarboxylic acid (NRC,
2008). Chemically, phthalatesare organic aromatic esters that are either dialyl or alkyl aryl. Phthalates
are almost exclusively human-manufactured chemicals; they are not found in nature except for small
amounts in coal and crude oil (Health Canada, 2017). The two phthalate side chains canbe identical or
different, and chemical properties of the phthalates are determined by the alkyl, alkenyl, and aryl
chains’ polarity, length, and molecular weight (Patnaik, 2017). Phthalates have been broadly used in

plastics dating back to the 1930s (Graham, 1973).

Figure 2.1: Basic Molecular Structure of Phthalates

Figure from Crawford, C. B., & Quinn, B. (2017). 6 - The interactions of microplastics and chemical pollutants (C. B. Crawford &
B. B.T.-M. P. Quinn, Eds.).p. 138.

Phthalates, which are liquid at room temperature in their pure form, have a high boiling point (Staples
et al., 1997) and low water solubility (Ellington, 1999; Staples et al., 1997). In the environment,
phthalates degrade under aerobic, anoxic or anaerobic conditions (Jianlong et al., 2000) Short chain
phthalates typically degrade more rapidly than long chain phthalates (Jianlong et al., 2000; Liang et al.,
2008). Phthalatesare organic compounds that do not covalently bind in mixtures. Instead, when
phthalates in chemical mixtures are heated, they form polar bonds that are relatively stable at room

temperature (Graham, 1973). This makes them an ideal compound to impart flexibility in plastics, but



also means they canleach, migrate, or evaporate to the environment under the right conditions

(Heudorf et al., 2007).

Phthalates are often subdivided into two groups based on chemical structure and properties. The low
molecular weight phthalate (LMWP) group typically includes phthalates with 1-4 carbon side chains,
including di-n-butyl phthalate (DBP), diethyl phthalate (DEP), butyl benzyl phthalate (BBzP), dimethyl
phthalate (DMP), and diisobutyl phthalate (DiBP) (Environment and Climate Change Canada & Health
Canada, 2015a). The medium and high molecular weight phthalate group (HMWP), which have five or
more carbon side chains, include chemicals such as dicyclohexyl phthalate (DCHP), diisononyl phthalate
(DiNP) di-n-octyl phthalate (DnOP) and di (2-ethylhexyl) phthalate (DEHP) (Environment and Climate
Change Canada & Health Canada, 2015a, 2015c). More recently, newer phthalatesand replacement
plasticizers have been developed to act as analogues for DEHP and other restricted phthalates. These
“replacement” chemicals — including DiNCH (1, 2-Cyclohexane dicarboxylic acid diisononyl ester) and

DEHTP (di-2-ethylhexyl terephthalate) — are used in a variety of consumer goods.

In biomonitoring studies, phthalate metabolites, as opposed to parent compounds, are typically
measured in urine as a means to quantify exposure. In this study, metabolite names are used as

opposed tothe name of parent compounds to accurately represent what was measured in the

biomonitoring component of this study.

Table 2.1 - Phthalate parent and metabolites measured in the MIREC Study

Parent Phthalate Phthalate Metabolites
butyl benzyl phthalate (BBzP) mono-benzyl phthalate (MBzP)
Low Molecular Weight?! Di-n-butyl phthalate (DnBP) mono-n-butyl phthalate (MnBP)
Diethyl phthalate (DEP) mono-ethyl phthalate (MEP)

Dimethyl phthalate (DMP) mono-methyl phthalate (MMP)




Intermediate Molecular

Di-cyclo-hexyl phthalate (DCHP) mono-cyclo-hexyl phthalate (MCHP)
Weight
Di-iso-nonyl phthalate (DiNP) mono-isononyl phthalate (MiNP)
High Molecular Weight mono-n-octyl phthalate (MnOP)

Di-n-octyl phthalate (DnOP)
mono-(3-carboxypropyl) phthalate (MCPP)

(2 - . (2~ -5 - 1
di (2-ethylhexyl) phthalate (DEHP) mono-(2-ethylhexyl) phthalate (MEHP); mono-(2-ethyl-5-oxo-hexyl) phthala

(MEOHP); and mono-(2-ethyl-5-hydroxy-hexyl) phthalate (MEHHP))

1Molecular weight groups based on Health Canada’s proposed sub-groups determined by structure-activity (Health Canada,
October 2011, Group profile for phthalates https://www.canada.ca/en/health-canada/services/chemical-
substances/substance-groupings-initiative/phthalate/group-profile.html)

Low Molecular weight: R-alkyl backbone with 3 or less carbon atoms

Intermediate Molecular Weight: R-alkyl backbone of 4-6 carbon atoms

High Molecular Weight: R-alkyl backbone with a benzyl group or 7 or more carbon atoms

2.1.2 Phthalates in Consumer Goods

Phthalatesare commonly found in a wide variety of consumer goods, and several types of phthalates
are frequently found in the same products. LMWPs are commonly used in personal care products
(PCPs), such as lotions, perfumes, soaps, and moisturizers. In a random sample of personal care products
(PCP) in Canada, Koniecki and colleagues (2011) found that at least one phthalate was present in about
half of the products tested, with DEP, a fragrance stabilizer, detectedin 103 of 252 products tested
(41%). Other studies have shown that PCP use is highly associated with short chain phthalate metabolite
(MEP, MiBP and MnBP) concentrations in urine in American women who were recently pregnant
(Buckley et al., 2012; Parlett et al., 2013). Similar results have also been seen in pregnancy
cohorts(Fisher et al., 2019; Just et al., 2010) . The P4 study (Fisher et al., 2019) used serial spot urine
samples during pregnancy to examine the association between urinary phthalate metabolites and

recent use of a wide variety of consumer products, and determined that high users of PCPs had

significantly elevated urinary MEP comparedto the medium- and low-use categories.


https://www.canada.ca/en/health-canada/services/chemical-substances/substance-groupings-initiative/phthalate/group-profile.html
https://www.canada.ca/en/health-canada/services/chemical-substances/substance-groupings-initiative/phthalate/group-profile.html

HMWPs in Canada are commonly found in plastics, particularly polyvinyl chloride (PVC) and construction
materials (Environment and Climate Change Canada & Health Canada, 2015a; Meek & Chan, 1994). A
cross-sectional study using data from the SELMA cohort in Sweden found that the presence of vinyl
flooring in the home was associated with higher levels of BBzP metabolitesin pregnant women (Shu et
al., 2019). Higher levels of BBzP have also been found in the house dust of homes with vinyl flooring as
compared to homes without vinyl flooring (Philippat et al., 2015). Children who live in homes with PVC
flooring have been found to have higher levels of urinary MBzP as compared to those who do not live in

homes with PVC flooring (Bornehag et al., 2005; Carlstedt et al., 2013; Hammel et al., 2019).

Phthalates are not naturally occurring in foods, but food is one of the major sources of exposure to
HMWPs. HMWPs and to some extent LMWPs, are somewhat lipophilic, meaning they accumulate in
non-polar fats. Ingestion of high-fat foods, including meat and meat products (Page & Lacroix, 1995;
Serrano et al., 2014; Xiang et al., 2020), cooking oil (Husgy et al., 2019; Kiralanet al., 2019; Serrano et
al., 2014; Xiang et al., 2020) high-fat dairy products (Husgy et al., 2019; Serrano et al., 2014) and fast
food (Buckley et al., 2019; A. R. Zota et al., 2016) are highly associated with urinary HMWP metabolites.
Exposure to HMWP in these food sources is likely caused by contamination via plastic food packaging or
processing. A recent review concluded that overall, dietary predictors of phthalate exposures in

pregnancy are the same as for individuals in the same age group who are not pregnant (Pacyga et al.,

2019).

In Canada, the Phthalate Substance Grouping includes 14 compounds of interest (Environment and
Climate Change Canada & Health Canada, 2015b), but over 25 types of phthalates are commonly found
in a wide variety of consumer goods. Industry also continues to develop new phthalatesand analogues
to replace and improve existing chemicals. The prevalence of these chemicals in Canada is ubiquitous

but asymmetrical: in 2012, over 10 million kilograms of DINP, DIDP, DUP, DEHP, D911P and DIUP were
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imported or manufactured in Canada, while fewer than 100kg per year of BCHP, CHIBP, DBzP, DMCHP,

BIOP, DnHP and DPrP were imported or manufactured, and all other phthalates (15 measured) were

between 10 000 to 1 000 000 kg/year (Environment Canada, 2017).

2.2 Human Exposure and Measurement

2.2.1 Routes of Exposure

Given the high prevalence of phthalates in the human environment, phthalates can enter the human
body through several routes of exposure, including dermal absorption, ingestion, or inhalation (Schettler
et al., 2006). The Chronic Hazard Advisory Panel (CHAP) on Phthalates, a working group from the United
States convened to “study the effects on children’s health of all phthalatesand phthalate alternativesas
used in children’s toys and child care articles” (U.S. Consumer Product Safety Commission, 2014),
concluded that all age groups are exposed to phthalatesfrom a variety of sources, but direct ingestion
(food, beverages, medication)accounts for the highest exposures (Lioy et al., 2015). As previously
mentioned, food typically does not naturally contain phthalates, but phthalates may be present in food
sources due to contamination or leaching. Absorption of phthalates occurs primarily through the use of
PCPs, while inhalation occurs primarily in indoor environments, especially in the presence of vinyl

flooring (Carlstedt et al., 2013; Just et al., 2015)

2.2.2 Exposure Measurement and Biomonitoring

Measuring human exposure to phthalates is a long-standing challenge (Jaeger & Rubin, 1970). Several
methods can be used in population studies to determine exposure levels, including passive sampling,
estimation based on questionnaires, and biomonitoring. Questionnaires or passive sampling typically

provide more qualitative data on phthalate exposure, while biomonitoring is the gold standard for

guantitative exposure classification (Calafat & Needham, 2009).
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In studies where researchers are more interested in understanding the types of chemicals a person is
exposed to, as opposed to the quantitative exposure of each chemical, questionnaire methods can
provide some information on exposure (Fierens et al., 2012). Questionnaire methods are relatively
inexpensive to administer, but are prone to participant memory loss and self-report bias. For general
monitoring and identification of phthalate exposure, passive samplers are able to identify the presence
of avariety of chemicals. Recently, a novel technique using silicone wristbands as passive samplers has
been developed as a cheaper alternative to more laborious biomonitoring methods (O’Connell et al.,
2014). While this method does not measure the quantity of a chemical within the human body, it does
give researchersaccess to qualitative exposure data using a minimally invasive tool that is inexpensive
and easy to use. Passive sampling with silicone wristbands has been used in several recent phthalate
studies, including a study that found that phthalates are commonly identified in populations in Africa,
South America, and the United States, where DEHP, DnBP, DiNP, DEP, and DiBP were found on over half

of the wristbands used in all locations (O’Connell et al., 2014).

Biomarkers are the gold standard for measuring human exposure to phthalates (Needham et al., 2007).
Human biomonitoring is defined as the practice of measuring body burden using biological markersor
biomarkers from humans (Angerer et al., 2007). Biomarkersare commonly used in phthalate exposure

studies, but the chemical properties of phthalates pose some unique challengesin epidemiological

studies (Calafat & Needham, 2009; L E Johns et al., 2015).

Phthalates can be found in several biological matrices, including breast milk, serum, saliva, infant
meconium and amniotic fluid (T. Arbuckle et al., 2016; Calafat et al., 2015; M J Silva et al., 2004). Urine is
the most commonly used matrix for measuring body burden of phthalates because of the relatively non-
invasive nature of urine collection, and because of the enzymatic stability of phthalate metabolites in

urine, which decreases further breakdown (Samandar et al., 2009). Phthalate body burden is typically
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determined based on the concentration of monoesters and conjugated monoesters in urine, the by-
products of phthalate metabolism in the body (Meeker et al., 2009). The half-life of phthalatesin the
human body is approximately six hours, although Koch (2005) reported only 75% excretion of DEHP
metabolites in an adult male volunteer after 48 hours. Concentrations of phthalate metabolitesin
human samples are typically measured in a laboratory using tandem High Performance Liquid

Chromatography / Mass Spectroscopy (HPLC-MS/MS) (Koch et al., 2003).

Single spot urine samples, or a urine sample takenat one time point, are routinely used to measure an
individual’s level of exposure to phthalates. Unfortunately, this type of exposure characterization may
lead to misclassification of exposure because phthalates are cleared rapidly, and the concentrations of
phthalates in urine vary depending on the route of phthalate exposure, time of the day that the sample
is collected, and season of collection (Adibi et al., 2008; Aylward et al., 2017; Fisher et al., 2015). In
general, phthalates measured in 24-hour urine samples are less prone to misclassification than a spot
urine sample (Fisher etal., 2015; Perrier et al., 2016). Multiple urine samples, which are better than a
single spot urine sample, are not always feasible in cohort studies because they are more laborious for
the participantsand more expensive to analyze. Despite some limitations, single spot urine samples are
acceptable for use in epidemiological studies because they are prone to non-differential

misclassification, meaning the results would likely be biased towards the null.

Using urine for biomonitoring is complicated by the risk of contamination during sample collection or
analysis. Laboratory supplies or equipment used to collect or analyse urine samples are often made of
phthalate-containing soft plastics, which can contaminate samples (Calafat & Needham, 2009; Reid et
al., 2007). To avoid contamination, phthalate results are typically comparedto a sample blank to
account for processing contamination. Together, the rapid metabolism of phthalatesand contamination

both pose challenges for measuring exposure in human populations.
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2.2.3 Phthalate levelsin the general population

The general population is widely exposed to phthalates, but the type of phthalate exposures canvary
over time. Globally, several large-scale surveys using urinary biomarkers have time trend measurements
of phthalatesin human populations. Regionaltrends in exposures to various phthalates indicate that
government regulations, industry restrictions, and consumer behaviors affect the prevalence of

phthalate exposures.

In the United States, urinary phthalate concentrations in the general population are monitored by a
periodic random sample of the National Health and Nutrition Examination Survey (NHANES), a nationally
representative longitudinal sample of the US population. Phthalate data collected from the last 20 years
of NHANES suggest that in the United States, exposure to DEP, DnBP, BBzP, and DEHP decreased
significantly between 2001 and 2014 (Environmental Protection Agency, 2017; A. Zota et al., 2014)
During the same time period, however, concentrations of new “replacement” phthalatessuch as DiBP
and DiNP metabolites increased (Zota et al., 2014). More recently, NHANES samples have been used to
measure other replacement plasticizer metabolites such as DEHTP and DiNCH (Silva et al., 2019). Human
exposure to these replacement chemicals will undoubtedly increase in the coming years as they become

more prevalent in consumer goods (Rodriguez-Carmona et al., 2020; Silva et al., 2013).

Phthalate levels in the European Union follow similar trends to the United States. Similar to the United
States, Europe has implemented limits on DEHP, DnBP, DiBP and BzBPin children’s toys, clothing, and
accessories. Several other phthalates (Diisopentyl phthalate [DIPP], Dipentyl phthalate [DPP], n-
Pentylisopentyl phthalate [nPiPP], and Bis[2-Methoxyethyl] phthalate [DMEP]) have been deemed “toxic
for reproduction,” and will gradually be phased out of use (Tranfo et al., 2018). Several European cohort
and cross-sectional studies show that exposure to regulated phthalates has been decreasing. A cross-

sectional study of the general population in Italyindicates that DEHP, BBzP, DEP, and DnBP metabolites
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have decreased in European populations between 2011 and 2016 (Tranfo et al., 2018). Similarly, in a
population of young Danish men, urinary metabolites of DiBP, DnBP, BBzP and DEHP were over 50%
lower in 2017 compared to 2009 (Frederiksen et al., 2020). In Sweden, DEP, DnBP, and BBzP all
decreased from 2009 to 2014 (Gyllenhammar et al., 2017). At the same time, exposure to
“replacement” phthalatesis increasing in Europe; DEHTP and DINCH increasedin Denmark (Frederiksen

et al., 2020); DiINCH increased in Sweden (Gyllenhammar et al., 2017; Shu et al., 2018) and in Germany

(Kasper-Sonnenberg et al., 2019)

Several countries in Asia later adopted similar phthalate restrictions as America and Europe. In 2008,
China restricted phthalatesin food containers and other packaging materials (Hygienic Standards for
Uses of Additives in Food Containers and Packaging Materials, 2008). This restriction may have resulted
in decreased phthalate exposure; a recent cross-sectional study of house dust in one Chinese city found
that median levels of phthalatesfound in the dust were similar to or lower than studies in European or
North American populations prior to restriction (Q. Zhang et al., 2020). Similarly, in Korea, DEHP, DBP,
and BBzP were all prohibited in food storage products (Korean Ministry of Government Legislation,
2010) which may be relatedto decreasing levels of phthalate exposure in the general population (Choi

etal., 2017).

Trends in Asia vary by country. A study of healthyadult volunteers in six Asian countries (China, India,
Japan, Kuwait, Malaysia and Vietnam) in 2010 found that participantsin all countries except Kuwait had
DEHP metabolite levels comparable with or lower than participants in the US NHANES survey, as well as
lower MBzP exposure, and lower MEP exposure (except for Kuwait which was higher and India which
was comparable) (Guo et al., 2011). Metabolites of MnBP and MiBP were significantly higher than in the
US population, particularlyin China and Kuwait. Chinese surveys consistently show that the majority of

their phthalate exposure is to metabolites of MnBP and MiBP (Guo et al., 2011; Q. Zhang et al., 2020);
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this differs from most studies in Europe and North America where MEP is typically the metabolite with

the highest average concentrationin biomonitoring studies.

Endocrine-disrupting chemicals are an emerging concern on the African continent; little is known,
however, about human exposure to phthalates (Beltifa, Belaid, et al., 2018). A recent review found only
three biomonitoring studies in African populations that investigated phthalate exposure and human
health effects (Joubert et al., 2020) . Some small scale studies have found that phthalate plasticizersare
present in personal care products at similar levels to those found in other international populations,
including a study in Tunisia that found that DEP was present in personal care products (Beltifa, Belaid, et
al., 2018). In the same study, DEHP was found in several samples, despite being banned in personal care
products (Beltifa, Belaid, et al., 2018). Convenience samples of cheese from Tunisia were also found to
be contaminated with several phthalates, including high levels of DBP and DEHP (Beltifa, et al., 2018b).
In one study, phthalates were detected in over 50% of passive samplers worn by participantsin several
different locations in South Africa and Senegal (Dixon et al., 2019), and a small biomonitoring study in

Egypt found that pre-pubescent girls were exposed to phthalatesat a level comparable to participantsin

NHANES (Colicino et al., 2019).

The largest biomonitoring programin Canada is the Canadian Health Measures Survey (CHMS) directly
measures a variety of health outcomes and exposures on a representative sample of approximately
5,000 Canadians (3 to 79 years of age) per cycle, excluding: persons living in the three territories;
persons living on reserves and other Aboriginal settlements in the provinces; full-time members of the
Canadian Forces; the institutionalized population and residents of certainremote regions (Statistics
Canada, 2020). t CHMS measured 11 phthalate metabolites in urine for participantsaged 6-49 between
2007-2009 (cycle 1) and for participantsaged 3-79 between 2009-2011 (cycle 2) and 2016-2017 (cycle 5)

(Health Canada, 2019). Mean exposure levels cannot be directly compared for all age groups among the
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CHMS because of the difference in the age groups sampled in Cycle 1 as compared to cycle 2 and 5, but
the study gives a good indication of population level exposures. Canadians were universally exposed to
all of the phthalates measured, with few exceptions (MCHP, MMP, MiNP, MOP) (Health Canada, 2017).
Similar to the United States, the geometric mean of phthalate metabolites measured in CHMS decreased
over time for MEP, DnBP, MBzP, and the DEHP metabolites (Health Canada, 2019). The mean MCPP

levels were similar in cycle 1 and cycle 2 of CHMS, but lower in cycle 5.

There are limited data currently available on Canadians’ exposure to newer “replacement” plasticizers
(Health Canada, 2019). Of the six metabolites measured, four were detected, but only in children. 3-5
Cyclohexane-1,2-dicarboxylic acid (CHDA), 3-5, cis-Cyclohexane-1,2-dicarboxylic mono carboxyisononyl
ester (cis-cx-MINCH), Cyclohexane-1,2-dicarboxylic mono hydroxyisononyl ester (OH-MINCH), and
Cyclohexane-1,2-dicarboxylic mono oxoisononyl ester (oxo-MINCH) were all detected above the limit of

detection in more that 40% of child participants aged 3-5; OH-MINCH and oxo-MINCH were also

detectedin more that 40% of children aged 6-11.

2.3 Phthalates and Human Health

2.3.1 History of Phthalate-Related Human Health Concerns

Like many non-persistent chemicals, phthalates were initially not regulated due to their perceived safety
based on animal toxicology studies and rapid metabolism in animal models (Autian, 1973; Shaffer et al.,
1945). Phthalates were known to leach out of plastics, particularlyin high-lipid environments (Graham,
1973). Early studies identified phthalatesin tissue samples from patientswho had received blood

transfusions (Jaeger & Rubin, 1970) and in the lipid extracts of their blood (Marcel & Noel, 1970) but

neither of these findings raised concerns at that time among toxicologists.
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Toxicologists began to identify the endocrine-disrupting nature of phthalatesin animal models during
the 1980s and early 1990s (Gray & Gangolli, 1986; Laskey & Berman, 1993; Lloyd & Foster, 1988).
Around the same time, the impacts of low-level chemical exposure and related human health effects
due to endocrine disruption were beginning to emerge (Colborn et al., 1993). As a result, investigations
into the human health effects of phthalatesincreased significantly in the following decades. Phthalates
have now been linked to a wide variety of hormone-specific health outcomes in children, ranging from

neurodevelopment to pubertal timing to changes in metabolic health (Meeker, 2012).

Phthalatesand phthalate metabolites have been identified by international organizations such as the
Endocrine Society (Diamanti-Kandarakis et al., 2009; Gore et al., 2015) and the World Health
Organization (Bergmanet al., 2012) as chemicals of potential concern because of their associations with
endocrine disruption and related adverse health effects in humans, including impacts on male
reproductive health, thyroid health, and metabolic health. In the United States, the Consumer Product
Safety Improvement Act established an advisory panel (U.S. Consumer Product Safety Commission,
2014) to study the health effects of phthalates (U.S. Consumer Product Safety Commission, 2014). The
current understanding of human health concerns relatedto phthalatesis rooted in evidence of their
endocrine-disrupting activity, and work continues to investigate these health effects, particularity during

periods of sensitivity, such as early childhood, puberty, and during pregnancy.

2.3.2 Environmental exposures during early life - The MIREC Study

Understanding critical periods of human development, and the ways in which environmental exposures
during these critical periods can disrupt development is an area of increasing researchin environmental
epidemiology (Braun & Gray, 2017). The Developmental Origins of Health and Disease (DOHaD)
hypothesis was initially proposed by David Barker (1998) after observing the relationship between poor

nutrition in mothers and disease outcomes in children. The idea that early life exposures may impactan
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individual throughout the lifespan has impacted environmental health researchfor over 20 years
(Haugenet al., 2015). Over nearly the same time period, epidemiological studies that include exposure
assessments have tried to incorporate more comprehensive exposure assessments in order to avoid
misclassification of exposures, and more accuratelyidentify the components of concern within these
mixtures (Wild, 2005, 2012).. To identify links between developmental exposures and disease, it is

important to prospectively examine the sum of exposures from the prenatal period onwards and

catalogue whether and how those exposures are impact disease.

With this in mind, the Maternal-Infant Research on Environmental Chemicals (MIREC) Study, a pan-
Canadian pregnancy cohort study, was launched in 2008 to investigate the impact of chemical exposures
on pregnant women and their children (Arbuckle et al., 2013). From 2008-2011, women in their first
trimester of pregnancy were recruited from 11 sites across Canada to participate in the cohort (Arbuckle
et al., 2013). Women were eligible for inclusion if they were between ages 18-45, had no history of drug
abuse, complicated pregnancy, or heart conditions. Intotal, 1983 mothers agreedto participate, and
1959 live births were recorded. While not nationally representative, MIRECrepresentsone of the most
comprehensive longitudinal cohorts in the world, and includes over 10 years of extensive information on
both maternal biomonitoring, clinical and questionnaire data, and child biomonitoring, testing and

guestionnaire data.

MIRECis currently the largest Canadian mother-child cohort study with extensive data on phthalate
exposure during early pregnancy. In MIREC, a single void urine sample was collected from each
participant during the first trimester of pregnancyand analysed for a variety of non-persistent chemical
compounds. Phthalates were measured using tandem MS-MS/HPLC. 11 phthalate metabolites were
measured in the urine samples (Table 1). MEP, MnBP, and four DEHP metabolites were detectedin over

95% of the urine samples provided, while MCHP, MMP, MiNP, and MOP were detectedin less than 15%

19



of urine samples (Table 2.2) (T. Arbuckle et al., 2014). The median concentrations for MEP, MnBP,

MEHP, MEOHP and MEHHP each were comparable to the concentrations reported for all women aged

20-29 in the Canadian Health Measures Survey (Cycle 2, 2009-2011) (Health Canada, 2017).

Table 2.2: Concentration of phthalate metabolites (ug/L) measured in the first trimester urine samples in
the MIREC study

DnBP DEP BBzP DMP  DCHP DiNP DnOP DEHP

Metabolite MnBP MEP MBzP MMP MCHP MiNP MOP MCPP MEHP MEOHP  MEHHP

MLE GM (95% 11.59 32.02 5.20 ND ND ND ND 0.86 2.24 6.39 9.16 (8.65—

cl) (10.96- (29.75- (4.90- (0.80- (2.12- (6.04- 9.71)
12.26) 34.47) 5.52) 0.92) 2.37) 6.75)

K-M Median  12.00 28.00 5.20 NA NA NA NA 0.92 2.20 6.50 9.40(8.77—-

(95% Cl) (11.18- (25.45- (4.84- (0.85- (2.06- (6.16- 10.03)
12.82) 30.55) 5.56) 1.01) 2.34) 6.84)

95th 69.65 530.00 41.65 10.0 0.38 NA NA 9.26 15.00 41.00 65.65

percentile

Maximum 3100 13,000 420.00 1000 77.00 9.20 7.90 370.00 340.00 980.00 1200.00

% < LOD 0.28 0.17 0.67 85.35 92.23 98.49 97.82 17.84 2.35 0.45 0.95

N 1788 1788 1788 1788 1788 1788 1788 1788 1788 1788 1788

SG-standardized

MLE GM (95% 13.69 37.73 6.14 ND ND ND ND 1.02 2.63 7.54 10.81

Cl) (13.15- (35.37- (5.86— (0.97- (2.52—- (7.24- (10.36—
14.24) 40.24) 6.43) 1.08) 2.74) 7.84) 11.28)

K-M median  13.00 30.95 5.70 NA NA NA NA 0.95 2.38 6.93 9.88(9.52—-
(12.51- (28.48- (5.38— (0.91- (2.28- (6.71- 10.24)
13.49) 33.42) 6.02) 1.00) 2.48) 7.16)

95th 50.78 486.91 37.41 21.67 0.88 NA NA 7.60 12.21 30.94 50.35

percentile

Maximum 1831.82 20,800 342.73 541.67 47.67 5.46 4.89 186.33 260.00 733.57 1114.29

% < LOD 0.28 0.17 0.67 85.35 92.23 98.49 97.82 17.84 2.35 0.45 0.95

N 1785 1785 1785 1785 1785 1785 1785 1785 1785 1785 1785

LOD: limit of detection.

K—M median: Kaplan—-Meiermedian, censored method.

MLE GM: maximum-likelihood estimated geometric mean, censored method.
ND: below limit of detection.

NA: not applicable due to high level of censoring

SG: Specific Gravity
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Table modified from Arbuckle, T., Davis, K., Marro, L., Fisher, M., Legrand, M., LeBlanc, A,, ... Group, M. S. (2014). Phthalate and
bisphenol Aexposure among pregnant women in Canada--results from the MIREC study. Environment International, 68, 55—65.

2.3.3 Epidemiological evidence for association between phthalates and neurodevelopment
Epidemiological concerns regarding phthalates stem from evidence in animal models that phthalate

exposure is related to many hormone-dependent adverse outcomes. Exposure to phthalates, specifically
DBP, DEHP, and BzBP, is linked to a group of outcomes known as the phthalate syndrome in rodents,
with some evidence in rabbits (Foster, 2006). Phthalate syndrome occurs when phthalate exposure
affects testosterone production at critical time points, resulting in a variety of adverse effects on sexual
development, including atypical development of the vas deferens and seminal vesicles, external male
genitalia, reduced anogenital distance, and cryptorchidism. This evidence of hormone disruption in
animal models has lead to interest in other potential disruption in hormone-dependent processes in
humans. Neurodevelopment is known to involve several hormone-dependent processes, and specific
interest in the association between phthalate exposure and 1Q scores began after associations were

noted between prenatal phthalate metabolites levels and developmental scores in young children in

cohorts in the United States (Whyatt et al., 2012) and South Korea (Y. Kim et al., 2011).

In human populations, epidemiological studies have examined the association between prenatal
phthalate exposure and neurodevelopmental outcomes, including language development (Olesen et al.,
2018), autistic traits (Oulhote et al., 2020; Testa et al., 2012), motor and neurodevelopmental scores
(Doherty et al., 2017; Kim et al., 2018; Kim et al., 2011; Polanska, etal. 2014; Tellez-Rojo et al., 2013;
Whyatt et al., 2012) and Attention Deficit Hyperactivity Disorder (ADHD) (Engel et al., 2018). Many
aspects of intellectual function are impacted by hormone-dependent processes in-utero (Braun, 2017)
which may make them susceptible to alterationsin phthalate exposure. A recent review of phthalate

exposure and neurodevelopment (Radke et al., 2020) found moderate evidence that BBzP was
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associated with motor ability score, but was inconclusive for other phthalates and phthalate

metabolites.

Intellectual function measured using |Q scores is one way of measuring cognitive development; there
are many others. While 1Q scores are not a direct measurement of neurodevelopment, they are found to
be associated with both demographic factors and brain development (Gale et al., 2006; Lange et al.,
2010; Matthewset al., 2018; Reiss et al., 1996)A wide variety of studies have examined the association
between prenatal phthalate exposure and IQscores (Factor-Litvaket al., 2014; Huang et al., 2015;
Hyland et al., 2019; Jankowska et al., 2019; Kim et al., 2017; Li et al., 2019; Nakiwala et al., 2018; Tanner
et al., 2019). These studies used standard scales to measure 1Q, such as the Wechsler Preschool and
Primary Scale of Intelligence (WPPSI), which measures 1Qin children between ages2.5 and 7.5, and the
Wechsler Intelligence Scale for Children (WISC), which measures IQ in children ages6 to 17. These scales
are validated for use on a wide variety of populations.

In a North American cohort, Factor-Litvak et al. (2014) found that third trimester urinary MBP and MiBP
metabolites were inversely associated with Child 1Q (WISC-1V) measured at age 7. In contrast, in the
CHAMACOS cohort, Hyland and her colleagues found that the sum of all first trimester HMWPs (MBzP,
MCPP, MCOP, and MCNP) were inversely associated with Full Scale 1Q, and MEP concentrations were
inversely associated with Working Memory 1Q scores (Hyland et al., 2019). Li and colleagues reported
that urinary MBzP at 16 weeks gestation was inversely associated with IQin a mixture analysis of 26
environmental chemicals (Li et al., 2019). In a single-chemical analysis of the same cohort, MCPP
measured at 16 weeks and 26 weeks gestation was inversely associated with 1Q, though the association
was not statistically significant (per 1-SD increase in concentration, 16 weeks p= -1.0(-2.5, 0.6), 26
weeks $=-0.8 (-2.4, 0.7))(Li et al., 2019). The inconsistent findings across studies are further complicated
by the fact that two of the studies examined each phthalate independently; only one study considered

associations with chemical mixtures.
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2.4 Evaluating Health Effects of Environmental Mixtures

2.4.1 Mixture Methods - Background and History

In daily life, humans are exposed to a wide number of chemicals, and these chemical mixtures can pose
significant challenges in environmental epidemiology. Complex mixture analysis in observational studies
pose avariety of challenges for statistical analysis. Modelling techniques are limited in their ability to
assess high dimensional chemical exposures (where the number of featuresis larger thanthe number of
observations),, complex and correlated mixture exposure, low level and chronic exposure and also deal
with relatively small risk differences when associations are observed (Pekkanen & Pearce, 2001).

Finding ways to manage these limitations is critical in order to develop meaningful research conclusions
and support policy development. Like many of fields of epidemiology, work in the field of mixture
analysis is further complicated due to the interdisciplinary nature of the analysis, and often involves

joint efforts by epidemiologists, toxicologists, risk assessors, and statisticians (Taylor et al., 2016).

While researchinto mixture analysis has been present in environmental epidemiology since the early
1990s (Carlin et al., 2013), there has been more formal emphasis on the field as a priority by
international organizationsin the last decade (National Institute of Environmental Health Sciences,
2012). Improvements in analysis software, including tools such as SAS, Stata, R, and SPSS have made
analysis of large, complex data sets more feasible for a broader group of researchers. Several recent
reviews and workshops (Braun et al., 2016; Carlin et al., 2013; Taylor et al., 2016) brought together
interdisciplinary teamsto assess the challenges and opportunities in the field of mixture analysis, and

several new methods of analysis have been proposed and software developed as a result of this new

focus (Bobb et al., 2015; Colicino et al., 2019; Keil et al., 2019; Tanner et al., 2019).

Methods developed for use in high dimensional mixture data fall into three general categories:

dimension reduction, variable selection and observational grouping (Massimo Stafoggia et al., 2017).
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Dimension reduction aims to deal with the problem of correlated exposures by reducing the number of
exposures into a summary term or terms related to the outcome of interest. This can mean combining
exposures and changing units, which can lead to issues in interpretability. Principal component analysis
(Jolliffe, 2002)and Weighted Quantile Sum Regression (Carrico et al., 2015) are two examples of

dimension reduction methods.

Variable selection methods typically involve identifying the most useful set of exposures for
investigating an association, and ignoring other variables. Variable selection differs from dimension
reduction because the method does not create a summary of all exposures, but selects which exposures
areimportant to consider. Lasso (Tibshirani, 1996), elastic net (Zou & Hastie, 2005), and Bayesian kernel

machine regression (BKMR) (Bobb et al., 2015)are types of variable selection methods.

The observational grouping methods assemble individuals with similar exposure profiles. This is distinct
from dimension reduction, which creates new summary variables from exposures; observational
grouping assigns a categorical variable to the individual based on similar exposure, and then uses this
categorical variable to examine the association with an outcome. K-means clustering is a common

example of observational grouping methods (Steinley, 2006).

Within the three general categories of statistical tools for high dimensional data, most methods are
designed to investigate linear associations, or to incorporate regularization and penalties as a way to
deal with non-linear association. Some additional tools for complex mixture analysis, including quantile
g-computation (Keil et al., 2020) and BKMR (Bobb et al., 2015), were designed to handle non-linear
associations in mixture analysis and may be useful tools when there is not an assumption of linearity.

However, methods designed to deal with non-linear associations are more computationally intensive,

and require complex interpretation strategies.
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All statistical tools designed to assess mixtures have their advantagesand weaknesses; thereis no single
method that is optimal for every mixture investigation(Braun & Gray, 2017; Tanner et al., 2020). Within
the categories of statistical tools, several options exist for investigation (Lazarevicetal., 2019; Stafoggia
et al., 2017), and the choice of tool typically depends on the investigator’sfamiliarity with each
technique. The various analytic tools available to study chemical mixtures makes it difficult to compare

results across studies because various techniques may amplify bias in certainscenarios and result in

incomparable estimates.

2.4.2 Correlated Phthalate Exposure

Exposure assessment studies have found that human exposure to various phthalates are highly
correlatedin urine (Frederiksen et al., 2010; Kalloo et al., 2018) due to the common routes of exposure.
This correlationis problematic when investigating associations using linear modeling strategiesdue to
the collinear nature of the phthalates. Collinearity in modeling means that one exposure is also highly
predictive of another exposure, and if the two exposures are placed in the same model, the resulting

estimatescan be highly skewed and unreliable.

As expected, phthalates metabolites in the MIREC cohort showed various levels of correlation (Figure
2.2). DEHP metabolites (MEHP, MEHHP and MEOHP) showed near perfect correlation. Similarly, the

long-chain phthalate metabolites, which have similar routes of exposure, were all highly correlated. Only

MEP, a short chain phthalate metabolite, showed weak correlations to other chemicals.

Figure 2.2: Pearson Correlation coefficients for phthalate metabolites measured in the MIRECStudy in
first trimester urine samples
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2.4.3 Weighted Quantile Sum Regression for Correlated Chemical Analysis

The Weighted Quantile Sum (WQS) regression method was initially developed and published in 2015
(Carrico et al., 2015). The method develops an index that summarizes the direction of association
between a mixture of exposures and an outcome of interest, and also identifies the components of the

mixture that most contribute to the association (Equation 2.1).

C
9(pi) = Bo + B ijsz' + zp
=

Equation 2.1: Weighted Quantile Sum Index (Carrico et al., 2015)

Each component in the mixture (j=1 to n), is binned into a quantile (g) of exposure for eachindividual (/);
and the weight (w;) for each component (j) is then estimated using a trust-means regression algorithm.
The sum total of the weights of all mixture components will sum to 1. The equation canalso incorporate

covariatesand confounders (z) and their regression coefficients (¢), which are determined prior to

estimating the chemical weightsin the index.
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While the WQS method is computationally intensive, it can be summarized in four steps. In the first
step, the available data are split into two sets: the first for training, and the second for validation. This
method is commonly used in machine learning algorithmsto test the stability of estimates (Williams,
2017). Inthe second step, the training data set is used to estimate the contribution, or weight, of each
chemical in the mixture to the outcome, while also considering potential confounders. The second step
utilizes a non-linear trust means regression algorithm, which simultaneously estimates the regression
coefficients (B;) and the weights of the components (c). The weight (w) of each component (c) is
between 0 and 1, and the total sum of all of the weights of all the components is summed to 1 (w., +W,
.+W¢,=1). The direction of the regression coefficient is typically constrained to one direction (positive or
negative) based on a priori knowledge of the association between the mixture and the outcome of
interest. In the third step, step two is repeated multiple times using bootstrapping, or resampling with
replacement. The bootstrapped sample is a randomly chosen sample (sampling with replacement) of
individuals (i) from the training set. This application of bootstrapping allows for repetition, and an
estimation of uncertainty associated with the regression coefficients and weights. The bootstrapped
sample can be used to repeat step two, the estimation of the regression coefficients and weights of the
component. This resampling step is repeated, typically between 100 to 1000 times. The final weight
estimatesare based on the average of the bootstrapped samples. Finally, in step 4, the significance of

the WQS index is estimated by testing the B, estimate using the validation data set.

The WQS method has limitations, such as an inability to account for interactions in the mixture termand
an unclear ability to handle highly correlated chemicals that are weakly associated with the outcome.
WAQS also has the potential to over fit random noise in the training data so that the estimatesmay be
unreliable in general samples. Recently, methods have been developed to extend the WQS method to
deal with a variety of scenarios, including chemical interactions within the mixture (M. Lee et al., 2019),

a distributed lag frameworkto consider data from multiple time points (Bello et al., 2017), and an
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extension of the method to avoid the assumption of directional homogeneity (Keil et al, 2020). To deal
with the potential of overfitting the model and developing unstable estimates, Tanner and colleagues
suggested including repeated partitions of the data sets (Tanner etal., 2019). Essentially, they suggest
performing repeated splits of the data into training and validation sets (step 1 as described above) to
avoid the chance of an unrepresentative partition. The repeated partition method is essentially multiple
iterations of the entire WQS procedure, steps 1-4 described above, with the final estimate of the
relationship represented by the mean chemical weights and beta estimates. This repetition method is
computationally more intensive than base WQS, but allows the user to estimate the mean chemical
weights and beta estimates for a higher degree of stability. Based on investigative studies (Tanner,
Bornehag, et al., 2019; Tanner, Hallerback, et al., 2019), the repeated partition method appears to

attenuate the estimate of association towards the null as comparedto the single partition method.

Several methods can be used to investigate correlated phthalates mixtures, but WQS has become
increasingly popular (Daniel et al., 2020; Li et al., 2019; Romano et al., 2018; Shu et al., 2019; Tanner et
al., 2019; Zhang et al., 2019) WQS is advantageous over many other mixture analysis methods because it
is user-friendly, easily interpretable, and was designed explicitly for investigating correlated chemicals.
The inclusion of the repeated partition extension generates more stable WQS estimatesin smaller
epidemiological samples, and allows for more extensive characterization of uncertaintyin the estimates

of chemicals of concern (Tanner, Bornehag, et al., 2019).
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Chapter 3 - The MIREC Study

3.1 Background

Biomonitoring studies have been a major focus of environmental epidemiological studies since the
field’s beginnings. In the late 1990s and early 2000s, there was an increase in researchon environmental
exposures to metals and other toxicants, especially in vulnerable populations, such as pregnant women
and children. Specifically, there were concerns that exposure to chemicals like lead, PCBs, and mercury
in children, even at low levels of exposures, were associated with neurotoxicity and widespread harm
(Grandjean & Landrigan, 2006; Jacobson & Jacobson, 1996; Bruce P Lanphear et al., 2005; Ribas-Fito et
al., 2001). Around the same time, growing evidence beganto suggest that mercury may pass through
the placenta and impact neurodevelopment in a developing fetus (Grandjeanet al., 1997) . In the early
2000s, there were no active biomonitoring studies of pregnant women or young children in Canada;in
fact, the most recent national study in Canada that examined environmental exposures had been
completed in the 1970s (Health and Welfare Canada and Statistics Canada, 1981). From a public policy
and public health perspective, more data were needed to assess health risks of current levels of metals

and other chemicals to which the general population was exposed.

The Maternal-Infant Research on Environmental Chemicals (MIREC) Study was designed to fill this
knowledge gap. MIRECwas initiated as a pan-Canadian study to provide data on the environmental
exposures of pregnant women and children in Canada in non-occupational environments. MIRECwas
also designed to provide additional datato what were collected in the CHMS. In Canada, levels of
chemical exposure have been collected through a nationally representative cyclical survey (the Canadian
Health Measures Survey (CHMS)) since 2007. The CHMS includes anthropomorphic measurements,
guestionnaires for behavioural measurement, as well as blood measurements of health indicators (such

as environmental exposures and metabolic indicators) and urine measurements (environmental
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exposures, nutritional markers). However, the CHMS was not designed to provide data on pregnant
women and young children (age range: 3-79 years). In addition, the CHMS is a cross-sectional survey,
and does not provide the type of longitudinal information that is required for the dynamic biological

processes of pregnancy.

3.2 Study Design

The Maternal-Infant Research on Environmental Chemicals (MIREC) study is an observational
epidemiological study, designed as a multi-centre prospective cohort study. The MIRECStudy built on
pre-existing infrastructure of Canadian study sites (Figure 3.1) that were originally part of the
International Trial of Antioxidants for the Prevention of Preeclampsia (INTAPP Study). Because of the
unique developmental periods during pregnancy, MIRECwas designed as a prospective cohort study,
which allows researchersto monitor environmental exposures over time. This study design is

particularly beneficial for pregnancy as it allow for repeated measures over windows of susceptibility for

environmental exposures in the developmental process.

MIRECinvestigatesseveral primary objectives, including assessing if exposure to maternal
concentrations of metals such as lead are relatedto adverse pregnancy and birth outcomes, such as
gestational hypertension, and reduced fetal growth. The MIRECstudy was also designed to provide
extensive data on exposure to priority environmental chemicals during pregnancy across Canada, which
was not a group that was studied in other large biomonitoring studies or surveys such as the CHMS.
Other goals of the MIRECstudy were to collect genetic polymorphism data in order to investigate
specific SNPs (single nucleotide polymorphisms) of interest related to chemical metabolism and known

developmental pathways.
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MIRECrecruited participants from 11 study sites in 10 cities (Figure 3.1). Participantsin the study were
recruitedin their first trimester of pregnancy (6-13 weeks gestation) from participating research sites.
All research staff involved in the MIRECstudy were trained to ensure similar procedures for recruitment,
informed consent acquisition, and sample collection, thus reducing potential bias. Participationin the
MIRECstudy was voluntary, and informed consent was obtained from all participants. All protocols and
survey instruments were approved by Research Ethics Boards (REB) at Health Canada, as well as at every
participating researchsite. MIREC excluded participants based on known fetal abnormalities, known

major medical complications, and known drug use.

Figure 3.1— Participating site locations and participantsrecruited for the MIREC, MIREC-ID, MIREC-CD3,
and MIREC-CD Plus studies. Figure from https://www.mirec-canada.ca/en/about/some-facts-and-

figures/
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The MIRECStudy is a particularly robust research study because of the extensive data that were
collected throughout the study. MIRECinvolved study visits throughout the duration of the pregnancy
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and the early post-partum period. During these visits, participants provided biospecimen samples of
blood, urine, and other biological samples (See appendix 2). Data from questionnaires were also
collected for both parents, and medical chart review was completed for additional details. Several of
these measures were repeated in different trimesters and soon after birth, providing longitudinal data.
Meconium samples and cord blood were also collected from participating infants at delivery and milk

from their mothers at follow up visits 2-10 weeks post delivery.

One unique feature of the MIRECstudy design was the inclusion of a biobank. Participantswho agreed
to inclusion in the biobank portion of the project agreedto storage of biological samples for future
research on the health of pregnant women and their children for the duration of the project, or 30
years. As a result of this design, the MIREC biobank is a continued data source for researchersto answer

new research questions, and for extended analysis with improved analytical methods.

The MIRECStudy was funded through a variety of government agencies, including the Health Canada —
Safe Environments Programme, Tobacco Control Programme, Product Safety Programme, Food
Directorate, and Chemicals Management Plan, as well as the Ontario Ministry of the Environment, and

Canadian Institutes of Health Research.

3.3 Study Participants
8716 women were initially invited to participate in MIREC, of which 5108 met the eligibility criteria, and

2001 were enrolled in the study (Figure 3.2). Of those initially enrolled, there were 18 complete
withdrawals (all biospecimens and questionnaires destroyed), as well as 56 partial withdrawals.
Information is also missing for 48 participants lost to follow up and 14 participants who moved outside

of any study sites (Arbuckle et al., 2013).

Figure 3.2 — MIRECParticipant recruitment and participant chart. From Arbuckle et al, 2013
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MIRECwas not a population-based study due to the difficulties in recruiting representative samples in
pregnancy cohorts. In an analysis of the cohort, the MIREC study team found that comparedto Canadian
women who gave birth in 2009, MIREC participants (recruited between 2008-2011) were found to be
less likely to be a smoker than the general population, but more likely to be older. As comparedto
women who gave birth in 2009, MIREC mothers also had higher education levels, were more likely to be
married, and were more likely to be born in Canada (Arbuckle et al., 2013). These differences, as
compared to the general population of women who gave birth at the same time, may limit the

generalizability of the MIREC results.

Data from the MIREC cohort remain the largest source of data on prenatal chemical exposure in Canada,
and has been used in over 80 scientific publications (MIREC Research Webpage, 2021). MIREC
represents an excellent data source for epidemiological study in that it utilizes questionnaires, in
addition to biological samples, and chart review at several points throughout pregnancy and in the early
post-partum period for the mother. With the success of the MIRECstudy, researcherswere able to
secure funding for several follow-up studies, allowing for continued longitudinal research with MIREC

participants.
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3.4 MIREC Biobank and Follow-up studies

Following the success of the MIREC cohort, there was strong enthusiasm for a continuation of the
cohort. Bythe late 2000s, a growing body of research suggested that a wide variety of diseases were
linked to environmental factors; a 2008 study (Boyd & Genuis, 2008) estimated that environmental
exposures were associated with between 3.6 billion and 9.1 billion dollars in annual disease-related
costs in Canada. With this continued concern over the link between environmental exposure and human
health, several MIRECfollow-up studies were established in order to continue high-quality researchon
the cohort. Each follow-up study focussed on their own individual research questions, and the sample
size for participants varied based on resource restrictionand participant retention. As of 2021, MIREC
follow-up studies are still ongoing to continue to address important research questions.

3.4.1 MIREC-ID

MIREC-ID was established as the first MIRECfollow up study in 2009. Participantsat seven of the
participating research sites (N=525) participated in study visits, immediately after birth and at 6 months
of age. The focus of the MIREC-ID study was to investigate several anthropomorphic and developmental
measures in participant infants, including early sexual development, behaviour, and heart rate
variability.

3.4.2 MIREC-CD3

The MIREC-CD3 (Child development atage 3) study beganin 2012 with 370 participantsfrom all study
sites except Toronto. The study was createdto investigate the association between prenatal
environmental exposures and neurodevelopmental as a focus of MIRECwas on endocrine disruption;
interest in neurological endpoints continued in MIRECfollow-up studies. Specifically, the self-
administered Behavioral Assessment System for Children-2 (BASC-2) and Behavior Rating Inventory of

Executive Function (BRIEF-P) were used as measures of neurodevelopment.
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3. 4.3 MIREC-CD Plus
MIREC-CD Plus, was established in 2013 with the specific research objectives of continuing

biomonitoring studies for young children, and continuing to collect information on neurodevelopment
for children at age 3 years. The CD Plus follow-up study recruited from the six MIRECsites with the
largest MIREC participant population (Vancouver, Toronto, Hamilton, Montreal, Kingston and Halifax).
The study focussed on biological specimen collection for child participantsand neurodevelopmental
testing, including testsinvestigating the children’s behaviour, cognitive abilities, executive function, and
language skills. The MIREC-CD Plus study aimed to enrol 800 children; 803 children participatedin the

biological specimen arm of the study and 610 participatedin the neurodevelopment arm of the study.

The neurodevelopmental portion of the MIREC-CD Plus study included several self-administered and
researcher-administeredtests on behaviour and neurodevelopment. To evaluate behavioural outcomes,
the Behavioral Assessment System for Children-2 (BASC-I1) and Social Responsiveness Scale, Second
Edition (SRS-2) were used; both of these assessments were self-completed by the MIREC mothers to
report on their child’s behaviour. To evaluate neurodevelopment and executive function, the Wechsler
Preschool and Primary Scale of Intelligence — 3rd Edition (WPPSI-II1), and NEPSY-II (A Developmental
NEuroPSYchological Assessment) were administered by trained evaluators. The Behavior Rating
Inventory of Executive Function - Preschool Version (BRIEF-P) was also completed by MIREC mothers to
report different aspects of executive functioning.

3.4.4 MIREC-ENDO

The most recent MIRECstudy, the MIREC-ENDO (Endocrine) study, is currently in progress. MIREC-ENDO
aims to investigate the association between prenatal environmental exposures and several endocrine —
dependent processes during puberty, a time of major hormonal change and development. The MIREC-
ENDOstudy is planned to occur over several phases, each of which will focus on different primary

research questions. In MIREC-ENDO—Phase |, the main research question will investigate the
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association between prenatal environmental exposures and the onset of puberty. MIREC-ENDO also

aims to investigate the association between prenatal environmental exposures and metabolic function

in children and young teens and their mothers.

MIREC-ENDO phases two and three will begin in the next few years, to continue to gather information
on adolescent development through puberty. The MIREC-ENDO cohort is uniquely situated as a natural
experiment in a cohort that is reaching adulthood as Cannabis is legalized in Canada. The main goals of
MIREC-Endo Phase Il will be to investigate the association between current and previous cannabis and
vaping use and child health. MIREC-ENDO Phase two will also assess the association of stress at
different developmental windows and the timing of puberty in MIREC children.

3.5 MIREC Data in this study

In this thesis, data from MIREC, MIREC-ID, (breastfeeding status), and MIREC-CD Plus study (WPPSI 1Q
Scores, HOME Scores) are used for exposure, outcome, and covariate data. The significant amount of
covariate data allowed us to investigate potential confounding, and provide a more complete analysis of

the research questions.
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Chapter 4 - Manuscript for publication: Individual and Cumulative
Effects of a Mixture of Phthalates and Children's Intellectual Abilities:
The MIREC Study

ABSTRACT
Background

Phthalatesare a group of common chemicals found in consumer goods. Exposure to these chemicals is
often highly correlated due to similar routes of exposure. Previous studies in animals and humans have
suggested that phthalatesact as endocrine disruptors. Epidemiological studies have identified that
phthalates mayinterfere with normal fetal development, including neurodevelopment, but results are
inconsistent and often only consider single chemical exposure.

Objectives

To examine potential associations between gestational (first trimester) phthalate exposure and
neurodevelopment as measured using |Q scores at age 3-4 in the Maternal-Infant Research on
Environmental Chemicals (MIREC) study.

Methods

Data from 607 mother-child pairs from MIREC were used in single-chemical linear regression models to
assess the association between individual phthalates and Intelligence Quotient (1Q) Scores (The
Wechsler Preschool and Primary Scale of Intelligence —3rd Edition). We used Weighted Quantile Sum
Regression (WQS) models to assess the association between urinary phthalate metabolites measured in
the first trimester of pregnancyand IQ scores. Models were adjusted for study site, mother’s education

level, and mother’s smoking status during pregnancy.

Results
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Mono (3-carboxypropyl) phthalate was inversely associated with Full Scale 1Q(-0.8, 95% Cl: -1.5, 0.0)
and Performance 1Q (-1.0,95% Cl: -1.7,-0.1) in children in adjusted single chemical models. Higher
exposure to a mixture of phthalate metabolites was inversely associated with FSIQ and PIQ, with mono
(3-carboxypropyl) phthalate, mono-n-butyl phthalate, the sum of di (2-ethylhexyl) phthalate
metabolites, and mono-ethyl phthalate identified as the main contributors in the FSIQ mixture (42%,
29%, 14% and 10%, respectively), and mono (3-carboxypropyl) phthalate, mono-n-butyl phthalate, and
the sum of di (2-ethylhexyl) phthalate metabolitesidentified as the main contributors in the PIQ mixture

(54%, 22%, and 14%, respectively)

Discussion

Gestational mono (3-carboxypropyl) phthalate may be associated witha decrease in IQ scoresin
children atage 3. In a mixture of phthalates, Mono (3-carboxypropyl) phthalate, mono-n-butyl
phthalate, the sum of di (2-ethylhexyl) phthalate metabolites, and mono-ethyl phthalate metabolites

may all contribute to lower 1Q scores. Further research is needed to investigate the impact of prenatal

exposure to phthalate mixtures.

Keywords

Phthalates, intellectual abilities, pregnancy, Weighted Quantile Sum Regression
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Introduction

Phthalatesare alarge group of endocrine-disrupting chemicals. This group of chemical plasticizersand
solvents includes chemicals that are diesters of benzenedicarboxylic acid with varying side chain length
and structure (National Research Council (US) Committee on the Health Risks of Phthalates., 2008).
Humans are frequently exposed to phthalatesin daily life, where the chemicals are found in a variety of
consumer goods, including building materials, food packaging materials, cosmetics, children’s toys, and
vinyl flooring (Schettler et al., 2006). Biomonitoring studies in Canada indicate near universal exposure
to phthalates (Canada, 2013), including in susceptible populations, such as pregnant women and young
children (T. Arbuckle et al., 2014, 2016). Phthalatesare readily metabolizedin the body (Koch et al.,
2005; Meeker et al., 2009) and exposure to these chemicals is often highly correlated due to common

sources of exposure (Saravanabhavanet al., 2013; Serrano et al., 2014).

Several studies have examined the associations between early-life phthalate exposure and a variety of
adverse neurodevelopmental outcomes, including language development (Olesen et al., 2018), autistic
traits (Oulhote etal., 2020; Testa et al., 2012), Intelligence Quotient (1Q) (Cho et al., 2010; Factor-Litvak
et al., 2014; Huang et al., 2015; Li et al., 2019; Nakiwala et al., 2018), motor and neurodevelopmental
scores (Dohertyet al., 2017; Kim et al., 2018; Kim et al., 2011; Polanska et al., 2014; Téllez-Rojo et al.,

2013; Whyatt et al., 2012), and Attention Deficit Hyperactivity Disorder (ADHD) (Engel et al., 2018).

Studies have reported inconsistent results of the association between urinary phthalate concentrations
in pregnant women and 1Q deficits in their children. Some cohort studies reported that gestational
phthalate exposure was associated with lower child 1Q (Cho et al., 2010; Factor-Litvak et al., 2014; Kim
et al., 2018), while others reported no association (Huang et al., 2015; Kim et al., 2017; Polanska et al.,

2014), or even positive associations (Nakiwala et al., 2018). However, previous pregnancy cohort studies
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have failed to account for the potential mixture effect of phthalate exposures, and inconsistently

identify metabolites of interest associated withthe outcome of interest.

Phthalates pose a specific challenge in toxicological and epidemiological studies due to their non-
persistent nature and humans’ highly correlated patterns of exposures in daily life. Analysing a mixture

of exposures using traditional environmental epidemiological methods is particularly challenging due to

the collinear nature of the data (Braunet al., 2016).

In this study, we investigated the association between phthalate exposures in the first trimester of
pregnancy and child IQ in the Maternal-Infant Research on Environmental Chemicals (MIREC) cohort. As
urinary phthalate concentrations in the MIREC cohort were correlated (Figure S4.5), this t his study
considered individual effects of phthalate metabolites, and the cumulative effect of exposure to
multiple phthalate metabolites.

Methods
Study Population

Participantsin this study were part of the Maternal-Infant Research on Environmental Chemicals
(MIREC) Study, and the follow-up MIREC-CD Plus Study. This population has been described in detail
elsewhere (Arbuckle et al., 2013), but briefly, the MIREC study recruited pregnant women from 10 cities
across Canada during their first trimester of pregnancy (<14 weeks). Inclusion criteria included ability to
communicate in English or French, participant age 18 or older, <14 weeks gestation, willingness to
provide a sample of cord blood, and expectation of delivery in a hospital. Exclusion criteria included:
known fetal abnormalities with current pregnancy, illicit drug use, and known pre-existing maternal
health condition (kidney disease; epilepsy; any collagen disease including lupus, erythematous, and
scleroderma; active and chronic liver disease (hepatitis); heart disease; serious pulmonary disease;

cancer; haematological disorder (except anaemia or thrombophilia); threatened spontaneous abortion.
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8716 women were asked to participate in the study, 5108 were eligible, and 2001 completed consent
between 2008-2011. There were 18 complete withdrawals after recruitment,), resulting in 1983
participants with baseline data. Research Ethics Board Approval was obtained from all study sites and

Health Canada, and informed consent was collected from all participants.

A subset of the MIREC participants (n=803) were enrolled in a follow-up MIREC-CD Plus study when
participating children were up to 5 years old. The primary goal of the MIREC-CD Plus study was to
evaluate associations between prenatal exposure to various chemicals and child growthand
neurodevelopment. The MIRECCD-Plus study recruited from 6 MIRECsites (Vancouver, Toronto,
Hamilton, Kingston, Montreal, and Halifax) and was completed in March 2015. 610 participantsin the
MIRE-CD Plus study completed IQ testing, n=2 were excluded due to age >4 years at testing, resulting in
608 participants with 1Q scores collected at age 3-4 years. Of the 608 children with 1Q scores, gestational

phthalate data were missing for 45 due to lab error or insufficient urine volume for testing.

This study included 563 mother-infant pairs who had data on phthalate exposure during pregnancyfrom
the MIRECstudy, and 1Q scores for the children from the MIREC-CD Plus Study. The MIREC cohort

included singleton and multiple births, but this analysis was restricted to singleton births.

Cognitive Outcomes

The Wechsler Preschool and Primary Scale of Intelligence — 3rd Edition (WPPSI-I11) was administered to
all MIREC-CD Plus child participants who were between 3 and 4 years of age at the time of testing. The
test wascompleted at the participants’ homes, and scored based on Canadian norms. Testing was
completed by atrained evaluator at eachsite in the child’s primary language (English or French). The
evaluators had no knowledge of the child’s exposure. The results of the 5 subtests (Receptive

Vocabulary, Information, Block Design, Object Assembly, and Picture Naming) were used to determine
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Verbal 1Q(VIQ), Performance IQ (P1Q), and Full Scale 1Q (FSIQ) scores. The population mean score for

these testsis 100 (SD: 15).

The WPPSI-IIl is broadly used by psychology professionals, and shows high correlationto other
intelligence tests including the Wechsler Intelligence Scale for Children (WISC) and the Bayley Scales of

Infant Development (BSID). The WPPSI is validated on a variety of populations and is known to be

reliable in the age group tested (Wechsler, 2002).

Laboratory Analysis

Participants provided a single spot urine samples during the first trimester of pregnancy. Time of day of
collection and season of collection varied by sample. Within two hours of collection, urine samples were
aliguoted into 30ml Nalgene tubes, frozen to -20C and shipped for processing. Prior to analysis, samples
were stored at-20C in order to preserve metabolite stability (Samandar et al., 2009). Analyses for 11
phthalate metabolites (mono-n-butyl phthalate (MnBP); mono-ethyl phthalate (MEP); mono-benzyl
phthalate (MBzP); mono-methyl phthalate (MMP); mono-cyclo-hexyl phthalate (MCHP); mono-isononyl
phthalate (MiNP); mono-n-octyl phthalate (MnOP); mono-(3-carboxypropyl) phthalate (MCPP); mono-
(2-ethylhexyl) phthalate (MEHP); mono-(2-ethyl-5-oxo-hexyl) phthalate (MEOHP); and mono-(2-ethyl-5-
hydroxy-hexyl) phthalate (MEHHP)) was completed at Centre de Toxicologie du Québec, Institut national
de Santé Publique du Québec (INSPQ) using LC—MS/MS with an Ultra Performance Liquid
Chromatography (UPLC) Acquity (Waters; Milford, Massachusetts, USA) coupled with a tandem mass
spectrometer Quattro Premier XE (Waters; Milford, Massachusetts, USA). We used field blanks to assess
potential contamination from storage materials. We measured specific gravity in all urine samples using

a refractometer (UG-1, Atago #3461, Atago U.S.A. Inc., Bellevue, WA) in order to account for hydration

status and urine dilution.
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We chose metabolites with greater than 70% of samples above the limit of detection (LOD) for this
analysis (MEP, MEOHP, MEHP, MEHHP, MCPP, MBzP, and MnBP). We investigated the significance of
the exposure to DEHP by determining the molar sum concentration of all DEHP metabolites (MEOHP,
MEHP, and MEHHP). DEHP was considered as a single exposure due to the high correlation of the
metabolites (>85%).

MIRECincluded measures for several additional chemicals; cord blood lead and OP pesticide levels were
included in this study. To measure blood lead levels, the INSPQ lab analyzed cord whole blood using
Inductively-Coupled Plasma Mass Spectrometry (ICP-MS, PerkinElmer ELAN) at INSPQ. The lab also

assessed OP pesticides in urine spot samples collected during the first trimester of pregnancy using GC-

MS/MS (Agilent 7683; tandem mass detector, Waters Quattro Micro GC).

Covariates and Confounders

MIREC participants completed detailed questionnaires during the first trimester to collect demographic
information, including age, population group (White, Other), household income, education level,
medical history, and smoking status. Home Observation Measurement of Environment (HOME) Score (B.
Caldwell & Bradley, 1984), a measure of the quantity and quality of caregivingin a child’s life, was

assessed by the same evaluator who completed the child’s WPPSI-III evaluation as part of the MIREC-CD

Plus evaluation.

We selected potential confounders identified in a literature review and drew a directed acyclic graph
(DAG) (Greenlandet al., 1999; Hernan et al., 2004) (Figure S4.1). Study site, age at assessment, maternal
level of exposure to the three OP metabolites, maternal age at delivery, pre-pregnancy body mass index
(BMI), mother’s education level, household income, and mother’s smoking status during pregnancy
were identified as the minimal set of confounders. Cord blood lead concentrations, breastfeeding status,

and HOME scores (measure of the quality of a child's home environment)
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(https://www.nlsinfo.org/content/cohorts/nlsy79-children/topical-guide/assessments/home-home-
observation-measurement) were all considered in the DAG but were determinedto either be
intermediates or considered unnecessary based on temporal association. We also used specific gravity

as a covariatein all models to adjust for urine dilution (MacPherson et al., 2018). Values for both urine

metabolites and blood metals that were below the LOD were replaced with LOD/v2.

Statistical Analysis

Urinary phthalate metabolite concentrations were right skewed, so therefore they were log2
transformed. We developed linear regression models with continuous, categorical, and dichotomous
variables based on the normal distribution of the log-corrected phthalate distribution. Residual plots
were visually inspected to confirm assumptions of linearityand homoscedasticity. There were no

excluded outliers. The primary and secondary analyses in this study were completed using complete

case analysis.

To avoid biases from traditional stepwise model building, we built single-chemical models by
determining potential confounders using a DAG, and selecting confounders of interest using a change in
estimate (CIE) procedure (Evans etal., 2012), using the R ABE (Augmented Backwards Elimination)
library (R Core Team, 2018). Study site and specific gravity were mandatory variables in all models. A
10% changein estimate and statistical significance of p<0.2 were specified for inclusion in the final
model. The final model included variables for specific gravity, categorical variables for study site,
mother’s smoking status during pregnancy, and mother’seducation level. Because phthalates have been
shown to impact 1Q scores in a sexually dimorphic manner in other studies (Factor-Litvaket al., 2014,
Kim et al., 2018), we investigated potential sex-dependent effects by including a sex and phthalate
product interaction termin all single chemical models. We stratified by sex when the interactionterm

had a p-value <0.2.
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Mixture Analysis: Weighted Quantile Sum Regression

To qualitatively assess the effect of exposure to multiple phthalates, we used Weighted Quantile Sum
(WQS) regression analysis (Carrico et al., 2015). This method is used to assess associations between
correlated exposures and outcomes of interest, while limiting model bias due to collinearity because of
correlated exposures. WQS addresses the complexity of high dimensional data and potential collinear
error in linear modeling by developing a unidirectional index based on quantiles (in our case, quartiles)
of exposure. A summary term called a weighted index is developed, which is interpreted along with a set
of weighted chemicals that most accurately predicts the association with the outcome, in this case child
IQ. The association of each chemical to the outcome is expressed as a percentage (the weight), which
can be used to determine the “bad actors” in the mixture. The index term cannot be directly interpreted
in terms of magnitude of association, but gives a qualitative assessment of the general association
between the chemical mixture and the outcome of interest. WQS is advantageouscompared to other
mixture methods because of the method’s ability to simultaneously assess the mixture effectand

consider confounders, while also offering a highly interpretable output.

WAQS analysis was completed using the gWQS package in R Studio (R Core Team, 2018). The index was
constrained in the negative direction, meaning we restricted the estimate of the association between
the mixture and IQscores to be negative. We repeated this model 100 times using the repeated holdout
method (E. Tanner et al., 2019) to estimate the stability of the WQS estimate. For each repetition, 60%
of the data were used for validation with 100 bootstrap samples. The full sample, with no sex
stratification, was considered for the WQS analysis because of sample size restrictions. Confounders
from the most parsimonious model were included in the WQS model (specific gravity, study site,

maternal smoking status, and mother’s education level).
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To avoid concerns that the high correlation betweenthe DEHP metabolites and weak correlations with
the outcome of interest might skew results, we ranthe WQS analysis considering the molar sum of the
DEHP metabolites (MEHP, MEOHP, and MEHHP) as a single exposure (3DEHP). Toinvestigate potential

sex differences in the WQS models, we ran an additional model incorporating sex and sex*WQS

interactionterm.

Sensitivity Analysis

We performed several sensitivity analyses to investigate the reliability of the models. Additional models
were tested to investigate potential confounders that were either excluded from the DAG or excluded
following the CIE procedure to ensure that no major confounders that may alter the directionality of
exposure were missed in the analysis (Figure $4.1). We tested models that included lead, Home
Observational Measurement of the Environment (HOME) Score (Caldwell & Bradley, 2003) or
breastfeeding status to determine if their inclusion would alter any observed associations (Figure S4.3).
Exposure quartiles were determined for the chemicals identified in Single Chemical Models to examine
the difference for the highest and lowest quartiles of exposures and for comparison to the WQS results

(Table S4.3).

We also investigated a second WQS model that included all phthalate metabolites individually (MEP,
MnBP, MCPP, MEHP, MEHHP, MEOHP, and MBzP).

Results

Population Characteristics

There were some differences between the full MIREC cohort and the subset identified in this study
(Table 4.1). The subset population on average was more likely (p<0.05) to have a higher income and
education level than the total MIREC population. On average, participantsin this subset had significantly

lower exposure to all phthalates (p<0.05) except MCPP as compared to the full cohort, but there were
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no differences in average exposure between groups for lead or OP pesticides. Phthalate metabolite

levels were found to be correlated (Figure S4.5).

Single Chemical Models

In univariate and adjusted single chemical models, a doubling of mono (3-carboxypropyl) phthalate
MCPP was inversely associated with FSIQ scores (B: -0.8, 95% Cl: -1.5, 0.0). MCPP was also inversely
associated with PIQ subtest scores (B: -1.0,95% Cl: -1.7, -0.1), but not VIQ subtest scores. There were no
observed sex effects in the multivariable models when the sex interaction term was included (Table
S4.1). The sum of DEHP metabolites was inversely associated with PIQ scores, although the association
was not statistically significant (p<0.1). No single metabolite was significantly associated with VIQ scores
in either model, and there were no positive associations between other metabolitesand 1Qscores that

were statistically significant.

Weighted Quantile Sum

The WQS index was inversely associated with FSIQ scores (B=-1.43 95% Cl: -3.37.93, - 0.02) and inversely
and significantly associated with PIQ scores (B=-2.25, 95% Cl: -3.70, -0.73). The FSIQ index was driven by
MCPP (42%), MnBP (29%), the sum of the DEHP metabolites (14%), and MEP (12%). The PIQ index was

similarly driven by MCPP (54%), MnBP (22%), and the sum of the DEHP metabolites (14%).

In the WQS models that considered sex, the mixture of phthalates was inversely associated with FSIQ
and P1Q scores, but the distribution crossed zero. There was no evidence of a difference betweenthe

sex-stratified models as the distributions of all sex interaction termsalso crossed zero.

Sensitivity Analysis

The inclusion of all covariatesfrom the DAG in single-chemical models did not alter the observed

associations between phthalate metabolitesand 1Q scores (Figure $4.2). In models that included cord

47



blood lead exposure, breastfeeding status, and HOME score variables in the models (Figure S4.3), both
MCPP and MnBP were found to be associated with lower FSIQ and PIQ scores. However, the restricted
data set was approximately half the size of the primary models because breastfeeding status was not

collected for all participants, limiting the number of complete cases available for analysis.

For all chemicals that were associated with FSIQ, PIQ, or VIQ at a statistical significance of p<0.2in single
chemical models (MCPP, MEOHP, and DEHP), we grouped exposure into quartiles (Table S4.3).
Individuals that were in the highest exposure level for MCPP were found to have significantly lower
average FSIQ and PIQ scores as compared to the lowest exposure group. No statistically significant

differences were observed between exposure quartiles for either DEHP or MEOHP exposure.

Discussion

The main goal of this study was to investigate the potential associations between gestational phthalate
exposure and child intelligence. | found an inverse association between first-trimester exposure to
MCPP and FSIQ and PIQ scores at age three. | also identified that MCPP, MnBP, and DEHP metabolites

may be important actors when considering the totalimpact of first trimester phthalate exposure and

cognitive development.

MCPP is a major metabolite of di-n-octyl phthalate (DnOP), as well as a minor metabolite of MnBP and
several long-chain phthalates (Calafat et al., 2006; Silva et al., 2007). In Canada, MCPP was detectedin
over 95% of Canadians in the Canadian Health Measures Survey, a national cross-sectional
biomonitoring survey (Health Canada, 2019). The geometric mean MCPP measured in our study (0.8
ug/L) was comparable to what was observed in Canadians aged 20-39 in the CHMS cycle 5 (0.7 ug/L),

but lower than in CHMS cycle 1 (2007-2009) (1.3 pg/L)and CHMS cycle 2 (2009-2011) (1.9 pg/L).
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Compared to the other metabolites measured in our study with >70% detection, the geometric mean of

MCPP was lower, with over 20% of measured samples below the limit of detection (LOD).

MCPP has rarely been associated with diminished 1Q scores in other studies that have considered single
phthalates and their associations to 1Q. Instudies that have measured MCPP during the prenatal period,

no significant association with 1Q was observed in five studies (Li etal., 2019; Nakiwala et al., 2018; Qian

et al., 2019; E. M. Tanner et al., 2019; Téllez-Rojo et al., 2013).

In contrast to the novel MCPP results in this study, DEHP is often investigated in other studies looking at
phthalate exposure and cognitive development. DEHP exposure in this study was inversely associated
with PIQ scores (B=-1.0, 95% Cl: -2.2, 0.1) in single chemical models, although not at a statistically
significantly level (p<0.1). The DEHP metabolites MEOHP and MEHHP were both inversely associated

with PIQ scores, but were not statistically significant (P<0.2). We identified DEHP as a contributing

chemical (14%) in the WQS models.

DEHPis a HMW phthalate that has been identified in other epidemiological studies as a risk factor for
shorter male anogenital distance (Radke et al., 2018; Zareanet al., 2019) and preterm birth (Radke et al.,
2019). Several studies have suggested that the metabolites of DEHP are more biologically active than
DEHP (Beg & Sheikh, 2020; Kavlock et al., 2002), which is one of the reasons that both individual
metabolites and the sum of metabolites were examined in this study. Despite several restrictions on
DEHP usage, DEHP metabolites have consistently been detectedin over 98% of participants in Cycle 1, 2,
and 5 of the CHMS (Health Canada, 2019). The geometric mean of MEOHP levels measured in this study
(5.5 ug/L)is lower thanthe levels measured for Canadians aged 20-39 in CHMS Cycle 1 (2007-2001, 13
ug/L), but comparable with the levels measured in cycle 2 (2009-2011) and 5 (2016-2017) (6.6 pug/Land
3.1 ug/L) (Health Canada, 2019). Several other studies investigating intellectual function have identified

DEHP as a chemical of concern (Cho et al., 2010; Huang et al., 2015; Kim et al., 2011; Téllez-Rojoet al.,
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2013), with MEOHP also specifically identified in several studies as a metabolite of concern (Cho et al.,

2010; Kim et al., 2017; Kim et al., 2011; Téllez-Rojo et al., 2013).

Itis unclear exactly how phthalates act in the human body to produce adverse outcomes, but
toxicological evidence consistently shows that phthalates act as endocrine disruptors in animal models.
Disruptions to the production and function of thyroid hormones, which are essential for
neurodevelopment, have been observed in animal models (Dong et al., 2017; Ghisari & Bonefeld-
Jorgensen, 2009; Sugiyama et al., 2005). Di(2-ethylhexyl) phthalate (DEHP) has been found to disrupt
thyroid hormones in rats at sub-chronic levels (Poon et al., 1997) and dicyclohexyl phthalate (DCHP), n-
butylbenzyl phthalate (BBzP), and di-n-butyl phthalate (DnBP) have been shown to reduce T; activityin
vitro (Sugiyama et al., 2005). Several phthalates have also been found to act as antiandrogens (Andrade
et al., 2006; Christen et al., 2012; Howdeshell et al., 2008) and may affect the sex-specific organization

of neuralstructures.

One proposed mechanism by which phthalate exposure may alter human development is disruption of
thyroid hormone (Dong et al., 2017; Ghisari & Bonefeld-Jorgensen, 2009; Sugiyama et al., 2005; Sun et
al., 2018; Yao et al., 2016) Maternal thyroid dysfunction during pregnancy can cause serious impacts on
brain development, and must be properly managed for optimal fetal development (Reid et al., 2010).
Minor alterations in thyroid hormones may also cause changes in intellectual function (Haddow et al.,
1999; Thompson et al., 2018). The human brain is sensitive to thyroid hormones during all stages of life,
but because of the rapid brain development that occurs in the very early stages of development, small
changes in thyroid function during the first trimester can have lasting developmental impacts (Romano
et al., 2018). During human development, the fetal thyroid typically does not reachfunction until the
second trimester (de Escobar et al., 2008; Moog et al., 2017). Prior to fetal thyroid maturation, maternal

thyroid hormones are transferred across the placenta and are important for brain development
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(Obregon et al., 2007). In a previous epidemiological study, Romano et al. (2018) considered exposure to
a mixture of phthalates measured at 16 weeks gestationand the impacts on maternal thyroid levels and
found that a mixture of phthalates at 16 weeks was significantly inversely associated with maternal TT4
levels (B =-0.60; 95% Cl: -1.01, —0.18), with MEP (0.39) and MCPP (0.37) most contributing to the index.
While Romano et al’s (2018) study did not examine the association of phthalates with IQ scores, the
identification of MEP and MCPP as metabolites of concern is consistent with the metabolites of concern
identified in this study, and may suggest a biologically plausible mechanism relatedto brain

development during the early gestational period.

The WQS method used in this study has been used in other studies that investigated prenatal or early
life phthalate exposure and a variety of neurodevelopmental and hormonal outcomes(Daniel et al.,
2020; Romano et al., 2018; Stroustrup et al., 2018; E. Tanner et al., 2019). Tanner et al. (2019)
considered first trimester exposure to a mixture of environmental chemicals, including 15 phthalate
metabolites and summed phthalate metabolites, and the overall association to IQ at age 7. Overall, the
mixture was associated with a decrease in 1Q for both boys and girls, and MBzP and MEP were
consistently identified as chemicals of concern in the index. Daniel et al. (2020) considered the
association between third trimester phthalate exposure and motor function atage 11, and found that
females exposed to higher levels of non-DEHP metabolites had significantly lower fine motor scores as
compared to those who had lower levels of exposure. However, this study had a small sample size and

did not incorporate the repeated partition WQS method (Tanner et al., 2019).

Strengths and Limitations

As with many endocrine-disrupting chemicals, determining causality in the relationship between early-
life phthalate exposure and neurodevelopment can be complicated by confounding, exposure

misclassification, uncertain periods of heightened vulnerability, sexually dimorphic effects, and mixture
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effects (Braun, 2017). While this study aimed to account for confounding and mixture effects, the
chance of residual effects cannot be discounted. Exposure classification in this study was completed
using single spot samples, which is likely to have led to some exposure misclassification (Fisher etal.,

2015). However, this misclassification would be non-differential, meaning it is possible that the observed

associations are an underestimation.

Several demographic variables in this study were based on self-reported questionnaires, which may
have been a source of reporting bias. In the MIREC study, demographic variables such as household
income, smoking status, and BMI were missing for between 5-15% of participants. Our study included
complete case analysis only, and these missing variables may have biased the results. Sensitivity
analyses of smoking status in this cohort using plasma cotinine has suggested that overall, self-reporting
of smoking status in the MIRECcohort is reliable, with some exceptions for those in higher socio-

economic classes (Arbuckle et al., 2018).

One important limitation of WQS is the assumed linearity of the dose-response relationship. At least one
previous study has investigated potential non-linear relationships between phthalate exposure and
neurodevelopmental scores and determined that the relationship appearedto be linear (Qian etal.,
2019). One toxicological study in zebrafish observed an additive toxicity relationship associated with a
mixture of phthalates containing BBzP, DBP, DEHP, DIDP, DINP and DNOP compared to any of these
phthalates alone (Chen etal., 2014). The same study found that for estrogenic effects, a departure from
individual chemical effects was only seen when the phthalate concentrationswere high. There is

currently no consensus on the chemical kinetics and potential interactionsin phthalate mixtures, and

based on current evidence, assumptions of linearity seem to be valid for phthalate action in this context.

Itis also possible that this study did not appropriately account for all critical windows of exposure. In Li

et al. (2019)’s publication, prenatal MCPP exposure measured at 16 weeks and 26 weeks gestation was
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not significantly associated with IQ scores at ages 5 and 8, but MCPP exposure, as well as SDEHP, MBzP,
and MEP at age 3 were all inversely associatedto IQ scores. Both toxicological and epidemiological
studies do suggest a plausible mechanism for phthalates’ action on the developing brain during the
prenatal period but it is equally feasible that there are additional periods of susceptibility to adverse

effects of phthalatesduring brain development.

This study included testing of multiple hypotheses and did not incorporate afalse discovery correction.
Itis important to consider that the results seen here may have been found because of the repeated
testing, but the correctionfor multiple hypothesis testing may have resulted in type Il error (Rothman,
1990)(. Based on the agreement between the single chemical models and the WQS model, we believe

the results here warrant further investigation and are unlikely to be caused by chance.

Despite the limitations of this study, it also had several strengths. The MIRECstudy is one of the largest
birth cohorts in North America with extensive questionnaire and biomonitoring data for key
developmental windows. Phthalate measurements during the first trimester of pregnancy represents an
important window of gestational exposure that has not been thoroughly examined in other studies.
Further, the use of WQS modelling to examine the mixture effects of phthalates provides a more robust

conclusion thantraditional single-chemical models.

In the MIREC cohort, prenatal exposure to a mixture of phthalates may be associated with a subtle
decreasein IQscores at age 3 years. Specifically, MCPP appearsto be associated with lower FSIQ and
PIQ scores, and in a mixture of phthalate metabolites, MCPP, MnBP, MEP, and DEHP metabolites were
all identified as potential metabolites of concern. Moving forward, it may be important to consider
MCPP, a non-specific metabolite of high molecular weight phthalates, in studies investigating phthalate
exposure and neurodevelopment.
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Figures and Tables
Table 4.1 — Descriptive statistics for participantsin the MIRECand MIREC-CD PLUS Cohorts

MIREC Cohort Current Study
Characteristic N Mean + SDor N (%) Range N Mean £ SDor N (%) Range p value
Mother’s Age (years) 1983 32.2+5.1 17.0-48.0 563 32.67+4.62 18.0-46.0 0.05
Pre-Pregnancy BMI 1837 24.9+5.6 15.1-67.0 562 25.09+ 5.92 15.63-58.64 0.49
Mother’s Education 1979 605
High School or Less 173 (8.7) 30 (4.96)
College or Some University 572(28.9) 170 (28.10) 0.02
Completed Undergraduate Degree 724(36.5) 241 (39.83)
Graduate Degree 510 (25.7) 164 (27.11)
Household Income (CAD) 1983 596
Don’t know, refuse to answer, no response 93 (4.7) 8(1.34)
<$50,000 347 (17.5) 90 (15.1)
$50,000-80,000 398(20.1) 145 (24.33) 0.0008
$80,001-100,000 388(19.6) 118(19.8)
>$100, 000 757 (38.2) 235(39.43)
Smoking Status 583
Current 80(4.0) 15 (2.57)
Former 463(23.4) 152 (26.07) 0.1
Never 1072(54.1) 383 (65.69)
Quit during Pregnancy 115(5.80) 33 (5.66)
No response 253 (12.6) N/A
Breastfeeding Status 1983 333
Less than 1 month 31(1.6) 20 (6.01)
1-6 months 90 (4.5) 53(15.92) 0.01
More than 6 months 313(15.8) 227(68.17)
Not sure or Not disclosed 91 (4.6) 33(9.91)
Not included in study 1458 (73.5) N/A

Intellectual Abilities
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Child Full Scale 1Q
Child Performance 1Q
Child Verbal IQ
Child’s age at test (years)
Environmental Exposures
MEP ug/L
MEOHP pg/L
MEHP ug/L
MEHHP pg/L
MCPP ug/L
MBzP pg/L
MnBP ug/L
Cord lead pg/dL
DEP pg/L
DMP pg/L
DMTP pg/L

1787
1786
1773
1786
1787
1786
1787
1420
1936
1935
1933

32.1+4.9
6.4+3.3
2.3 3.2
9.2+3.5
0.9+3.8
5.243.6
11.6+3.3
0.7+2.4
2.4 +£2.6
3.0+£3.0
3.1+4.3

51.0-143.0

55.0-144.0

58.0-144.0
3.0-4.1

0.4-13000.0
0.1-980.0
0.1-340.0
0.3-1200.0
0.1-370.0
0.1-420.0
0.1-3100.0
0.003-5.2
0.7-3400.0
0.7-190.0
0.4-420.0

607
602
604
608

563
563
559
563
563
562
563
482
594
594
593

106.9+13.5
103.0+14.8
109.4+13.2
3.43+0.31
Geometric Mean (GSD)
27.3+4.8
5.543.1
1.9+3.0
7.843.3
0.8+3.9
4.5+3.3
10.5+3.4
0.79+1.6
2.24+2.7
2.95+3.0
3.28+4.4

51.0-143.0

55.0-144.0

58.0-144.0
3.0-4.0

0.35-6400.0

0.14-11.2
0.14-4.0
0.3-17.4
0.1-2.4
0.1-8.8
0.1-22.5
0.2-3.5

0.7-3400.0

0.71-75.0

0.42-420.0

<0.001
<0.001
0.009
<0.001
0.59
<0.001
<0.001
0.39
0.19
0.72
0.37

P values for the current study as compared to the whole MIREC Cohort

BMI —Body Mass Index, HOME Score — Home Observation Measurement of Environment Score, MBzP-mono-benzyl phthalate, MCPP - mono
(3-carboxypropyl) phthalate , MEHHP- mono(2-ethyl-5-hydroxyhexyl) phthalate, MEHP- mono(2-ethylhexyl) phthalate, MEOHP-mono(2-ethyl-5-
oxohexyl) phthalate, MEP-mono-ethyl phthalate, MnBP-mono-n-butyl phthalate, DEP - diethyl phthalate, DMTP — dimethylthiophosphate,

DMP- dimethyl| phthalate

Table 4.2: Beta estimate for Weighted Quantile Index for the association between measured
phthalate metabolites and 1Q Scores measured at age 3, using yDEHP Metabolites as a single measure

B estimate (95% Cl) MnBP Weight  YDEHP MBzP Weight
Weight
FsSIQ -1.43(-3.37,-0.02) 0.29 0.14 0.05
PIQ -2.25(-3.70, -0.73) 0.22 0.14 0.02
viQ 0.05(-1.21, 1.30) 0.27 0.12 0.16

WQS Model adjusted for study site, mother’s education level, and mother’s smoking status during pregnancy. B Estimate and 95% Cl estimates
were determined using 100 repetitions of the WQS model. FSIQ — Full Scale Intelligence Quotient Score, PIQ-Performance Intelligence
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Figure 4.1: Multivariable models investigating the association between individual log -2 transformed
prenatal phthalate metabolites and 1Q score at age 3in the MIREC Cohort.

FSIQ -Model B

sum DEHP - [ T 1
I
MnBP - I i |
I
.

MEP - i ; i

MEQHP -

MEHP - I i ]

MEHHP - I : i
MCPP - i I

MBzP - I ; |

PIQ - Model B

sum DEHP - I |

MnBP - I 7 |
MEP - I

MEQHP - i i
MEHP - f i
MEHHP - i : i

Phthalate M etabolite

MCPP - i

MBZP - I T |

VIQ - Model B

sum DEHP - [ T 1
MnBP - i

WEP - I
MEOHP - ‘ ‘ |
MEHP - i

MEHHP - I -

MCPP - i 4 i

MBzP - | 7 |

Estimate

Model adjusted for specific gravity, adjusted for specific gravity, study site, maternal smoking status, and mother’s education level.

MBzP-mono-benzy| phthalate, MCPP - mono (3-carboxypropyl) phthalate, MEHHP- mono (2-ethyl-5-hydroxyhexyl) phthalate, MEHP- mono (2-
ethylhexyl) phthalate, MEOHP-mono (2-ethyl-5-oxohexyl) phthalate, MEP-mono-ethyl phthalate, MnBP-mono-n-butyl phthalate, DEHP —molar

sum of Bis (2-ethylhexyl) phthalate metabolites
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Supplemental Materials

Table S4.1: Phthalate X Sex interaction terms for multivariable single-chemical models

Covariates FSlQ PIQ viQ
Metabolite x Sex B estimate (95% Cl) p-value B estimate (95% Cl) p-value B estimate (95% Cl) p-value
Interaction Term
MEP -0.38 (-1.34, 0.57) 0.44 -0.19 (-1.26, 0.89) 0.74 -0.64 (-1.56, 0.28) 0.18
MEOHP 0.06 (-1.28, 1.41) 0.93 -0.06 (-1.54, 1.43) 0.94 0.17(-1.12, 1.47) 0.79
MEHP -0.36 (-1.74, 1.01) 0.61 -0.59(-2.11, 0.93) 0.45 -0.09 (-1.41, 1.24) 0.89
Model B MEHHP 0.26 (-1.01, 1.53) 0.69 0.07(-1.34, 1.48) 0.92 0.35(-0.88, 1.57) 0.58
MCPP 0.05(-1.07, 1.16) 0.94 0.01(-1.22, 1.24) 0.99 0.04(-1.04, 1.12) 0.94
MBzP -0.33(-1.60, 0.94) 0.61 -0.57 (-1.98, 0.84) 0.43 -0.02(-1.24, 1.21) 0.98
MnBP 0.60 (-0.65, 1.85) 0.34 0.31(-1.08, 1.70) 0.66 0.66 (-0.55, 1.86) 0.29
DEHP 0.22(-1.82, 2.27) 0.83 0.22(-2.04, 2.48) 0.85 0.28(-1.69, 2.25) 0.78
MEP -0.30(-1.32,0.73) 0.57 -0.32(-1.48, 0.84) 0.59 -0.47 (-1.46, 0.53) 0.36
MEOHP 0.19(-1.25, 1.63) 0.80 -0.28(-1.86, 1.30) 0.73 0.53(-0.87, 1.92) 0.46
MEHP -0.23(-1.68, 1.22) 0.76 -0.72(-2.32, 0.88) 0.38 0.19(-1.22, 1.60) 0.79
Supplemental ~ MEHHP 0.36(-0.99, 1.72) 0.60 -0.14 (-1.64, 1.35) 0.85 0.66 (-0.65, 1.98) 0.32
Model
MCPP 0.08(-1.13, 1.29) 0.90 -0.13(-1.46, 1.20) 0.85 0.21(-0.96, 1.38) 0.73
MBzP -0.13(-1.49, 1.23) 0.85 -0.59(-2.09, 0.92) 0.44 0.30(-1.02, 1.62) 0.66
MnBP 0.55(-0.77, 1.88) 0.41 -0.01(-1.48, 1.45) 0.98 0.83(-0.46, 2.11) 0.21
DEHP 0.34(-1.81, 2.49) 0.76 -0.08(-2.45, 2.29) 0.95 0.70(-1.38, 2.78) 0.51

Model a adjusted for specific gravity, study site, educational level, smoking status, cord lead levels, breastfeeding status)

Supplemental Model adjusted for specific gravity, study site, educational level, smoking status, Pre-pregnancy BMI, income level, first trimester
DEP levels, First Trimester DMP level, First trimester DMTP level cord lead levels, breastfeeding status

FSIQ - Full Scale Intelligence Quotient Score, PIQ-Performance Intelligence Quotient Score VIQ — Verbal Intelligence Quotient Score

Table S4.2: Beta estimate for Weighted Quantile Indexfor the association between measured
phthalate metabolites and 1Q Scores measured at age 3

B estimate (mean, 95% Cl) MCPP MEP MnBP MEOHP MEHHP MBzP MEHP
Weight Weight Weight Weight Weight Weight Weight
FsiQ -1.44(-2.85, 0.51) 0.40 0.10 0.27 0.08 0.05 0.05 0.06
PIQ -2.22(-4.01, -0.39) 0.47 0.07 0.23 0.08 0.04 0.02 0.07
viQ 0.01 (-1.07, 1.49) 0.23 0.16 0.22 0.08 0.06 0.13 0.12

WQS Model adjusted for study site, mother’s education level, and mothers’ smoking status during pregnancy. B Estimate and 95% Cl estimates
were determined using 100 repetitions of the WQS model. FSIQ — Full Scale Intelligence Quotient Score, PIQ-Performance Intelligence

Table S4.3: Results from ANOVA to investigate metabolite quartile and 1Q score difference
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Simultaneous Simultaneous Simultaneous

Quartile 1Q score 95% Quartile 1Q score 95% Quartile 1Q Score 95%
Comparison difference Confidence Comparison difference Confidence Comparison difference Confidence
Limits Limits Limits
MEOHP DEHP MCPP

0.63, 8.60

0-3 -0.03 -4.06, 4.01 0-3 0.04 -4.00, 4.09 0-3 4.62*
-1.70, 6.25

1-3 -1.33 -5.32, 2.65 1-3 -0.68 -4.70, 3.34 1-3 2.28
-1.67, 6.27

2-3 -1.98 -5.97,2.01 2-3 -0.95 -4.97, 3.06 2-3 2.30
FSiQ -1.66, 6.3

0-2 1.96 -2.06, 5.98 0-2 0.99 -3.04, 5.03 0-2 2.32
-3.99, 3.94

1-2 0.65 -3.32,4.62 1-2 0.27 -3.74,4.29 1-2 -0.02
-1.64, 6.32

0-1 1.31 -2.71,5.32 0-1 0.72 -3.32,4.76 0-1 2.34
0.52,9.35

0-3 0.65 -3.78, 5.09 0-3 0.37 -4.07,4.81 0-3 4.92*
-1.31, 7.44

1-3 -0.29 -4.67, 4.09 1-3 -0.09 -4.51,4.33 1-3 3.07
-3.54,5.21

2-3 -1.79 -6.17, 2.60 2-3 -0.52 -4.94, 3.90 2-3 0.84
PIQ -0.28, 8.44

0-2 2.44 -1.98, 6.86 0-2 0.89 -3.56, 5.33 0-2 4.08
-2.10, 6.56

1-2 1.50 -2.87,5.86 1-2 0.43 -3.99,4.84 1-2 2.23
-2.51,6.21

0-1 0.94 -3.48, 5.36 0-1 0.46 -3.98, 4.90 0-1 1.85
-0.62,7.07

0-3 -0.68 -4.57, 3.20 0-3 -0.34 -4.23,3.54 0-3 3.22
-3.09, 4.59

1-3 -1.40 -5.25, 2.45 1-3 -0.52 -4.40, 3.35 1-3 0.75
-1.05, 6.59

2-3 -1.79 -5.63, 2.05 2-3 -1.22 -5.07, 2.64 2-3 2.77
via -3.39,4.29

0-2 1.11 -2.76, 4.97 0-2 0.87 -3.00, 4.74 0-2 0.45
-5.85, 1.81

1-2 0.39 -3.44,4.22 1-2 0.69 -3.17, 4.56 1-2 -2.02
-1.38, 6.33

0-1 0.72 -3.15, 4.59 0-1 0.18 -3.71, 4.07 0-1 2.47

FS1Q — Full Scale Intelligence Quotient Score, PIQ-Performance Intelligence Quotient Score VIQ — Verbal Intelligence Quotient Score

Quartiles based on urine metabolite level, adjusted for hydration levels. Lowest exposure levels are in quartile 0, and highe st exposure levels
are in quartile 3.

MCPP - mono(3-carboxypropyl) phthalate, MEOHP - mono(2-ethyl-5-oxohexyl) phthalate, DEHP —molar sum of Bis(2-ethylhexyl) phthalate
metabolites

* P<0.05
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Supplemental Figure S4.1: Directed Acyclic Graph (DAG) for potential confounders
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Figure S4.2: Supplemental multivariable model investigatingthe association betweenindividual log-2

transformed prenatal phthalate metabolites and 1Q score at age 3 in the MIREC Cohort, including all covariates
and confounders identified in a DAG

FSIQ - DAG Model
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PIQ - DAG Model
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VIQ - - DAG Model

sum DEHP - I
MnBP -
MEP - |
MECHP - I
MEHP - i
MEHHP - I
MCPP - |
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=Y [ U (U S S W (U

[

Estimate

Model adjusted for Specific gravity, study site, educational level, smoking status, Pre-pregnancy BMI, income level, first trimester DEP levels,
First Trimester DMP level, and First trimester DMTP level

MBzP-mono-benzyl phthalate, MCPP - mono (3-carboxypropyl) phthalate, MEHHP- mono (2-ethyl-5-hydroxyhexyl) phthalate, MEHP- mono (2-

ethylhexyl) phthalate, MEOHP-mono (2-ethyl-5-oxohexyl) phthalate, MEP-mono-ethyl phthalate, MnBP-mono-n-butyl phthalate, DEHP —molar
sum of Bis (2-ethylhexyl) phthalate metabolites

Figure S4.3: Supplemental multivariable models investigating the association between individual log-2 transformed prenatal phthalate
metabolites and 1Q score at age 3 in the MIREC Cohort, including prenatal lead exposure and breastfeeding status covariates r esults
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Model S1 adjusted for Specific gravity, study site, educational level, smoking status, Pre-pregnancy BMI, income level, first trimester DEP levels,
First Trimester DMP level, First trimester DMTP level cord lead levels, breastfeeding status

Model S2 adjusted for Specific gravity, study site, educational level, smoking status, cord lead levels, breastfeeding status

Model S3 adjusted for HOME Score, cord lead level and breastfeeding status, specific gravity, study site, educational level, smoking status, Pre-
pregnancy BMI, income level, first trimester DEP levels, First Trimester DMP level, First trimester DMTP level cord lead levels, breastfeeding

status

Model S4 adjusted for HOME score, cord lead and breastfeeding status, specific gravity, study site, educational level, smoking status, cord lead

levels, breastfeeding status

MBzP-mono-benzyl phthalate, MCPP - mono (3-carboxypropyl) phthalate, MEHHP- mono (2-ethyl-5-hydroxyhexyl) phthalate, MEHP- mono (2-
ethylhexyl) phthalate, MEOHP-mono (2-ethyl-5-oxohexyl) phthalate, MEP-mono-ethyl phthalate, MnBP-mono-n-butyl phthalate, DEHP —molar
sum of Bis (2-ethylhexyl) phthalate metabolites
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Supplemental Figure S4.4: Univariate Single Phthalate Models investigating the association between

log-2 transformed first-trimester phthalate metabolites and IQ score at age 3 in the MIREC Cohort.
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ethylhexyl) phthalate, MEOHP-mono (2-ethyl-5-oxohexyl) phthalate, MEP-mono-ethyl phthalate, MnBP-mono-n-butyl phthalate, DEHP —molar

sum of Bis (2-ethylhexyl) phthalate metabolites
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Figure S4.5: Pearson Correlation Map for phthalate metabolites
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Chapter 5 - Discussion and Future Directions

Research on human phthalate exposure and the impacts of that exposure on neurodevelopment is
ongoing. A recent meta-analysis of 44 studies determined that there is not yet sufficient evidence to
definitively link exposure to individual phthalates and neurodevelopmental outcomes (Radke et al.,
2020). However, the review examined only single chemical associations and noted that the challenges of
assessing correlated phthalate mixtures may be one reason for the inconsistent results that are often
observed in these studies. The study presented in this thesis aimed to evaluate phthalate exposure using
the WQS mixture analysis method, in addition to single chemical approaches, in order increase the
understanding of the effects of a multi-pollutant mixture while also providing information to compare
with existing literature. This newer method of analysis presents more robust findings, but is more
difficult to compare to existing literature because of the differences in methods used. While most of the
associations in this study were not significant, the consistent association of MCPP with decreasing PIQ
scores represents a relatively novel finding, particularly considering that MCPP is not routinely examined

in all studies.

This project represents aninteresting data point in the growing literature relatedto phthalatesand
endocrine disruption. Work in this field is dynamic and continues to expand rapidly. The goal of this
chapteris to situate the results discussed in Chapter 4 with other ongoing research, and to suggest

future directions for this research.

5.1 Toxicological Evidence and Potential Human Mechanism

Toxicological evidence suggests that there may be several ways by which phthalates disrupt
neurodevelopment. The proposed mechanisms of disruption have been identified in animal models,
and some supporting evidence is available in human populations (Miodovnik et al., 2014). Most

commonly, phthalates are believed to act on neurodevelopment via thyroid hormone disruption, but
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alternate theories suggest the mechanism may be related to anti-androgenic activity or glucocorticoids
interference (Braun, 2017). Researchon all of these mechanisms is ongoing, and it is unclear if effects
on human intelligence are related to one single mechanism, or are impacted by several different
biochemical pathways. Identifying the specific mode of action that phthalatestake in the human body is
particularly challenging because of the complex processes that are involved in the development of child

intelligence, and the composite nature of all IQscores.

5.1.1 Thyroid Hormone Disruption

The thyroid, a glandlocated in the human neck, is a vital part of the endocrine system that helps to
regulate metabolic processes using Triiodothyronine (T3) and Thyroxine (T4). The thyroid is regulated by
thyrotropin/thyroid stimulating hormone (TSH). T3 and T4 are important for both normal brain
development in early life, and normal brain function through the lifespan (Bernal, 2005). The association
between major thyroid disorders during pregnancy and atypical neurodevelopment has been well
established (Momotani et al., 1984; Neale et al., 2007), and more recent evidence has determined that

small changes in T3 and T4 levels may also impact normal brain development (Henrichs et al., 2013).

The fetal thyroid is not active in the first 12 weeks of gestation and exposure to thyroid hormones

during this time occurs via placental transfer from the mother (Shepard, 1967). As such, alterationsin
maternal thyroid hormone levels, both increases and decreases, have been shown to impact outcomes
for their children. In a study of children whose mothers had hypothyroidism during pregnancy, Haddow (
1999) concluded that hypothyroidism during pregnancy, even if asymptomatic, is associated with
decreased child 1Q scores measured between 7 and 9 yearsof age. Maternal hypothyroxinemia, or low
levels of T4, measured before 18 weeks gestation has also been associated with decreased child 1Q
(Ghassabian et al., 2014). In a prospective cohort study, Korevaar and colleagues (2016) found that both

low and high free T4 measured between 9 and 18 weeks gestation were associated with lower 1Q in
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children between5 and 9 years of age. The same study also included MRIson a subset of participants,

and observed altered brain volume, including lower levels of grey matter and cortex volume.

These established relationships betweenthyroid hormones and IQ are important to consider because
several studies have shown that phthalatesinteract with thyroid hormones in both human and animal
models; this interactionis a plausible mechanism of action for the association between phthalatesand
child 1Q. Studies in pregnant populations concluded that exposure toindividual phthalatesis associated
with both hypothyroidism and hypothyroxinemia (Gaoet al., 2017; Huang et al., 2016; Yao et al., 2016)
Mixtures of phthalates have been shown be associated with decreased maternal T4, decreased TSH in
newborns, and decreased cord serum T4 (Romano et al., 2018). At least one study has also looked
longitudinally at prenatal (second trimester) and early childhood (age 2, 4, 6) phthalate exposure and
concluded that phthalate exposure is associated with altered thyroid activity ( Kim et al., 2020). In that

longitudinal study, MnBP exposure during pregnancy was associated with lower TSH and free T4 levels in

6-year-old children.

Figure 5.1— Potential phthalate-mediated disruptions in the hypothalamus-pituitary-thyroid axis
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Figure modified from Oliveira et al,, 2019
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Evidence from animal models and in vivo analysis supports the theory that phthalates may disrupt
thyroid hormone activity via a variety of pathwaysthrough the entire HPA axis (See Figure 5.1 above
modified from Oliveira etal., 2019) . BBzP, DBP, and DEHP have all been shown to block T3 activity in
cell models (Ghisari & Bonefeld-Jorgensen, 2009), and block the activity of a crucial gene for thyroid
hormone synthesis (TRB gene) (Sugiyama et al., 2005). More recent work has suggested that phthalates
play a role in disrupting thyroid action via the TSH/TSHR (thyroid signalling hormone/thyroid signalling
hormone receptor)signalling pathway (X. Dong et al., 2017; Sun et al., 2018). Any disruption in this
tightly controlled biochemical pathway may lead to both downstream and upstream effects, providing

biochemical plausibility for the epidemiological phenomenon seen in this study.

5.1.2 Anti-Androgenic Activity

Phthalatesare known to interfere with testosterone production in Leydig cells in animal models (Foster,
2005). This anti-androgenic activityis typically associated with effects on the male reproductive system
(Hannas et al., 2011), and has also been hypothesized to be associated with alterationsin

neurodevelopment (Weiss, 2012). Androgens in mouse models are important for sex-related brain

development (Colciago et al., 2006).

In epidemiological studies, phthalate exposure during pregnancy has been linked to sex-based
differences in play behaviour (Swan et al., 2010), externalizing behaviour (Engel et al., 2010) and 1Q
scores (Cho et al., 2010). The hypothesis is that exposure to phthalates during pregnancy would limit
testosterone production by the fetus, which would then limit the substrate that is required for
masculinization in the brain (Weiss, 2012). However, itis unclear if this process would affect 1Q, and the
majority of the research that has been completed on anti-androgenic activity in the brain is in animal

models.
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5.1.3 Glucocorticoids interference
Glucocorticoids are a group of steroid hormones that include cortisone, and areimportantin a variety of

functions in the body, including the growth and normal development of the fetal brain (Moisiadis &
Matthews, 2014). In the brain, glucocorticoids can inhibit normal neural differentiation during gestation
(Antonow-Schlorke et al., 2003; Noorlander et al., 2014), and are also hypothesized to mediate fetal

neurodevelopment via epigenetic changes (Wood, 2013).

Glucocorticoids are most often associated with maternal stress, but epidemiological evidence has
suggested that phthalatesalso may alter the typical production and metabolism of glucocorticoids (Araki
et al., 2017; Jensen et al., 2015; Sun et al., 2018). There are disagreementsin exactly how phthalates
interfere with normal glucocorticoid activity; while one prospective cohort study found MEHP is
inversely associated with cord blood cortisone and cortisol (Araki et al., 2017), another case-control
study found that there wasa positive association between MECPP and cortisol levels in amniotic fluid
(Jensen et al., 2015). Both MEHP and MECPP are metabolites of DEHP, and it is unclear why the results
of these studies do not agree. Inanimal models, there is evidence that agreeswith the inverse
association between MEHP and glucocorticoids. In mice, MEHP inhibits a specific enzyme (11B-
hydroxysteroid dehydrogenase 2), which maylower intracellular levels of certainglucocorticoids (Hong

et al., 2009; Zhao et al., 2018).

5.2 Beyond Phthalates - Other chemicals of interest

This study aimed to consider some secondary chemical exposures that may have an impact on human
neurodevelopment, including OP Pesticides and lead. However, in the MIREC cohort, there are several
chemicals that are weakly correlated with phthalate exposure (W.-C. Lee et al., 2017) that were not
included in this study and may be important to consider in future studies. Itis also important to note

that only the phthalate exposures were considered in the WQS analysis, but it is possible that several of
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these EDCs may act in a biologically additive manner, and it may be important to look at multiple

chemical exposures in future studies.

5.2.1 Bisphenol-A and Analogues

Bisphenol-A (2,2-bis(4-hydroxyphenyl)propane, BPA) and replacement chemicals Bisphenol-F (BPF) and
Bisphenol-S (BPS) are common plastic additives that are often correlated with phthalate exposure
(Philips etal., 2018). Inthe MIREC Cohort, a complete-case analysis of participantswith data on
environmental chemicals (n=1332) determined that BPA was strongly positively correlated with MCPP
(Pearson correlation coefficient 0.74), and moderately negatively correlated with MEP (Pearson
correlation coefficient -0.5). BPA has been linked to neurodevelopment concerns in early childhood
(Braun, 2017) and may be an important chemical to consider in future studies on EDC mixtures. The
newer BPA analogues (BPF, BPS) may be of particular concern, as data on the safety of these compounds
is less robust than the historical data for BPA. One recent study investigating exposure to chemical
mixtures and associated childhood 1Q determined that from a mixture of 26 chemicals, BPF was one of

the chemicals that most contributed to a decrease in IQ scores using WQS models (Tanner etal., 2019)

5.2.2 Polybrominated Diphenyl Ethers (PBDEs)

PBDEs, a class of chemicals that are typically used in flame retardants, have been consistently linked to
neurodevelopment (Lamet al., 2017); although they were not found to be strongly correlated with
phthalates in the MIRECstudy (Lee et al., 2017). PBDEsand phthalates are both found in a variety of
household goods. In the HOME study, there is some evidence of weak to moderate positive correlation
between the two chemical classes (Woods et al., 2017). An economic review in the US estimated that
exposure to PBDE wasrelated to 11 million lost 1Q points and over 40,000 cases of intellectual
disabilities, at an excess cost of over 266 billion US dollars (Attina et al., 2016). Infuture studies that take

a broader approachto all chemical exposures, PBDEs will be an important chemical group to consider.
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5.2.3 OP Pesticides

Prenataland early childhood exposures to OP pesticides have been consistently associated with lower
scores on 1Q tests (Bouchard et al., 2011; Grandjean & Landrigan, 2014; Jurewicz & Hanke, 2011).
Although OP pesticides were included in some of the individual chemical models, they were not included
in the WQS models in this study. In single chemical models in this study, OP pesticide exposure was not
significantly associated with 1Q scores, and a previous MIREC study investigating the associations
between OP pesticides and 1Q scores only found inverse associations among verbal |Q scores in boys
(Ntantu Nkinsa et al., 2020). Exposure to OP pesticides and phthalateshave both been associated with
diet which may lead to correlated exposure (Pacyga et al., 2019; Papadopoulou et al., 2019; Schecter et
al., 2013; van den Dries et al., 2018); but in the MIRECstudy, only weak correlations were observed (Lee
et al., 2017). OP pesticide exposure in the United States has also been associated with profound excess
loss of 1Q points; estimated in the US to be associated with 1.8 million lost 1Q points and over 7500 cases

of intellectual disability (Attina et al., 2016).

5.2.4 Lead

Lead wasincluded in supplementary analysis in this project, but not in the primary analysis. Lead is a
known neurotoxicant during both the prenataland childhood period (Lanphear et al., 2002) In the
MIREC cohort, participating mothers with higher estimated intakes of dietary calcium, vitamin D, and
iron were found to have lower blood lead levels measured in the third trimester and in cord blood
(Arbuckle etal., 2016); older mothers in the MIREC study were also more likely to have higher blood
lead levels (Arbuckle et al., 2016), and higher levels of MBzP and MEHHP (Arbuckle et al., 2014). MIREC
mothers born outside of Canada were also more likely to have higher blood lead levels (Arbuckle et al

2016) and higher levels of MEHHP, MEHP, MEOHP and MEP (Arbuckle et al, 2014).
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Prenatallead exposure in the MIREC cohort was low, but has been found to be associated with lower
PIQ scores in boys (Desrochers-Couture etal., 2018). Thereis consensus thatthereis no safe level of
lead exposure for young children (EFSA Panel on Contaminants in the Food Chain, 2010). Although there
have been limited associations found betweenlead exposure and 1Q in the MIRECcohort, lead was
included in the supplemental analysis that investigated lead and breastfeeding exposures. The inclusion
of these twovariables limited the sample size of the investigation, but did not show any notable

differences comparedto the main analysis.

5.3 Exposure Timing

This study specifically considered environmental exposures that occurred during the first trimester of
gestation. Early pregnancy is an important period of fetal development, but it there s also evidence that
other periods of development including pre-conception (J. Braun et al., 2017; Toivonen et al., 2017; Vohr
et al., 2017) late pregnancy (Factor Litvak et al, 2014; Tellez-Rojo et al, 2013; Kim et al, 2011; Doherty,
2017; Whyatt et al, 2012) and early childhood (Kim, 2017; Huang et al, 2015; Cho et al, 2010) impact
neurodevelopmental outcomes. Inother studies, phthalate exposure has been found to be inversely
associated with a variety of neurodevelopmental outcomes when exposure is measured in the third
trimester (Factor Litvak et al, 2014; Tellez-Rojo et al, 2013; Kim et al, 2011; Doherty et al, 2017; Whyatt
et al, 2012), during infancy (Kim, 2018), and during early childhood (Kim, 2017; Huang et al, 2015; Cho et

al, 2010).

In the first 6 months of life, phthalates in breast milk and formula may be a major route of exposure for
infants. In the P4 study of pregnant women from Ottawa, Canada, phthalate metabolites MEHP, MnBP,
MEP, and MMP were found in all of the collected breast milk samples (Arbuckle et al., 2016) and parent
compounds have also been identified in breast milk samples collected as part of the MIREC study (Cao et

al., 2021). Phthalate metabolites in breast milk have all readily been identified in other study
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populations across the world (Fromme et al., 2011; S. Kim et al., 2018; Schlumpf et al., 2010). There
have been a limited number of studies examining how breastfeeding exposure to phthalates has
impacted neurodevelopment, although one small study in a Chinese population concluded that
childhood exposures to phthalates were associated with increased delay in neurodevelopment at9
months, but that breastfeeding or bottle feeding was not a major source of phthalate exposure (R. Dong

et al., 2019). However, a study in a Korean cohort identified DEHP in breast milk as inversely associated

with MDI scores, an analogue of IQscores in older populations, in children atage 13 to 24 months.

The study presented in this thesis did not take into account later childhood phthalate exposures, which
have been identified as inversely associated with 1Q scores in previous studies (Cho et al., 2010; Huang
et al., 2015;J. I. Kim et al., 2017; Li et al., 2019). A recent study in an American population examined
phthalate exposure at eight time points during early life (twice during gestationand six times between
ages1 and 8) and the association with child 1Q scores (Li et al., 2019). In that study, urinary
concentration of 2DEHP, MBzP, MEP, and MCPP metabolites measured between age 2 and 3 years was
inversely associated with 1Q scores, whereas MBzP measured at 16 week gestation wasthe only
gestational exposure in that study to be significantly inversely associated with 1Q. This study found no
association with first trimester MBzP exposure and |Q scores, but identified three of the same
metabolites of concern (MCPP, 3DEHP, and MEP) as associated with a lower IQscore when considered
using WQS. Itis unclear if the identification of similar sets of chemicals of concern during different time
periods in different population samples is due to spurious association, or may be an interesting point for
future investigations. Urine samples were collected from 200 MIREC child participants betweenages 2
and 3, and analyzed for phthalate metabolites, and these samples may be able to provide some
additional information on important windows of consideration for phthalate exposure in future

analyses.
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Pinpointing key windows of exposure during gestationis challengingin the current literature. If single
spot samples are used, the data are likely prone to misclassification (Perrier et al., 2016); but if multiple
samples across trimestersare used, then it is impossible to determine the importance of exposure
timing. Current studies that investigate IQ or BSID scores (an IQ analogue for younger children) vary in
exposure timing and there is no obvious trend in the resulting associations. Of those studies that use
multiple samples across trimesters, the results have typically been null associations. For example, in the
CHAMACOS cohort, the relationship between phthalatesand IQscores at ages 7 to 10 was investigated
(Hyland et al., 2019). Phthalates were measured in both the first and second trimester and were
averaged as a means of estimating total exposure throughout pregnancy; however, this strategy
prevents us from determining if a specific window of exposure is important. Most of the associations
found in this study were null, although the doubling of high molecular weight phthalates SHMW (MBzP,
MCPP, MCOP, and MCNP) was associated with lower working memory in boys (f=—2.1, 95% Cl: —4.2,
0.0) but not in the full sample or in girls. For future studies, a tool such as the Biomarker Reliability
Assessment Tool (BRAT) (Verner et al., 2020) may allow researchersto more appropriately assess how
many urine samples may be required to appropriately classify an individual’s exposure to non-persistent

chemicals.

5.4 Analysis and Statistical Techniques

5.4.1 New statistical techniques

The field of mixture analysis is still evolving and development of statistical methods is an ongoing
activity. The WQS method used in this project is still relatively new for use in high dimensional exposure
studies, and is believed to sufficiently handle collinear exposures. However, since this project began,
there have already been several proposed extensions to the method to reduce bias and improve

prediction, and at least one method has been developed that may outperform WQS.
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Quantile g-computing, proposed by Keil and colleagues (Keil et al., 2020) was developed to overcome
some of the limitations of WQS, including the required assumption of homogenous directionality of
exposure effect. The quantile g-computing method is also able to assess non-linear associations of
individual components of a mixture, which is not possible using WQS. Insimulation studies, Quantile g-
computing limits bias as compared to WQS by handling departuresfrom homogeneity and providing a
more realistic estimate of the effect of a whole mixture. Quantile g-computing methods have not yet
been widely used in environmental epidemiology studies, but may provide a viable next step for

continued investigations in tothe population health risks of chemical mixtures.

5.4.2 Model Comparisons

Assessing the health impacts of environmental impacts remains complicated because of the variations in
modelling techniques. Direct model comparison when different techniques are used is also complicated.
For example, the recent study investigating thyroid hormone disruption and phthalate exposure in a
Korean population identified MnBP as a potential metabolite of concern using a BKMR model (K.-N. Kim
et al., 2020); but it is unclear if the same chemicals would have been identified using a linear modeling
technique such as WQS. In the literature, there have been at least two studies that used different
statistical techniques to assess the associations between chemical mixtures and an outcome of interest
(Chiu et al., 2018; Y. Zhang et al., 2019). These studies found that selecting different statistical tools may
lead to some differences in conclusion; but both studies concluded that no one method was preferred
over another and each had their own strengthsand weaknesses, a conclusion that has also been echoed

elsewhere (Joseph M Braun et al., 2016).

While these comparisons typically identify similar chemicals of concern, it is still possible that the
methods may result in inappropriate chemical identification, or incorrect magnitudes of association. In

our case, WQS was useful to identify chemicals of concern from a risk management perspective, but the
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method is not helpful in termsof quantifying the specific risk of 1Q loss associated with exposure to a

phthalate mixture.

5.4.3 Model Building Techniques

Statisticians have advocated for limiting the use of traditional stepwise model building techniques
(Greenland, 1989; Mickey & Greenland, 1989), and yet model building using stepwise regression and p-
value cut offs for variable inclusion still dominates many of the published papers in the field of
environmental epidemiology. Greenland has argued that if the goal of model-building is to produce
effect estimatesthat are as valid and precise as possible, then epidemiologists must ensure that they are

using the best modelling strategiesto avoid bias (Sander Greenland et al., 2016).

This study combined DAGs for designing the models tested (Sander Greenland et al., 1999), as well as
change-in-estimate (CIE) model building techniques. Though CIE has been criticised for failing to
maximize model accuracy, itis also a method that allows the model-builder to determine the criteria
thatresults in covariate exclusion (Greenland & Pearce, 2015) . In addition, using both a DAG and CIE
technique has been advocated to reduce bias while still considering extra-statisticalinformation (Evans
et al., 2012; Weng et al., 2009). Evans and colleagues (2012) argued that the combination of both DAGs
and CIE procedure is advantageous because it forces explicit discussions of assumptions using a DAG,

while also leading to a parsimonious model because of the incorporation of the CIE procedure.

In an attempt to avoid over adjustment bias (Schisterman et al., 2009), | focussed the model building
technique on the minimal set of covariates for the WQS analysis. However, in addition to the main
models presented in Chapter 4, additional models were tested to investigate potential confounders that
were either excluded from the DAG or excluded following the CIE procedure to ensure that no major
confounders that may alter the directionality of exposure were missed in the analysis. These models

investigatedthe influence of potential confounders such as breastfeeding status and HOME score, both
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of which were measured after the initial phthalate exposure, and prenatallead exposure, which was
found to be associated with PIQ in boys in a previous MIRECstudy (Deroches-Couture, 2018). As seen in
the single-chemical analysis with the minimal set of covariates, an increase in MCPP wasalso found to
be associated with decreases in FSIQ and PIQ scores in the supplementary models that included
breastfeeding status and HOME score as covariates. MnBP was also identified in the supplementary
models as inversely associated with |Q scores. Because the subset used for the supplementary models
was approximately half the size of the main models, it is unclear if this association is spurious or may be
important for consideration in future studies. MnBP was also identified in the WQS model as a potential

metabolite of concern, and in a previous study, MnBP exposure during pregnancy has been linked to

disruptions in thyroid hormone regulation (K.-N. Kim et al., 2020).

5.5 Chemicals of Interest

5.5.1 MCPP

MCPP was found to be the only metabolite consistently associated with a decrease in FSIQ scores and
PIQ scores in all models. MCPP is a non-specific by-product of several of the long-chain phthalate
metabolites, and because of this non-specificity, it has not been considered in most previous studies
that look at prenatal exposure and IQ scores. MCPP is a major metabolite of DnBP and DnOP, as well as
a secondary metabolite of several other long-chain phthalates (e.g., DiNP, DiDP). For this reason, it is
difficult to know exactly which routes of exposure would contribute MCPP exposure, but DnOP is
typically found as a replacement for DEHP in PVC plastics , building materials, and food packaging

(Fierens etal., 2012; Schecter et al., 2013).

In US populations, there has been an increasing trend in MCPP exposure in adults between 2001 and

2010 (A. Zota et al., 2014). Inthe Canadian population, children (ages3to 11 incycle 2 and 5, ages6 to
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11in cycle 1) in the CHMS were found to have significantly higher MCPP exposure as compared to other

age groups (Health Canada, 2019; Saravanabhavan et al., 2013).

MCPP exposure has been associated with several adverse birth outcomes in epidemiological studies,
such as decreased length of gestation (Chin et al., 2019), and higher odds of preterm birth (Ferguson et
al., 2014). Increasing MCPP exposure has also been associated with decreased free T3 hormone during
pregnancy (LaurenE Johns et al., 2015). However, MCPP has not been included in analysis in several
other studies that examined phthalate exposure and thyroid hormones (Kim et al., 2020), making it
difficult to determine the validity of this single finding and potential mechanisms of action for

phthalates.

5.6 Study Strengths and Limitations

This thesis project has many strengths, including a large data set in the MIREC cohort, advanced model-
building techniques, and relatively novel mixture analysis techniques. Despite these strengths, there are
some limitations that must be considered. Specifically, biases associated with observational research,
exposure misclassification, and self-selection are important factors when considering the externaland

internal validity of the findings in this study.

Exposure to phthalates during the first trimester was estimated using single spot urine samples. This
method of phthalate exposure assessment has been criticized for being unreliable because of the short
half-life of phthalate metabolitesin the body (Johns et al., 2015). While some studies completed using
pregnancy cohorts have found moderate to high correlationin spot samples taken within 24 hours of
each other (Fisher et al., 2015), others have found that spot samples have poor to moderate correlation
when samples were taken 4 weeks apart (Cantonwine et al., 2014). The P4 study (Fisher et al., 2015)
investigated phthalate metabolite concentrations and temporal variabilityin a Canadian pregnant

population with comparable age, household income, and inclusion criteria to the whole MIRECstudy. In
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the P4 study, urine MEP and MBzP metabolite levels were found to have moderate reproducibility
between samples taken in the same day, and across each trimester. Both of these chemicals are short
chain phthalate metabolites, and typically associated with personal care product use. On the other
hand, medium and long chain phthalate metabolites typically associated with food packaging materials
(MCPP, DEHP metabolites) were found to have poor reproducibility within day and across trimesters.
Studies that have looked at spot samples across trimesters have found low to moderate reproducibility
for all phthalate concentration across trimesters (Qian et al., 2019). MCPP was found to have a
significant effect on IQin our study; however, the reproducibility of MCPP measurementsin different
spot samples was found to be low in the P4 study in both within-day (ICC= 0.21and 0.31) and across
pregnancy (ICC=0.19) samples (Fisher et al., 2015), but moderate in across-day samples in the Columbia
Center for Children’s Environmental Health (CCCEH) cohort (ICC=0.44) (Adibi et al., 2008) and the Fox
River Environment and Diet Study (FRIENDS) (ICC=0.59) (Peck et al., 2010). This study looked at both
short and long-chain phthalates, in only one trimester of pregnancy. While it is possible that there was
some misclassification due to the spot samples, we feel confident that this misclassification is likely non-

differential, and the effect reported is likely to be biased towards the null.

This project used WPPSI-II1 1Q scores as the outcome of interest to examine the relationship between
environmental exposures and a functional measure of child neuropsychological development (Forns et
al., 2012). 1Q scores are not an exclusive measurement of brain development, and are known to be
associated with both demographic factors and brain development (Gale et al., 2006; Lange et al., 2010;
Reiss et al., 1996; van den Dries et al., 2018). IQ scores as a measure of cognitive function in children
have been criticised because of concerns about cultural bias (Braaten & Norman, 2006; Shuttleworth-
Edwards, 2016). However, the WPSSI-I1I also has several advantages over other intelligence tests,
particularly for younger Canadian preschoolers (Gordon, 2004). WPPSI-IlI specifically includes a test

series for children between ages 2 years, 6 months, and 3 years, 11 months, in order to deal with the

85



differences in appropriate tests for younger and older preschoolers. The WPPSI-III also specifically
includes Canadian norms to deal with potential cultural and social differences as compared to a
standard Americansamples, and was designed to be shorter and more engaging for younger pre-

schoolers. Finally, the WPPSI demonstrates excelled test-retest reliability, as well as inter-rater reliability

between assessors (0.98-0.99in the standard sample of 1700) (Wechsler, 2002).

The MIRECStudy measured 11 metabolites, which does offer a good picture of general exposure in the
study population. However, other known metabolites exist for the parent compounds of interest for
which methods of measurement have recently been developed, or for which no methods to measure
yet exist. This is a major limitation in being able to extrapolate to which parent compounds may be
priority for restriction or regulation. In addition, exposure measured in MIREC may not represent the
phthalates to which pregnant Canadians are exposed today, because some new chemicals (e.g., DiNCH,

DEHTP) have been developed as replacementsfor DEHP phthalates.

The MIRECstudy represents one of the largest birth cohorts in North America and has extensive
guestionnaire and biomonitoring data from key developmental windows. However, there are some
limitations to this study that may be important to consider when looking at the externalvalidity of the
results. The MIRECstudy participants were not nationally representative, and were more likely to be
Caucasian and more likely to be born in Canada than the Canadian obstetric population in general
(Arbuckle et al, 2013). Additionally, MIREC participants were often urban residents because of the
requirement to visit a major hospital for care and study follow-up, which may mean that this study may

not appropriately capture exposure and outcomes of rural Canadian populations.

When considering external validity, in US populations, cross-sectional studies suggest thatimmigrant
populations have higher phthalate exposure (Mitro etal., 2015), which may mean that the exposure

levels seen in this study are not reflective for all population groups. In the MIREC cohort, MCPP
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metabolite concentrations did not significantly differ between mothers born inside and outside of

Canada, but measured levels of MEP, MBzP, MEHP, MEOHP, and MEHHP metaboliteswere all higher in

mothers born outside of Canada than those inside of Canada.

Every effort was made in this study to limit potential bias; however, as a subset of an observational

pregnancy cohort, several potential weaknesses must be noted. This study utilized complete cases and a
subset of the entire MIREC population, and as such, may have some element of inclusion bias. However,
several different data sets of varying sample sizes were used to examine different models, and the same

chemicals of interest were identified in all models.

Despite all of the limitations listed here, every attempt was made to control bias using the tools
available for observational studies. Modelling decisions were based on thorough research and well-
designed DAGs. The robust data collected in the MIRECstudy allowed for adjustment of all major
confounders. Itis the author’sopinion that despite the limitations of this study, it still provides valuable
insight in to the potential associations between prenatal exposure to some phthalates and young child

intelligence.

5.7 Moving Forward: Economic Perspectives and Environmental Chemical

Regulation
A recent cost-analysis was performed to estimate the costs and disease burden associated with all

environmental chemical exposure and IQloss (Gaylord et al., 2020). This study estimated the economic
cost of prenatal exposure to PBDEs, OP pesticides, methylmercury, and early life exposure to lead (up to
age five) between 2001 and 2016 in the United States, and found that 1Q loss associated with exposure

to these four chemicals resulted in an economic cost of over 6 trillion dollars.

Typically, intellectual disability is defined as an IQscore of less than 70. While the loss of approximately

1-2 1Q points estimatedin this analysis may seem minor in isolation, when considering this difference as
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a shift in the entire normal distribution of scores, it represents a significant economic loss from a
societal perspective. Previous economic assessments that investigate the societal cost of aloss of IQ
have estimated the value of eachlost 1Q point to be 22,268 dollars and each new case of intellectual

disability as a lifetime societal economic loss of 1,272,470 dollars (Gaylord et al, 2020)

While the study presented in this thesis overall suggests limited contributions from phthalatesto
neurodevelopmental outcomes, there is growing evidence that phthalates have an impact on public
health, including obesity, diabetes, endometriosis, and even cardiac death (Attina et al., 2016); in the US
alone, phthalates exposure is believed to have resulted is hundreds of billions of dollars of attributable
costs relatedto diabetes, obesity, and early mortality (Attina et al., 2016). While the evidence for
phthalate association to neurodevelopment is still limited, it is important to continue work in this field.
Estimatesfrom 2010 in the USA suggest that diseases related to EDCs may account for costs of close to

2% of the annual GDP (Attina et al., 2016) and 1.28% of annual GDPin the EU, representing a cost of

17.0¢trillion Euros (Trasande et al., 2015).

Based on phthalates’ known detrimental effects on child health, some regulations exist to limit the
exposure of high-risk groups to phthalates. Inthe United States, the use of DEHP, DBPand BBzPin
children’s toys and childcare articles was banned in the Consumer Product Safety Act (Consumer Product
Safety Improvement Act of 2008, 2008). The ban was expanded in 2017 to include DiNP, DIBP, DCHP, di-
n-pentyl phthalate (DPENP), di-n-hexyl phthalate (DHEXP) (Consumer Product Safety Commission, 2017).
In the EU, the use of DINP, DEHP, DBP, DIDP, DNOP, and BBzP in children’s articleswas banned on an

emergency basis starting in 1999 (European Commission, 1999), with formal limitations in 2004

(European Parliament, 2005).

In Canada, DEHPis on the List of Toxic Substances (Canadian Environmental Protection Act, 1999) is

limited or banned from being used in a variety of products, and there are limitations of the amounts of
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DEHP, DBP, BBzP, DINP,DIDP and DNOP allowed in children’s toys and childcare products (Canada

Consumer Product Safety Act Phthalate Regulations, 2016). Canada does not have any official exposure

limits for phthalate exposure during pregnancy. This may be an area for ongoing work or regulation.

Moving forward in a post-COVID-19 world, it is particularlyimportant to continue to monitor emerging

issues in phthalate exposure, for both neurodevelopment and other health effects associated with EDCs.

5.8 Conclusion

There is still no consensus on the safety of phthalates withrespect to neurodevelopment. A recent
review (Radke et al., 2020) highlighted the inconsistencies in the current literature, concluding that
there was some moderate evidence that BBzP was associated with motor ability score, but only slight or
inconsistent evidence that DEHP, DINP, DBP, DIBP, DEP, or DEP were associated with any neurocognitive
score. This review did not examine MCPP. Part of the challenge of studying phthalatesand
neurodevelopment is the diverse group of outcomes that can be examined, and the ever-growing
number of chemicals and metabolites included in the group. Human neurodevelopment and
neurocognitive functioning continue to be areas with large amounts of unanswered questions, and more

work is still to be done to understand what role, if any, phthalates play in the optimal functioning of the

human brain.

This thesis contributes to the current scientific literature by examining both individual and cumulative
phthalate exposure using newer statistical techniques. The results from this analysis suggest that
gestational exposure to MCPP, a non-specific metabolite of long-chain phthalates, may be inversely
associated with childhood 1Q scores, as measured using the WPPSI-III. Sex of the child was not found to
be a significant factor in this study. This result was consistent in both the individual models and the
cumulative models, and in all subsets of the data that were examined. MCPP is not a major metabolite

specific to one single parent phthalate, and as such, has often been left out of other analyses.
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Environmental mixture analysis is a rapidly evolving field that seeks to answer many complicated
guestions about the health effects of the complex exposures that humans encounter daily. While 2020
has been dominated by discussions on infectious disease epidemiology, it is important to continue to
push forward in the fields of chronic exposures to maintain population health and safety for some of the
most vulnerable populations. Researchin this field has the potential to positively impact the health of

individuals across the globe, and must not be forgotten in the face of short term crises.
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APPENDIX

MIREC Research Platform
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MIREC— Summary of Measurementsat each study Visit. Table modified from MIRECCD-3 Protocol

Variables assessed in MIREC at each visit

)

Measures 6-12 16-21 32-34 Delivery | 1-2 days 3-8 weeks
weeks weeks weeks postnatal postnatal

(breastmilk)

Demographics

Maternal age, education, ethnicity, v v

employment

Paternal age, education, ethnicity, v

occupation

Marital status, income v

Obstetric History

Pregnancy history, time to pregnancy v

Use of ART and contraceptives v

Pregnancy outcome v v v v

Family Medical History v
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Current Medications

Nutritional Supplements

Environmental Exposures

Hobbies, work, home renovations,
cooking utensils

Lifestyle

Active and passive smoking

Alcohol consumption

Residential History

Addresses, home characteristics

Activities

Diet

Meat

Fish

Food Frequency

Maternal anthropometric measures

Blood pressure

Protein urine dipstick test

Placenta weight

Co-factor Biomonitoring

Pyridinium, creatinine, selenium,
glutathione peroxidase

Oxidative stress, markers, endothelins

Vitamin D, parathyroid hormone

Minerals, vitamins, fatty acids, enzymes

Chemical Biomonitoring

Metals

Plasticizers

Brominated flame retardants

Surface coatings
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OP Pesticides v v v

POPs (PCBs, OCs) v 4 4

Cotinine v v v v v v

Genetic Polymorphisms

ALAD, VDR (fokl, bsml, apal, taql), APOE v
(1-4), HFE (C282Y, H63D), metallothionein

MIRECEndo — Summary of Planned measures for the MIRECENDO Study. Originally reported in the
MIRECENDO Proposal Phase Il Document
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Child Mother Father
YRR TErERTS Phase 1 Phase 2 Phase 3 Prenatal Phase 1
7t09 10to 12 13-15 Every 6 months
years years years
Scientific Advisory Committee
Consent
E-Consent: parent, mother, father 4 4 v v v
E-Child Assent v v v
Information sheets for participants for various clinical v v v I
assessments
Telephone script for recruitment v v v
Results Reporting
Abnormal results follow-up: what are the cut-offs, (ICF states results
. : v v v . v
supporting material, referrals? reported within 6 mo.)
MADO — Montreal
v (ICF states results
reported within 6 mo.)
Child blood Cd, Hg and Pb
v (ICF states results
reported within 6 mo.)
Biospecimens Collected
Blood (fasting) v v v v
Urine (first morning void) v v v
Shed Teeth (biobanked) v
Saliva (biobanked) v
Anthropometric
Blood Pressure (left arm)
Omron 5 Series Upper Arm Blood Pressure Monitor, v v v v
Model: BP742N
Standing Height v v v v v 4
Weight v v v v v 4
Waist circumference using MIREC-CD Plus protocol v
Arm circumference (right mid-upper) v
Adlposﬂty (impedance scale) N v v v v
Tanita SC-240 Total Body Composition Analyzer
Pubertal growth
Tanner staging (participants at Clinic Visits)
Tester certification (and recertification) for Tanner atleast once per year at
staging (for site staff) each site
Puberty Self-Assessment (participants) v v v v
Questionnaires
Diet (3-24 hr diet recalls): v 4
3x 3x
Child Eating Behavior Questionnaire
http://www.midss.org/content/child-eating-behaviour- v
questionnaire-cebq
Fruit and Vegetable Screener v
Dutch Eating Behaviour Questionnaire v
Family medical history:
Pubertal Timing, v v v v v
Disease (diabetes, heart disease)
Sociodemographics v v v
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http://www.midss.org/content/child-eating-behaviour-questionnaire-cebq
http://www.midss.org/content/child-eating-behaviour-questionnaire-cebq

Child’s sleep habits (questions from Chaput JP.

Eat Weight Disord. 2016 Mar;21(1):5-11. doi: v
10.1007/540519-015-0233-9.)
Tobacco Exposure
v v v
Cannabis Exposure v v
4 (phase2 | (phase2
& 3) &3)
Family Structure:
Information on family structure and the presence or v
absence of the biological father or stepfather
Stress and Mental Health
BASC-3 v
Stressful Life Events
Center for Epidemiologic Studies Depression Scale
(CESD-10) Mother
Victimization questions from Illinois Bully Scale
CASE (child and adolescent survey of experiences) -
STRESS & ANXIETY MEASURE)
Child’s Current Health Status:
-asthma, eczema, food allergies
-diabetes v
-ADHD
Physical Activity
ActiGraph wGT3X-BT Accelerometer — provided at
clinic and picked up at home visit. Worn 24h for 7 days v
around the waist
Physical Activity and Sedentary Behaviour Questions
Log to be completed while wearing accelerometer —
report activity, time/day, and when forgot to wear
Grip strength
Lab: Endocrine Matrix Method
Hormones (fasting
samples)
Estradiol Serum UPLC- v
MS-MS
Progesterone Serum UPLC- v
MS-MS
FSH Serum & Urine Roche
e411l v
Analyzer
LH Serum & Urine Roche
e411 v
Analyzer
Testosterone Serum UPLC- v
MS-MS
Sex Hormone Binding | Serum immunoa v
Globulin (SHBG) ssay
Prolactin Serum Roche
e411 v
Analyzer
DHEAS Serum UPLC-
MS-MS
Anti-M{illerian Serum Roche
Hormone (AMH) e411
Analyzer
Inhibin B Serum immunoa
ssay
TSH Serum Roche v
e411
Analyzer
Total T4 Serum LCMS v
Total T3 Serum LCMS v
Free T4 Serum LCMS v
Free T3 Serum LCMS v
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Cortisol Maternal hair (at | LM-
delivery) MS/MS
Cortisone Maternal hair (at | LM-
delivery) MS/MS
Corticosterone Maternal hair (at | LM-
delivery) MS/MS
Testosterone Maternal hair (at | LM-
delivery) MS/MS
Progesterone Maternal hair (at | LM-
delivery) MS/MS
DHEA Maternal hair (at | LM-
delivery) MS/MS
Lab: Metabolic Matrix
Status
Leptin Serum immunoa
ssay
Adiponectin Serum immunoa
ssay
TNF-alpha Serum immunoa
ssay
IL-6 Serum immunoa
ssay
IGF-1 Serum immunoa
ssay
CRP Serum Roche
e411
Analyzer
Insulin Serum immunoa
ssay
Glucose Serum Roche
e411
Analyzer
Glycated hemoglobin Whole blood Tosoh
(HbA1c)
Serum lipid profile: Serum Roche
(total cholesterol, e411
triglycerides, LDL, Analyzer
HDL)
Lab: Environmental Matrix
Chemicals
Phthalates (prenatal) 1% T urine
NMP/NEP (prenatal) 1st T urine
BPA 1st T urine
substitutes/anologue
s (prenatal)
Glyphosate 1st T urine
(prenatal)
OP flame retardant 1st T urine
metabolites in urine
(prenatal)
metals (kids) (lead, Whole blood
mercury, cadmium,
arsenic and
manganese, copper,
molybdenum, nickel,
selenium, silverand
zinc)
PFASs (kids) (PFBA, serum

PFHxA, PFOA, PFNA,
PFDA, PFUGA, PFBS,
PFHxS, PFOS)
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