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Thesis Abstract

Hypertension is the second most common pediatric chronic disease worldwide. Previous
work suggests that an individual’s risk for hypertension could begin in utero. Early seminal
studies demonstrated a link between exposure to malnutrition in utero and elevated risk for
cardiometabolic abnormalities in the offspring. In the 21st century, studies revealed that
hyperglycemia, pre-pregnancy diabetes, and gestational diabetes were all associated with
markers of offspring cardiovascular health including increased blood pressure. However, it was
not clear whether these associations represented a causal effect. Additionally, it is unclear the
extent to which trends in gestational diabetes incidence have changed over time. This thesis was
designed to fill these knowledge gaps. First, | conducted a descriptive study of gestational
diabetes incidence to assess trends over time and among high-risk groups. Second, to investigate
the causal impact of gestational diabetes on youth-onset hypertension among offspring, I
conducted a triangulation study. Triangulation in epidemiology refers to conducting multiple
studies, all designed to assess the same research question, that have differing limitations, risk of
bias, and assumptions. For this thesis | conducted (1) an exact-matched study, (2) a negative
exposure control study, and (3) a discordant sibling-matched study. Results showed that
diagnosis of gestational diabetes has increased markedly over the last several decades with high-
risk groups experiencing the highest rates and lower risk groups experiencing the highest
increase in rates. Additionally, the evidence suggests that it is unlikely that exposure to
gestational diabetes confers a direct independent increased risk for the development of youth-
onset hypertension. Collectively, the work completed for this thesis demonstrates the importance
of exploring causal factors that may simultaneously contribute to the cause of both elevated

gestational diabetes and elevated youth-onset hypertension.
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Chapter 1: Introduction

1.1 Thesis overview

There is a consensus among some researchers that complex chronic diseases like
hypertension may originate during gestation. Early studies of famine repeatedly demonstrated
significant relationships between a disturbed intrauterine environment and poorer offspring
health outcomes,*** including elevated blood pressure.®” In the 21% century however, maternal
overnutrition and accompanying metabolic abnormalities like maternal diabetes have become the
dominant intrauterine concerns for long term chronic disease risk among offspring.2 There is a
dense body of epidemiological®*? and mechanistic evidence*!’ that describe early life origins of
hypertension secondary to diabetes exposure in utero; however, it remains unclear whether these

data represent a cause and effect relationship.

In observational research, sometimes correlation does imply causation. However,
causality should only be assumed under certain circumstances, which are still largely debated. 8
Most evidence surrounding in utero exposure to diabetes and subsequent risk for hypertension in
humans is correlational; yet these data have been discussed extensively using causal language
without clearly describing the nuanced circumstances or assumptions underlying the causal
interpretations.'® Unfortunately, there are methodological challenges associated with studying in-
utero exposures and offspring health outcomes that make causal inference difficult. For example,
randomized controlled experiments are typically unethical, impractical, or prohibitively
expensive. One way to overcome this limitation is to triangulate evidence from multiple

observational study designs that each have different limitations, biases, and assumptions to give



a more robust understanding of the validity of the causal relationships of early life exposures and

chronic disease outcomes.?°

The present thesis project represents an intersection of the life course approach to
studying chronic disease and causal inference in epidemiology. In this context, my aim was to
investigate the validity of the causal association between exposure to diabetes in utero and risk of
hypertension among offspring. | also present a description of gestational diabetes over the last
several decades in the population of Manitoba to provide context for the primary exposure of

interest.

1.2 Organization of dissertation

This dissertation is a grouped manuscript, or “sandwich style”, thesis based on the
description by the University of Manitoba Faculty of Graduate Studies. The dissertation contains
nine chapters. The first three chapters are: (1) the introduction, (2) the literature review, and (3)
the hypothesis and specific objectives, followed by two manuscripts (chapters 4 and 5). Chapter
6 consists of an extended discussion and concomitant interpretation of study results followed by
a concluding chapter which summarizes key findings, limitations, and future directions (Chapter
7). Chapter 8 and 9 contain all of the references and all of the supplementary material for each of
the previous chapters, respectively. The manuscript chapters contain a preface explaining the
contributions of myself and the co-authors and a publication status statement (i.e., not-submitted,

in-review, etc.).

My primary goal with this dissertation was to take a triangulation approach to hypothesis
testing using population health data. Therefore, the manuscript in Chapter 5 contains information

on three distinct studies and is considerably longer than the other chapters. The reason for



combining these studies into one chapter rather than three separate chapters is because | intend to
publish this work as one manuscript to ensure the relationship between the studies and
triangulation is clear to readers. The initial study (Chapter 4) provides a descriptive analysis of
the trends in the exposure variable in Manitoba over the last few decades to provide context for
the causal investigation. Quantitatively, the studies in Chapter 5 are triangulated simply by
comparing the primary results from each study to assess how many, out of the three, support or
refute the hypothesis with some discussion of the sensitivity analyses, strengths, and limitations
of each study. Chapter 6 is an extended discussion of the findings from Chapter 4 and 5, with
additional consideration of the various sensitivity analyses and sources of bias for each study

methodology.



Chapter 2: Literature Review

2.1 Chapter overview

The purpose of this literature review is to provide relevant background information on the
theories and previous studies that informed the present work. The first two sections review the
theoretical background. Primarily, the focus will be on the Developmental Origins of Health and
Disease framework and life course epidemiology, followed by a brief overview of the
developments in casual inference related to early life origins of disease and this project. The final
sections provide a review of the literature surrounding the primary exposure and outcome of
interest — gestational diabetes and youth-onset hypertension among offspring, respectively —
describing current understanding, gaps, and limitations. Finally, a chapter summary at the end

reiterates key points from the review.

2.2 Developmental origins of health and disease

Early studies of famine repeatedly demonstrated significant relationships between a
disturbed intrauterine environment and poorer health outcomes for the offspring,** including
elevated blood pressure.>” However, in the 1980s, Dr. David Barker was one of the first to
popularize the idea that an individual’s risk for several chronic diseases could begin early in life,
after being exposed to an adverse intrauterine environment.?* This led to the establishment of the
International Council on the Fetal Origins of Adult Disease in 1999, which was later expanded to
Developmental Origins of Health and Disease upon recognizing that there are other critical
periods of development where environmental exposures could produce long-term effects, both

positive and negative.



Developmental origins research typically investigates how the prenatal and early
postnatal environments influence health, wellbeing, and later risk of noncommunicable diseases.
The International Developmental Origins of Health and Disease Society postulates that
environmental adversity during critical developmental windows can impact growth trajectories
and “program” adverse health outcomes (Figure 2.1).%> 2 The developmental origins community
is largely concerned with elucidating the physiological basis by which these early life exposures
influence development and contribute to chronic disease risk. Since this approach to studying
chronic disease was initially adopted, several interrelated concepts and theories have been
developed to study a wide array of exposures and diseases. Although the exact meaning of
developmental origins of disease differs slightly among researchers, the concept, largely shaped

by Dr. David Barker’s early work, has remained the same.

. Adult
“ ’, « Cardiovascular
diseases Second-hand tobacco smoke
«Cancer Hazardous chemicals

Ultraviolet radiation

Occupational exposures + Overweight Poor nutrition

Lead, mercury, and arsenic

« Overweight

A

Adolescent Neonatal
» Social and » Low birthweight
behavioural « Congenital
‘ problems abnormalities

Fetal
exposure

Developmental

Ambient air pollution windows of Household air pollution

Scarcity of access :-10| Saff‘ water, . Z‘:C?P::l'xal Household products
sanltat};on, a;\ hygiene 0 e:;c())sur:s Hazardous
azardous 2%
chemicals Child Toddiet A

+ Respiratory diseases
+ Reduced learning
capabilities

8

. + Diarrhoea
(‘ \ « Respiratory diseases
\ + Neurodevelopmental
prolems

Figure 2.1 Early life environmental exposures can increasé'_offspring’s susceptibility to later
environmental challenges that are immediate or accumulate over time to increase disease risk.
Figure reproduced from Poore et al. (2017).23




2.2.1 Fetal origins of adult disease

Developmental Origins of Health and Disease, as it is known today, began as the Fetal
Origins of Adult Disease, which is often colloquially referred to as “The Barker Hypothesis”. Dr.
David Barker was a physician and epidemiologist who popularized the notion that important
factors during fetal life, particularly nutrition, could “program” adult cardiovascular disease.?*
Barker published a series of seminal papers in the late 1980s and early 90s that are still routinely

referenced over 35 years later.

Prior to Barker’s work, in 1962, geneticist Dr. James Neel proposed the “thrifty
genotype” hypothesis to explain the modern chronic disease epidemic, particularly increasing
rates of diabetes.?® The “thrifty gene” refers to having a genetic predisposition for storing energy
as fat, which was advantageous for early hunter-gatherers when meals were sparse. In
contemporary times where food is easily accessible and starvation is rare, the “thrifty gene”
became a source of increased disease risk.2>" Dr. Neel later reconsidered his hypothesis?® and

the “thrifty phenotype” hypothesis by Drs. Barker and Hales replaced it.?

Dr. Barker and Dr. Hales argued that a genetic component could not explain the rapid
change in disease incidence. Instead, they proposed that exposure to an adverse intrauterine
environment alters fetal development, which subsequently increases disease risk. The “thrifty
phenotype” described adaptive developmental changes in response to adverse pre- and early
postnatal environments, however these phenotypic changes are maladaptive when the later
environment is adequate.?® 2°-31 By the late 90s the thrifty phenotype hypothesis began to expand
from epidemiology into other areas of perinatal science and collectively become the Fetal

Origins of Adult Disease. In 2003, the fetal origins hypothesis was reformed again and became



an academic society called The International Society for Developmental Origins of Health and
Disease.®? “Developmental origins” replaced “fetal origins” to include important extrauterine
exposures (e.g. conception, infancy, and puberty) and “health” was added to acknowledge that

early life exposures also have implications for health and well-being.

2.2.2 Predictive and immediate adaptive responses

Dr. Peter Gluckman and colleagues proposed the predictive adaptive response hypothesis
to further describe the mechanisms linking intrauterine exposures to future disease risk.?® The
predictive adaptive responses hypothesis extends the thrifty phenotype hypothesis to include any
period of developmental plasticity, and the future environment does not necessarily refer to the
early postnatal period.®? 34 For example, the number of sweat glands is set in the first year of life
by the ambient temperature. An individual born in a cold climate would develop fewer sweat
glands and would be predisposed to heat stress if they later moved to a hot climate. When the
early life adaptive response to the cold environment does not match the current or future hot
environment it becomes maladaptive.?® In other words, a fetus may adapt to a certain
environment in anticipation that the future environment will be similar. However, if there is a

mismatch, that individual might be at higher risk for developing disease.

In addition to predictive adaptive responses, there are also immediate adaptive responses,
which refer to phenotypic responses, or “coping”, to an acute environmental challenge. These
responses promote immediate survival but may permanently alter development and be
detrimental to health, regardless of the postnatal environment. For example, an immediate
adaptive response in pregnancy would be fetal growth restriction in response to maternal

starvation. The fetus’ growth is slowed to conserve energy in a low nutrient environment and



promote survival, however this growth restriction that was adaptive at the time of the adverse
exposure (e.g., altered kidney development and function® %) is maladaptive postnatally.®?
Several long-term follow-up studies of offspring exposed to starvation in utero during World
War |1 further demonstrate the negative health impacts following development in a low-nutrient
environment.®*” Predictive and immediate adaptive responses are not always mutually
exclusive. Often, there is considerable overlap in predictive and immediate adaptive responses
that may collectively help explain many of the observed associations between intrauterine

exposures and offspring health outcomes.

In the 21% century, maternal overnutrition and accompanying metabolic abnormalities
like maternal diabetes have become the dominant intrauterine exposures believed to influence
long term chronic disease risk among offspring.® One of the main criticisms of predictive
adaptive responses is that it cannot fully explain the increased risk for cardiovascular disease
among offspring exposed to overnutrition pre- and postnatally.!® For example, offspring exposed
to overnutrition in utero should, according to the predictive adaptive response theory, do better
when exposed to overnutrition postnatally compared to offspring not exposed to overnutrition in
utero. However, it appears that the opposite is true; offspring exposed to adequate nutrition in
utero do better almost universally.®® It may be the case that intrauterine immediate and predictive
adaptive responses play a role in certain exposures and outcomes. However, other potentially
harmful environmental exposures during critical developmental windows may prevent offspring

from achieving their full mental and physical potential via their epigenome.®



2.2.3 Critical windows theory

The critical windows theory extends the immediate and predictive adaptive responses
theories by providing a mechanism — alterations to the epigenome — that may be driving the
adaptive responses to the altered intrauterine environment. The epigenome is a collection of
chemicals and proteins that can act on the genome and cause stable alterations in gene expression
without concomitant changes to the nucleotide sequence.*® Epigenetic regulation occurs during
“critical windows” of cellular proliferation and differentiation,** > and this developmental
plasticity allows for several phenotypes to result from a single genotype.3* *3 These critical
windows of development include the periconceptional period, gestation, the early postnatal

period, and puberty.** 4 Depending on the timing and exposure or environmental cue, an
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Figure 2.2 Adverse environmental exposures leading to changes in the epigenome resulting in
adverse health effects later in life. Figure reproduced from Deodati et al. (2019).%



individual can develop a functionality that predisposes them to developing chronic disease

(Figure 2.2).4

Once epigenomic alterations to the genome occur the genome is considered to be
“marked” and these epigenetic marks can be transmitted through the next generation.*® Several
studies examining individuals who were starved during the Dutch Hunger Winter in 1944-45
have reported epigenetic changes in the adult offspring who were exposed to famine during
pregnancy*” *® and several of these epigenetic changes were found to mediate associations with
growth and metabolism of those exposed offspring.*® Additionally, studies have demonstrated an
association between exposure to gestational diabetes and altered epigenetic markers in placental
or cord blood of those offspring.5°->® There is also evidence of epigenetic changes in adolescents
and adults following exposure to gestational diabetes.>* However, the specific markers are not
typically consistent across life stages (i.e., from fetal cord blood to adulthood),>* suggesting that
other environmental cues during critical developmental windows could further alter epigenetic

marks and modify chronic disease risk.

The critical windows theory relies on the hypothesis that epigenetic marks are the main
mechanism through which environmental exposures have lasting impacts on future disease risk.
However, given the relative novelty of examining the epigenome in a developmental origins of
disease framework, it remains unclear how deterministic these epigenetic marks are over the life

course of an individual in response to an intrauterine exposure.

2.2.4  Life course epidemiology

One of the primary limitations of the predictive and adaptive responses and critical

windows theories is their deterministic nature and lack of consideration for time-varying
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exposures throughout life. Life course epidemiology takes a broader approach by considering
long-term biological, behavioural, and psychosocial processes that occur in response to
exposures throughout the life span from preconception to adult life.> Life course epidemiology
was developed in parallel with the Fetal Origins of Adult Disease hypothesis (i.e., the Barker
hypothesis), which subsequently became Developmental Origins of Health and Disease.
However, since its inception, life course epidemiology incorporated both social and biological
pathways with additional attention paid to later life interventions to alter disease risk or
progression, whereas developmental origins hypotheses tend to remain focused on early life

“programming” and is somewhat dismissive of non-biological pathways.*

Technically speaking, the field life course epidemiology encompasses the previously
discussed theories but places them within a broader context. The term was originally coined to
reduce the polarization that was occurring between epidemiologists who supported early-life
programming of chronic disease and those who endorsed adult-life hypotheses.> Thus, several
life course models have been developed to conceptualize the natural history of various chronic
diseases. A detailed review of the various life course models can be found elsewhere;>® however,
they are generally categorized as either belonging to a critical period or accumulation of risk

pathway.

The critical period pathways are inclusive of the adaptive responses and critical windows
theories discussed above. These models suggest that there are critical and sensitive periods
whereby individuals are particularly vulnerable to developing adverse functionality in response
to certain environmental exposures and the result of this exposure is fixed. There are also models
within this pathway that describe how effect modification can occur later, following an exposure

inscribed during fetal development. In these models, the modifier can either amplify or
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counteract the underlying dysfunction or developmental abnormality. The accumulation of risk
models posits that multiple risk factors, both biological and social, contribute to the development
of disease under varying degrees of connectedness. The multiple exposures could be unrelated,
correlated, additive, or mediating (where exposure to variable one leads to exposure to variable
two, and so on). A graphical depiction of the accumulation of risk models can be found below in

Figure 2.3.%

A considerable strength of working within the life course epidemiology approach to
studying in-utero exposures and long-term health outcomes in the offspring is the comprehensive
nature of the field. Considering the complex network of biomedical, psychosocial, and
behavioural factors that contribute to health is crucial to understanding the natural history of

several chronic diseases, particularly noncommunicable disease like cardiovascular disease.
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Figure 2.3 A graphical representation of the accumulation of risk models. (a) accumulation of
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(2023).%
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2.3 The importance of understanding the causes of pediatric hypertension

The prevalence of hypertension among children and adolescents has increased over the
last several decades®” with specific estimates ranging from 2-6% in the general pediatric
population.®-® A diagnosis of hypertension during adolescence is particularly concerning
because adolescents with hypertension or pre-hypertension display early signs of vascular
disease including increased carotid intima media thickness.®? Additionally, a recent long-term
follow up cohort study demonstrated that adolescents with hypertension are at greater risk of
stroke, myocardial infarction, and congestive heart failure, compared to normotensive
adolescents.®® Based on the acute and long-term consequences of hypertension in adolescence,

understanding early life modifiable causes could inform prevention strategies.

In 2017, the American Academy of Pediatrics published new guidelines for the diagnosis
of pediatric hypertension in which children with overweight or obesity were not included in the
reference data.%* This change shifted the percentile curves downward so that children who were
reclassified as having elevated blood pressure or hypertension represented a high risk group
including those with higher body mass index.>® Additionally, the updated criteria for diagnosing
hypertension in youth aged 13 years or older aligns with adult cut-offs, simplifying diagnosis for
clinicians.®® However, screening for elevated blood pressure in youth remains low. The annual
mean rate of blood pressure measurement remained around 30% in Canada between 2011-2017,

and nearly half of children with overweight did not have a measurement recorded.®®

Early screening for elevated blood pressure in children is vital because it enables earlier
detection and intervention. Otherwise, the consequences of having elevated blood pressure as a

child or adolescent can be severe. Hypertension among children can lead to short term risks of
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target organ damage and long-term risks of developing cardiovascular disease as adults® and
premature death due to myocardial infraction, heart failure, stroke, or end-stage kidney disease.®’
There are several risk factors that cluster around youth with hypertension and high blood

pressure; however, the specific etiology is complex and multifactorial.

Pediatric hypertension, particularly primary hypertension, tracks closely with the obesity
epidemic and is more common among youth with poor dietary behaviours (e.g., high salt intake,
high consumption of sweetened beverages, and lower fruit and vegetable intake),%® lower
physical activity levels, and poor sleep habits.%® A large proportion of pediatric hypertension
cases, especially among young children, are also secondary to other conditions, namely
renovascular disease.”® Importantly, several of the risk factors and primary causes of pediatric
hypertension noted above are associated with intrauterine exposures’*"4. Moreover, there are
several observational data suggesting a disturbed fetal environment may be directly linked to
increased susceptibility to high blood pressure.'2 7576 |n order to improve our understanding
of the etiology of pediatric hypertension it is important elucidate the role of potential upstream

causes like intrauterine exposures to enhance intervention and prevention strategies.

2.4 Exposure to diabetes in utero as an upstream cause of pediatric hypertension

Several researchers have taken a life course approach to studying non-communicable
diseases to help explain the recurring associations observed between various in-utero exposures
and offspring health outcomes.®* 7 Cardiovascular disease, and especially blood pressure, was
an early topic of study among developmental origins researchers® " ’® and continues to occupy
the field today. More recently there has been a greater focus on childhood and adolescent blood

pressure as hypertension is one of the most common pediatric chronic diseases worldwide.*
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Early observational studies,” " natural experiments, ® 3" and animal models®® ! have
demonstrated that offspring exposed to famine in utero were more likely to develop
cardiovascular risk factors, like hypertension, as adolescents and in middle age. Recent
investigations into the other end of the diet exposure spectrum, that is overnutrition, found
similar associative evidence between maternal weight or body mass index and offspring risk of
elevated blood pressure.®2 8 A closer look into the metabolic abnormalities that increasingly
complicate pregnancies,® with or without concomitant obesity, revealed that hyperglycemia,
hyperinsulinemia,’® pre-pregnancy diabetes,'? and gestational diabetes'! are all associated with
various markers of offspring cardiovascular health including increased blood pressure, a more

atherogenic lipid profile, and cardiac or vascular dysfunction.

There is considerable epidemiological evidence of a relationship between exposure to a
disturbed metabolic milieu in utero and offspring blood pressure. Many epidemiological studies
have assessed this exposure as a binary disease state assessing type 1 diabetes, type 2 diabetes, or
gestational diabetes and have demonstrated an elevated risk of blood pressure and hypertension
among exposed offspring.t! 12 "1 Others have studied specific facets of diabetes exposure
including hyperinsulinemia and found similarly elevated risk of cardiovascular disease markers
in offspring.”* However, hyperglycemia is widely cited and likely the most common metabolic
disturbance among diabetic pregnancies that is associated with increased risk of elevated blood

pressure in offspring.”

Many mechanisms have been proposed to explain the relationship between maternal
metabolic abnormalities and increased cardiovascular disease risk among offspring. The primary
mechanisms reported in the literature include altered organ development® especially reduced

nephron number,®” increased angiotensin converting enzyme activity,’® and increased vascular
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reactivity to vasoconstrictors.2® Animal models have shown that rat offspring of high-fat fed
dams with diabetes had adverse cardiac structure® and altered function when exposed to high-fat
diets.'  Similarly, vascular remodelling including increased intima media thickness, vascular
stiffness, and decreased endothelial cell number has been observed across species following
exposure to a high-fat diet in utero.®® ° Some human studies have also reported altered
endothelial tube formation among offspring exposed to gestational diabetes’ and increased
arterial stiffness following in utero hyperinsulinemia exposure.’”* Another study reported similar
cardiac and vascular function among children exposed to diabetes in utero compared to control,
however exposure to poorly controlled diabetes was associated with worse cardiovascular
outcomes.®* The mechanisms described in the literature to date generally fall under immediate
adaptive responses, (similar to critical period pathways in life course epidemiology), in that they

represent permanent fetal maladaptation to the disturbed intrauterine environment.

Evidence for the mechanisms described above comes largely from animal studies, and
evidence in humans is lacking or considerably more varied. For example, some studies reported
no difference in cardiac function in children exposed to diabetes in utero compared to controls.
9 Also, altered renal structure, which has also been implicated as a mechanism for increasing
cardiovascular disease risk factors among offspring, appears to be more highly correlated with
premature birth rather than direct intrauterine programming.®* Other studies suggest that renal
structure and function may be altered in offspring via hormonal abnormalities in utero.%
Additionally, there is a growing body of literature challenging the validity of direct causal

relationships between many in utero exposures and offspring blood pressure.83 %6-%

Over the past decade the validity of seminal developmental origins research has been

challenged.®®1%* More and more studies are providing conflicting evidence in support of a direct
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intrauterine mechanism leading to altered offspring development. A recent study I led using a
novel counterfactual-based causal mediation analysis, failed to show a direct effect between
maternal pre-pregnancy body mass index and elevated offspring blood pressure in
adolescence.'%? Increasingly, studies are providing conflicting evidence of developmental origin
relationships including in utero diabetes exposure and offspring hypertension.®” ® Measurement
error, misclassification of the exposure or outcome, and confounding bias likely contribute to
these conflicted findings, therefore it remains unclear whether exposure to hyperglycemia in

utero causally increases offspring risk for hypertension.
2.5 Causal inference and developmental origins

Investigations into the developmental origins of chronic disease are inherently causal as
researchers attempt to elucidate the causal disease pathway. Unfortunately, there are specific
methodological challenges associated with this field of study, particularly that randomized
controlled trials are typically not feasible because they are unethical, impractical, prohibitively
expensive, or various combinations of the three. Fortunately, around the same time that the fetal
origins hypothesis and life course epidemiology fields were becoming established there was a
concomitant emergence in causal models for epidemiology.'*1% In addition to formally defined
terminology and models (e.g., Rubin’s potential outcomes model,*?” 1% Pearl’s counterfactual
model, %1 and causal diagrams like directed acyclic graphs'®* 1?), there has been a greater
emphasis placed on evidential pluralism where multiple forms of evidence are utilized to draw
causal conclusions.'® However, studies of the early origins of youth-onset hypertension have

been slow to adopt these causal frameworks.
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Causal interpretations of several developmental origin of disease studies are clear from
the use of causal language such as early adoption of the term “programming” to describe the
relation between maternal variables and offspring health outcomes, however few, if any, studies
explicitly discussed causality. There is no consensus on what constitutes “causation”, and no
single theory or definition of “cause” is widely recognized. That being said, there are five
general categories that can be used to succinctly summarize the different types of causal
evidence: (1) regularity, (2) counterfactual, (3) probabilistic, (4) mechanist, and (5) intervention
(Table 2.1).18 Although these categories are not always mutually exclusive it is helpful to think
about and discuss causal inference using specific terms. Many studies that have investigated
intrauterine exposures and offspring health outcomes later in life have relied on probabilistic and

mechanistic evidence to infer causation (though not discussed explicitly).
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Table 2.1 Summary of causal evidence categories.

Evidence category Description
1. Regularity Causes are repeatedly and reliably followed by their effects while

coincidental pairings do not typically reoccur.

2. Counterfactual We can never observe an individual under more than on condition
simultaneously so we must consider what would have happened (i.e., if
the cause had not happened, the effect would not have happened).

3. Probabilistic If A causes B, then we would observe that A typically raises or lowers
the probability of B occurring.

4. Mechanistic Identify a basis for causation through a physical property that is a mark
of transmission between the cause and the effect.

5. Intervention If we intervene on a particular cause, then we will observe a change in

the effect (i.e., if we alter X, we will see a subsequent change in Y).

An important causal concept that is not often discussed in developmental origins research
studies that is applied in the present thesis is counterfactuals. A counterfactual approach to causal
inference is about determining what might have happened had the exposure status of the
individual been different. The fundamental problem of causal inference, according to statistician
Paul Holland, is that you can never observe an individual experience more than one condition
simultaneously, and thus you can never determine individual-level causal effects.!*® Imagining
and quantifying counterfactual scenarios is important for causal inference because we can
estimate causal effects by comparing what we observed to what we might have observed in the
counterfactual world. Since we can never observe an individual experience more than one
scenario simultaneously,*® we must always estimate the counterfactual. If an exposure is causal,
then we would expect the outcome (the effect) to differ between the counterfactual and observed
scenarios. The causal evidence is only as good as the counterfactual estimate which hinges on

several important assumptions depending on the specific method being used.
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Inferences made under the counterfactual causal framework relies on various
assumptions, and most are specific to the study design or statistical method used. One
assumption however, the stable unit treatment value assumption (SUTVA), applies to almost all
models. SUTVA is satisfied when the exposure is assumed to be consistent regardless of the
exposure assignment mechanism, and when the exposure status of one individual does not alter
the exposure effect of another individual, in other words there is no interference.** 15 If the
SUTVA assumption is satisfied, in addition to method-specific assumptions, then we can make
reasonable causal inferences using observational data. Importantly, we are assessing population
rather than individual-level causal effects, meaning that the cause or effect concerns a group of
individuals (e.g., an increase in the rate of diabetes in pregnancy causes, on average, an increase
in the prevalence of hypertension among those offspring). This is relevant because
hyperglycemia in pregnancy is not a necessary or sufficient cause,*'® meaning that the outcome
can still occur without the exposure and having the exposure alone does not guarantee the
outcome will occur. The relevance of this relationship is whether exposure to hyperglycemia in
pregnancy is a causal component of offspring hypertension and if, on a population level,
changing rates of maternal diabetes in pregnancy will have an accompanying valid effect on

offspring hypertension.

As alluded to above, a vital component to studying the natural history of complex chronic
disease is incorporating multiple sources of evidence. Triangulation in epidemiology is a method
that can improve our ability to infer causation from observational data. Triangulation in
epidemiology refers to simultaneously interpreting evidence from multiple studies designed to
117

assess the same hypothesis but have differing sources of bias, assumptions, and limitations.

Triangulation has been applied in etiological epidemiology to assess multiple intrauterine
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exposures including smoking,!8 stress,*° and body mass index.!?° To our knowledge, a similar
approach has not been applied to the exposure of gestational diabetes and cardiovascular disease

specific outcomes, including youth-onset hypertension.

2.6 Chapter summary

It is useful to think about intrauterine exposures and offspring outcomes in the context of
the theories described above. Life course epidemiology, in particular, provides a comprehensive
framework from which we can consider and describe how certain early life exposures may lead
to chronic disease, whether directly or through interactions with other factors. There is a large
body of literature that supports a relationship between exposure to gestational diabetes and
offspring hypertension, though it is methodologically difficult to tease out valid causal
relationships. Therefore, we must consider various types of causal evidence to study complex

chronic disease like hypertension.
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Chapter 3: Specific Objectives and Hypotheses

3.1 Theoretical framework

The theoretical framework underlying this project is influenced by both the critical period
and accumulation of risk pathways described within life course epidemiology and the concept of
evidential pluralism for causal inference. | posit that there is an abundance of evidence in the
literature describing a critical time during gestation where exposure to diabetes can impair fetal
development resulting in elevated risk for cardiovascular disease, namely elevated blood
pressure and hypertension. However, we also acknowledge the limitations in these data and the
contradictory findings that have been published more recently. Therefore, the plurality of

evidence is key for making valid causal inferences.

The advantage of working within the life course epidemiology framework is that it
highlights the importance of considering both the biomedical intrauterine mechanisms for
chronic disease susceptibility and the extrauterine psychosocial and behavioural factors. Figure
3.1 provides a graphical overview of my theoretical framework demonstrating how exposure to
gestational diabetes in utero could predispose an individual to developing hypertension. In the
figure, two hypothetical individuals discordant for exposure to gestational diabetes in utero are
exposed to identical environments that either increase or decrease their risk of developing
hypertension. The individual exposed to gestational diabetes in utero has a higher baseline risk of
developing hypertension and thus, has a greater relative risk throughout their life course
compared to the unexposed individual (despite additional variables that interact to either increase
or decrease hypertension risk further). Whether the initial baseline risk is in fact higher among

offspring exposed to gestational diabetes is the primary focus of this thesis.
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Figure 3.1 Theoretical framework
3.2 Hypothesis and study objectives

The primary objective of this project is to test the critical period theory that exposure to
diabetes in utero increases offspring risk of developing youth-onset hypertension. The secondary
objective of this thesis is to describe population trends in gestational diabetes incidence over the
last several decades in order to provide context for the potential impact of the causal
investigation. In keeping with the abundance of literature, my overarching hypothesis is that
exposure to gestational diabetes during pregnancy will be causally associated with elevated rate

of youth-onset hypertension in offspring.
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Chapter 4: Trends in Gestational Diabetes Incidence in Manitoba from 1981 — 2019: A

Descriptive Study

Authors: Nicole M. Brunton, MSc; Kevin J. Friesen, MSc; Jennifer M. Yamamoto, MD;

Heather J. Prior, MSc; Jonathan McGavock, PhD.

Manuscript status: Under review
4.1 Contribution of authors

| conceived of this study with support from Dr. McGavock, Dr. Yamamoto, and Mrs.
Heather J. Prior at MCHP who were working with similar data on a separate existing project. |
lead the development and revisions of the objectives, included variables, and analysis plan. | was
the primary liaison with the lead analyst, Mr. Kevin Friesen, and was responsible for all data
visualization and interpretation related to this project. | created all the figures and tables, wrote
the original draft, and coordinated the revisions. All authors contributed to editing the original
draft of the manuscript and approved the final draft for submission to the Canadian Journal of

Diabetes.
4.2 Preface to manuscript

As described in previous chapters, trends in gestational diabetes are increasing
internationally,*?! nationally,*?? and across provinces.'?312°> However, to our knowledge, the most
recent data on gestational diabetes incidence in Manitoba was published in 2008.1% As this thesis
is centered on elucidating the implications of exposure to gestational diabetes on offspring
cardiovascular health later in life, it is important to understand the trends in gestational diabetes

over the last several decades. This descriptive study provides the context of the primary exposure
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that will be utilized in the subsequent thesis studies. Results from this study will contribute to the

interpretation and broader understanding of all results hereafter.

4.3 Manuscript

Abstract

Background: Incidence of gestational diabetes is increasing globally. However, there is little
information describing trends in gestational diabetes incidence within sub-groups that often
experience health inequities.

Methods: We performed a serial descriptive study within a population-based administrative
health database to describe trends in gestational diabetes incidence between 1981-2019, stratified
by sub-populations based on age, urbanicity, and neighbourhood-level average household
income. We calculated yearly incidence across sub-groups and annual percent change in
incidence to assess trends over time. Geospatial mapping was used to visualize trends by
geographical area.

Results: Annual gestational diabetes incidence increased among pregnancies from 1.32%
(n=12,342) in 1981 to 8.65% (n=12,434) in 2019 with an inflection occurring around 2010. This
trend was observed after stratifying by age, urbanicity, income, and socioeconomic status (SES)
and in age-adjusted analyses. Gestational diabetes was consistently highest among females
greater than 35 years old and those in the lowest SES category. The annual percent change
(APC) between 1981-2009, prior to the inflection point, was 1.93% (95% CI: 1.39-2.48%) and
was 11.7% (95% ClI: 8.87-14.7%) post inflection — from 2010-2019. After 2010, gestational
diabetes incidence increased most among urban residents (APC= 18.1%; 95%CI: 13.9-22.5),

among those >35 years (APC = 12.00%; 95% CI: 8.45-15.70%), and among individuals in the
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highest SES group (APC = 14.8%; 95% CI: 9.39-20.4%).Geospatial mapping showed that
gestational diabetes incidence increased more in neighbourhoods with the highest proportion of
recent immigrants to Canada.

Conclusion: Annual incidence of gestational diabetes increased six-fold in Manitoba, over the
last 20 years particularly among those with high SES and higher maternal age. However, this
may be partially due to a change in screening practices as evidenced by the upward inflection

consistent across strata.

Introduction

Diabetes is the most common metabolic perturbation in pregnancy worldwide.*?% 127 Of
all forms of diabetes in pregnancy, gestational diabetes — elevated blood glucose in the second or
third trimester'?® — is the most common.'?° Pregnancies complicated by gestational diabetes are
associated with other disorders of pregnancy (e.g., pregnancy-induced hypertension), birthing
complications (e.g., caesarean delivery and preterm delivery), and poorer outcomes for newborns
(e.g., macrosomia and poor Apgar scores).*3%132 Females with gestational diabetes are also at
greater risk of developing type 2 diabetes and cardiovascular disease later in life,*33-13 and there
may be long-term health implications for exposed offspring including obesity, diabetes, and

cardiometabolic disease.!36 137

Given the perinatal complications associated with gestational diabetes and the risk for
long- and short-term adverse health outcomes, monitoring trends over time is a public health
priority, especially among high risk groups.t® In Manitoba, gestational diabetes increased

steadily from 1984 — 2004 and was consistently higher among those aged 35 or older and those
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living in rural areas.'?® However, it is unclear to what extent these trends continued and how they

differed between various high-risk groups.

Individual level data on factors that contribute to persistent health inequities (e.g.,
ethnicity, and immigration status) are often not available within administrative health databases
that are used for monitoring disease. Geospatial mapping provides a method for tracking disease
trends in physical space where postal codes are converted into geographic coordinates allowing
for visualization of disease by neighbourhood area. Demographic information from the national
census can be linked to neighbourhood areas providing novel insight into disease rates among
sub-populations experiencing inequities. To the best of our knowledge, geospatial mapping has

not been used to describe trends in gestational diabetes across populations.

We relied on population-based administrative health data and geospatial mapping of the
province’s largest urban centre to describe trends and inequities in annual gestational diabetes
incidence in Manitoba, Canada from 1981 to 2019. The primary study objectives were to (1)
describe overall provincial trends in gestational diabetes incidence, (2) describe incidence among
sub-groups of females that often experience health inequities in Manitoba, and (3) apply
geospatial mapping to describe gestational diabetes incidence across census dissemination areas

in a large urban centre.

Methods

Study design

We conducted a descriptive study of trends in annual incidence of gestational diabetes

using time-series data collected form a population-based administrative health data repository.
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We leveraged administrative health, social and census data housed at the Manitoba Centre for
Health Policy (MCHP) using nine-digit numeric personal health identification numbers that have
been encrypted to preserve anonymity.**® De-identified 1Ds were used to link person level data
across multiple datasets including Manitoba Health Insurance Registry, Hospital Abstracts,
Medical Claims, and the Drug Program Information Network File. Canada Census data at the
dissemination area level was assigned to individuals based on their postal code of residence via
the Postal Code Conversion File. Through these linkages we were able to create a unique dataset
that was comprised of virtually all pregnant people in Manitoba who accessed the provincial
healthcare system between 1981 — 2019.24° The efficacy and validity of data housed at MCHP
has been described previously.'*: 42 This study was approved by the Health Research Ethics
Board at the University of Manitoba (HREB: #HS20928; H2017:232) and the provincial Health
Information Privacy Committee (HIPC No. 2019/2020-05). We followed STROBE and
RECORD reporting guidelines (Chapter 10, subsection 10.1)**® and recommendations for

reporting descriptive studies.!#

Population and outcomes

The final dataset consisted of females aged 18 to 50 years who had a live-birth or still-
birth delivery between April 1, 1981 to March 31, 2019 and had three or more years of
healthcare coverage in total. We excluded those with a diagnosis of pre-existing diabetes,
defined as having two or more diagnosis codes for type 1 or type 2 diabetes within three years of
each other, a prescription for insulin pump supplies, or a prescription for antihyperglycemic

medications with at least 1 diagnosis of diabetes (Figure 4.1).
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Figure 4.1 Participant cohort flow chart

Gestational diabetes defined as having received one or more hospitalization codes with a
diagnosis of ICD-9-CM 648.8 or ICD-10-CA 024 at 21 weeks of gestation or greater with no
prior diagnosis for pre-existing diabetes. 414 Individuals with a diagnosis of diabetes <21
weeks of gestation were considered as having pre-existing diabetes>® and were excluded from

the analyses.

The secondary outcome of interest, used in a sensitivity analysis, was incidence of large
for gestational age offspring born to women in the cohort. We included large for gestational age
as an outcome as it is both a well-recognized complication of gestational diabetes and treatment
of gestational diabetes reduces its risk.'>1** Therefore, if gestational diabetes is increasing, we
would expect to see an increase in large for gestational age infants. If gestational diabetes
diagnosis is becoming more sensitive (i.e., diagnosis occurring at a lower blood sugar level), we
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would expect rates of large for gestational age to decline. The lambda-mu-sigma method was
used to calculate z scores from birthweight derived from population-based references according
to the Fenton method.*® large for gestational age was defined as a birthweight above the 90™

percentile for gestational age and sex.*®

Covariates

We selected multiple covariates to define sub-groups of females that often experience
health inequities. Maternal age at time of delivery was stratified into three sub-groups: 18-25, 26-
35, and >35years. We also stratified by urban and rural residence, defined using maternal postal
code at delivery. Those living outside the two major urban cities in Manitoba were classified as
rural. Gestational diabetes incidence was also assessed by income quintile, defined as mean
neighbourhood household income based on the delivery postal code. Income quintiles were
considered separately for rural and urban groups because of the difference in population density
and income distribution in Manitoba. Additionally, we created four sub-groups based on
Socioeconomic Factor Index — Version 2 (SEFI-2) which is a proxy measure for neighbourhood-
level social and material deprivation. SEFI-2 is a continuous variable with a standard normal
distribution that is derived from Census variables including: unemployment rate, average
household income, proportion of single parent households, and proportion of population without
high school graduation.>” Higher SEFI-2 reflects higher degree of deprivation. Trends in
gestational diabetes were also compared by Regional Health Authority (RHA) which represents
governmental areas responsible for health service delivery for specific geographical areas in
Manitoba.'®® Geospatial mapping was used to describe gestational diabetes trends within
neighbourhood dissemination areas in the city of Winnipeg, the provincial capital and largest city

in the province.
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Analyses

Incident gestational diabetes was calculated as the first case of gestational diabetes per
person. Subsequent cases were not included as mothers with a history of gestational diabetes are
at higher risk of developing diabetes in future pregnancies.*™® We calculated age-standardized
rates of gestational diabetes using the 2016 cohort of deliveries as the standard group. The annual
percent change in gestational diabetes was calculated using a segmented Poisson regression to
assess trends over time for the entire province and among subgroups. Confidence intervals were

derived using bootstrapping.

To conduct geospatial mapping, we used the geographic information system software
ArcGIS by Environmental Systems Research Institute to describe changes in rates of gestational
diabetes across dissemination areas in Winnipeg, Canada. Winnipeg is the largest city in
Manitoba, accounting for over half of the provinces’ population. The definitions and boundaries
for dissemination areas used for geospatial mapping were adopted from those used in the
Canadian Census. Data from the 2016 census were used to describe demographic characteristics

of the neighbourhood dissemination areas.

Results

A total of 595,428 deliveries were recorded between 1981 and 2019. After excluding
those that did not meet inclusion criteria, there were 493,963 deliveries at risk for gestational
diabetes (Figure 4.1). Total deliveries per year remained relatively stable in Manitoba between
1981 - 2019 (48 £ 4 deliveries per year per 1000 females) with a slight downward trend (52 vs
45 deliveries per 1000 females in 1981 vs 2019, respectively). Most deliveries occurred among

individuals living in urban centres (n=277,602; 56.2%), individuals aged 25-36 years
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(n=276,721; 56.0%) at the time of delivery, and individuals in the lowest income quintiles (Table

4.1).

Crude cumulative incidence of gestational diabetes in Manitoba between 1981 — 2019
was 3.1% (n = 15,258). Gestational diabetes incidence increased from 1.32% in 1981 to 8.65% in
2019 with an inflection beginning around 2010 (Figure 4.2). The average annual percent change
in gestational diabetes incidence for the entire duration of the study (1981 — 2019) was 3.97%
(95% CI: 1.06-7.00%), The average annual percent change between 1981-2009, prior to the
inflection point, was 1.93% (95% CI: 1.39-2.48%) and was 11.7% (95% CI: 8.87-14.7%) post
inflection — from 2010-2019. Trends across sub-groups paralleled province-wide trends between
1981 and 2019 in that there was a noticeable inflection that occurred around 2010 in all groups
(Figure 4.3). Over the 38-year period gestational diabetes incidence was consistently higher in
the highest age group, the Northern Health Region, the lowest socioeconomic group, and the
lowest rural income quintiles (Figure 4.3A, B, C, and E). Individuals with higher parity also had
a consistently higher risk of gestational diabetes; however, this trend was attenuated after
adjusting for age at delivery (data not shown. There were no other notable differences between

age-standardized and crude incidence among any of the other sub-groups (data not shown).
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Table 4.1 Delivery characteristics by diabetes status

Gestational Diabetes No Diabetes Total
Total Deliveries n (%) n (%) n (%)
1981 — 2019 15,258 (3.1) 478,705 (96.9) 493,963 (100)
Maternal Characteristics 1981 - 2019
Age (years)
18- 25 3,989 (26.1) 172,581 (36.1) 176,570 (35.7)
26 - 35 8,540 (56.0) 268,180 (56.0) 276,720 (56.0)
>35 2,729 (17.9) 37,944 (7.9) 40,673 (8.2)
Parity
Nulliparity 5606 (36.8) 174,392 (36.7) 179,998 (36.7)
1 4376 (28.7) 162,398 (34.2) 166,774 (34.0)
2 2365 (15.5) 79,138 (16.7) 81,503 (16.6)
>3 2882 (18.9) 59,040 (12.4) 61,922 (12.6)
Residence
Rural 6,642 (43.5) 209,719 (43.8) 216,361 (43.8)
Urban 8,616 (56.5) 268,986 (56.2) 277,602 (56.2)
Income Quintile
Rural
R1 (lowest) 2,607 (39.3) 50,597 (24.1) 53,204 (24.6)
R2 1,318 (19.8) 41,221 (19.7) 42,539 (19.7)
R3 892 (13.4) 38,642 (18.4) 39,534 (18.3)
R4 933 (14.0) 41,330 (19.7) 42,263 (19.5)
R5 (highest) 868 (13.1) 37,598 (17.9) 38,466 (17.8)
Not Found 24 (0.4) 331(0.2) 355 (0.2)
Urban
U1 (lowest) 2,509 (29.1) 63,544 (23.6) 66,053 (23.8)
U2 1,976 (22.9) 58,170 (21.6) 60,146 (21.7)
U3 1,592 (18.5) 52,965 (19.7) 54,557 (19.7)
U4 1,459 (16.9) 51,681 (19.2) 53,140 (19.1)
U5 (highest) 1,061 (12.3) 41,736 (15.5) 42,797 (15.4)
Not Found 19 (0.2) 890 (0.3) 909 (0.3)
Regional Health Authority
Interlake-Eastern 1,512 (9.9) 43,777 (9.1) 45,289 (9.2)
Northern Health Region 2,687 (17.6) 45,962 (9.6) 48,649 (9.8)
Southern Health-Sante Sud 1,406 (9.2) 77,456 (16.2) 78,862 (16.0)
Prairie Mountain Health 1,775 (11.6) 61,816 (12.9) 63,591 (12.9)
Winnipeg Regional Health
Authority 7,878 (51.6) 249,694 (52.2) 257,572 (52.1)
SEFI Category
< -1 (highest) 1,246 (8.2) 59,597 (12.4) 60,843 (12.3)
-1-0 4,927 (32.3) 180,348 (37.7) 185,275 (37.5)
0-1 4,576 (30.0) 151,219 (31.6) 155,795 (31.5)
>1 (lowest) 4,509 (29.6) 87,541 (18.3) 92,050 (18.6)

SEFI, Socioeconomic Index Factor — Version 2. A higher SEFI score represents greater
deprivation (i.e., lower socioeconomic status).
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Figure 4.2 Incidence of gestational diabetes by year in Manitoban’s from 1981-2019.

The annual percent change increased among all subgroups by at least 4 percentage points
before and after the inflection that occurred after 2010 (Table 4.2). The highest overall annual
percent change in gestational diabetes incidence occurred during the post-inflection period in the
highest urban income quintile (18.1%; 95%CI: 13.9-22.5) and this group also had the greatest
difference between the pre-inflection and post-inflection periods (17.03 percentage points). The
highest rural income quintile also had a greater annual percent change of gestational diabetes
after the inflection and greater difference pre- to post-inflection compared to the other rural
income quintiles. Similarly, when stratified by SEFI-2, the higher socioeconomic groups had the
highest annual percent change in gestational diabetes incidence following the inflection (i.e.,

2010 -2019) and the greatest increase compared to the pre-inflection period.
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Figure 4.3 GDM incidence by calendar year from 1981 — 2019. GDM, gestational diabetes mellitus; IE, Interlake-Eastern; NO, Northern
Health Region; SO, Southern Health-Santé Sud; WE, Prairie Mountain Health; WP, Winnipeg Regional Health Authority.
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Table 4.2 Annual percent change in gestational diabetes incidence before and after inflection.

Age (years)

Annual Percent Change (95% CI)

1981-2009

2010-2019

A

18 -25
26 - 35
>35

1.89 (1.24-2.54)
1.65 (1.11-2.20)
0.12 (-0.63-0.88)

9.53 (6.22-13.0)
11.50 (8.68-14.4)

12.00 (8.45-15.70)

7.64
9.85
11.88

Parity

Nulliparity
1

2

>3

1.95 (1.28-2.63)
2.16 (1.63-2.70)
1.65 (0.96-2.34)
0.31 (-0.52-1.14)

12.7 (9.21-16.2)
11.9 (9.35-14.6)
11.4 (8.08-14.8)
8.70 (4.48-13.1)

10.75
9.74
9.75
8.39

Residence

Rural
Urban

2.07 (1.41-2.72)
1.62 (0.96-2.29)

7.98 (4.70-11.40)
14.3 (10.8-18.0)

5.91
12.68

Income Quintile

Rural

R1 (lowest)
R2

R3

R4

R5 (highest)
Urban

U1 (lowest)
U2

U3

U4

U5 (highest)

0.85 (0.05-1.66)
2.48 (1.48-3.49)
2.34 (1.37-3.32)
3.77 (2.61-4.95)
1.73 (0.60-2.87)

0.82 (0.08-1.56)
1.47 (0.62-2.33)
2.93 (1.95-3.92)
1.99 (0.96-3.02)
1.07 (0.16-1.99)

5.07 (1.11-9.19)
9.09 (4.54-13.8)
9.18 (4.89-13.6)
9.05 (3.89-14.5)
13.4 (7.89-19.1)

13.2 (9.48-17.1)
15.0 (10.7-19.5)
11.7 (7.05-16.5)
14.7 (9.51-20.1)
18.1 (13.9-22.5)

4.22
6.61
6.84
5.28
11.67

12.38
13.53
8.77
12.71
17.03

Regional Health Authority

Interlake-Eastern

Northern Health Region
Southern Health-Sante Sud
Prairie Mountain Health
Winnipeg Regional Health

Authority

1.69 (0.67-2.71)
1.44 (0.51-2.37)
2.48 (1.60-3.37)
3.97 (3.02-4.94)

1.33 (0.62-2.05)

10.6 (5.59-15.9)
5.77 (1.16-10.6)
13.0 (9.07-17.0)
4.10 (-0.19-8.58)

15.6 (11.7-19.6)

8.91
4.33
10.52
0.13

14.27

SEFI Category

< -1 (highest)
-1-0

0-1

>1 (lowest)

1.44 (0.43-2.46)
1.94 (1.23-2.65)
2.13 (1.60-2.67)
0.64 (-0.11-1.39)

14.8 (9.39-20.4)
13.7 (10.1-17.4)
12.2 (9.63-14.9)
8.78 (4.93-12.8)

13.36
11.76
10.07
8.14

SEFI, Socioeconomic Index Factor — Version 2.
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Geospatial mapping across census dissemination areas in Winnipeg, Manitoba allowed us
to describe characteristics of neighbourhoods with the lowest and highest risk of gestational
diabetes over the last decade, after the upward inflection of cases (2010-2019). The
neighbourhoods that had the highest incidence of gestational diabetes also had the highest
proportion of racialized persons and the highest proportion of those who immigrated in the last
ten years (Figure 4.4, Table 9.1). Conversely, the neighbourhood areas with the lowest
gestational diabetes incidence had the lowest proportion of racialized persons and the lowest

proportion of Canadian newcomers (Figure 4.4; Table 9.1).

In contrast to the incidence of gestational diabetes, incidence of large for gestational
infants among all births decreased by 3.1 percentage points between 2000 - 2019. Unlike
gestational diabetes, trends in large for gestational age infants were characterised by a downward
inflection that occurred around 2010 (Figure 9.1). When stratified by diabetes type, there was a
12.3 percentage point decrease in incidence of large for gestational age infants among
individuals with gestational diabetes and a 3.6 percentage point decrease in large for gestational

age incidence among pregnancies complicated by pre-existing diabetes.

38



Rate 2010 - 2019
3.8% -4.4%

4.4% -5.3%
5.3% - 6.4% 08C
6.4% - 7.3%

I
[ R

08A
09A 08B

— 098/ 104
| W

[' 01A

Figure 4.4. Gestational diabetes incidence by Winnipeg neighbourhood dissemination area from
upward inflection (2010) until end of study (2019).

Discussion

The main finding from this descriptive population-based study was that between 1981
and 2019 gestational diabetes increased 6-fold in the province of Manitoba with a distinct

upward inflection occurring around 2010. Gestational diabetes incidence was consistently
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highest among individuals experiencing the highest levels of economic and social deprivation,
those living in Northern and rural areas, and those over 35 years old. However, the greatest
change over time occurred among those living in urban centers and individuals with less social
deprivation and higher income. Within the largest urban centre in Manitoba, incidence of
gestational diabetes was consistently highest in neighbourhoods characterized by the highest
proportion of racialized individuals and recent immigrants to Canada. Finally, incidence of large
for gestational age infants declined over time, particularly among infants born to females with

gestational diabetes.

The increased incidence of gestational diabetes observed across the population is
consistent with trends observed in other provinces in Canada.'?® 124 160 Similar to others, we
found disproportionately higher incidence of gestational diabetes among those living in areas
with high social and material deprivation,'?* lower income neighbourhoods,'®* and those 35 years
of age.'%® Higher maternal age is a well-established risk factor for gestational diabetes,'3% 162
though the highest age group (age greater than 35 years) made up a relatively small proportion
(8.2%) of the entire cohort (Table 4.1). This likely explains why age-standardized analyses were
unremarkable. Similar to other groups we documented that gestational diabetes incidence was
persistently higher among individuals from lower socioeconomic and income groups, 7 163-165
The Northern Health Region has a considerably lower population density compared to the entire
province of Manitoba (0.18 vs 2.19 persons per km?, respectively), a large number of smaller
towns and communities, and a population where over two-thirds of residents self-identify as
Indigenous. Therefore, the consistently higher incidence of gestational diabetes in the Northern

Health Region may represent additional structural health inequities such as poorer or variable
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healthcare service delivery and ongoing impacts of colonization for Indigenous people living in

those areas. 166 167

In addition to higher incidence of gestational diabetes in the northern region of the
province, Geospatial mapping data revealed a disproportionate rise in gestational diabetes in
urban neighbourhoods characterized by higher proportions of recent immigrants and racialized
individuals. These data are in line with what others have shown,®8 169 and may reflect
differences in screening rates, community outreach, and clinical practice for pregnant people
within these sub-groups. Additional studies with individual race and ethnicity data for pregnant

individuals are needed to confirm these observations.

The documented inflection in the annual incidence of gestational diabetes around 2010
described here is likely partially explained by changes in screening practices.*?> 70 A recent
study conducted in British Columbia, Canada found that roughly half of the increase in
gestational diabetes incidence in the province was related to the 2010 changes in screening
methods.*?® Others have documented that changes in screening practices, where the criteria to
diagnose gestational diabetes is more sensitive, contribute to rising rates of gestational
diabetes.!® We were not able to measure screening practices in the current study, so it is unclear
to what extent changes to screening practices contributed to the trends we described here.
However, given the comparably larger increases in the annual percent change of gestational
diabetes in typically low-risk groups (i.e., low socioeconomic deprivation, high income, and
living in an urban area) following the 2010 inflection, it is likely that changes in screening
disproportionately affected these groups. Others have reported favourable perinatal outcomes
following changes in screening practices!’* 2 which may be consistent with our findings of the

reduction in the proportion of large for gestational age infants among gestational diabetes
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pregnancies. This decrease in large for gestational age infants, a known complication of
gestational diabetes pregnancies, could suggest that less severe forms of diabetes are being
diagnosed and therefore there are fewer pregnancies with large for gestational age infants as a
result. The etiology underlying the decreasing proportion of large for gestational infants being
delivered in gestational diabetes pregnancies are likely multifactorial, warranting further
investigation into the causes of these compelling trends in gestational diabetes incidence and

perinatal outcomes in Manitoba.

Limitations and conclusion

The study is strengthened by the use of a population-based dataset of females with data
available over a 30 year period. However, as with all administrative database studies, there is a
risk of misclassification bias due to the use of data not collected specifically for research
purposes. Prescription data prior to 1995 are unavailable in MCHP, therefore, a small number
(~1.2%) of individuals with type 1 or type 2 diabetes might have been misclassified as having
gestational diabetes and included in disease estimates. Additionally, we did not have access to
data prior to 1981 to exclude persons who had a previous gestational diabetes-affected delivery
so gestational diabetes incidence may be slightly overestimated in the first few years of the
analysis. However, due to the robust trends seen here, it is unlikely that misclassification bias
would significantly change our estimates. Lastly, in the absence of individual race and ethnicity
data, we were unable to specifically describe trends in gestational diabetes based on sub-groups
that experience health inequities and instead used neighbourhood level data as a proxy. Despite
these limitations, it is clear that gestational diabetes incidence is increasing in Manitoba and is

consistently, disproportionately occurring among individuals in lower SES groups, with higher
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maternal age, and living in urban areas with higher proportions of racialized individuals and

newcomers to Canada.
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5.2 Preface to manuscript

As see in the previous chapter, the incidence of gestational diabetes is increasing and, as
described in Chapter 2, this could translate into worsening health for offspring due to the
association between exposure to diabetes in utero and elevated risk of high blood pressure and

hypertension in those offspring. However, it is unclear whether the observed association
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represents a causal in-utero mechanism. The following manuscript describes the study conducted

to address this knowledge gap.

5.3 Manuscript

Abstract

Background: Several observational studies suggest that exposure to gestational diabetes is
associated with increased risk of hypertension among offspring. It is hypothesized that this

association represents a causal relationship.

Methods: This study leveraged population-level administrative health data from 418,169
singleton born offspring from 224,963 families. Gestational diabetes and adolescent hypertension
were determined using validated ICD code-based algorithms. Three complimentary analyses
were used to test the main hypothesis. First, we compared rates of hypertension between
offspring exposed to gestational diabetes and controls matched on birthyear, socioeconomic
index, maternal age, parity, residence, and health region using a Poisson model with person-
years of the denominator as an offset. Second, we repeated these analyses using paternal type 2
diabetes status as a negative exposure control. Lastly, a sibling analysis compared the incidence

of hypertension between siblings discordant for gestational diabetes exposure.

Results: Between unrelated offspring (n=209,417), the prevalence of youth-onset hypertension
among all offspring was 3.0%. The incident rate of hypertension was 35% higher among
offspring exposed to gestational diabetes compared to unexposed offspring (IRR:1.35, 95%ClI:
1.19,1.54). The IRR was similar after matching on covariates (n=11,612; IRR:1.41, 95%ClI:

1.16,1.72). Within the cohort of all paternal-offspring pairs (n=145,298), hypertension rate was
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1.7-fold higher among offspring whose fathers lived with diabetes in unadjusted analyses
(IRR:1.70, 95% CI: 1.28,2.26) and 1.5 times higher after exact matching (n=2,022; IRR:1.49,
95%Cl: 0.95,2.33). Finally, incidence of youth-onset hypertension was similar among sibling

pairs discordant for exposure to gestational diabetes (n=12,204; RR:1.02, 95%Cl: 0.85,1.22).

Conclusion: The observed association between exposure to gestational diabetes and elevated

hypertension rate is unlikely to be driven by a direct in utero mechanism.

Introduction

Observational studies suggest that complex chronic diseases like hypertension may have
their etiological origins in utero. For example, several investigations into the metabolic
abnormalities that increasingly complicate pregnancies® have consistently reported associations
between hyperglycemia,®® pre-pregnancy diabetes,'? and gestational diabetes'* and various
markers of adverse cardiovascular health in offspring, including increased blood pressure and
hypertension.”® However, there are a some studies that contradict these findings'’* 1 and, over
the past decade, studies applying novel methods have provided conflicting evidence of a direct
intrauterine mechanism leading to altered offspring development causing chronic diseases, like
hypertension.®”: @ Therefore, whether a direct causal relationship exists between exposure to

gestational diabetes in utero and increased risk of hypertension in the offspring remains unclear.

Researchers face various methodological challenges when trying to elucidate causal links
between in-utero exposures and long-term health outcomes in offspring. For example,
randomized controlled experiments are often ethically or practically unfeasible, large prospective
cohort studies are often required, and data on important confounding variables are not always

available.1’® One strategy to overcome these limitations is the application of triangulation.
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Etiological triangulation is an emerging method that can improve our ability to infer causation
from observational data by simultaneously interpreting evidence from multiple studies that
compliment each other in terms of bias, assumptions, and limitations.*'” Interpreting results from
three distinct observational studies, with different sources of bias, can address causal ambiguity
surrounding associations between in-utero exposures and long-term health outcomes in

offspring.t2% 177

We used an etiological triangulation approach to test the hypothesis that exposure to
diabetes during pregnancy is a cause of elevated hypertension in offspring. Three unique
prospective cohort study designs were used to test this hypothesis including (1) a prospective
exact-matched study, (2), a paternal negative exposure control study, and (3) a discordant

sibling-matched study (Figure 5.1).1%
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Figure 5.1 Overview of three study designs used to assess the association between exposure to
gestational diabetes an offspring risk of hypertension in adolescence. Figure adapted from
Borges et al. (2024).116

Methods
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Population

For each study we leveraged administrative health data housed at the Manitoba Centre for
Health Policy data repository within the University of Manitoba. The data repository contains
linkable administrative records for all registered Manitobans. All data are de-identified (i.e.,
personal identifiers such as names and addresses are removed) and encrypted nine-digit personal
health identification numbers are used to preserve anonymity.'3® As done previously, the de-
identified personal health numbers were used to link data across several datasets including: the
Manitoba health insurance registry, hospital discharge abstracts, Canadian Census public use file,
Diabetes Education Resource for Children and Adolescents database, the Drug Program
Information Network, and Medical Claims (Table 9.3).178 The efficacy and validity of these
administrative data have been described previously.'#* 142 This study was approved by the Health
Research Ethics Board at the University of Manitoba (HS19742; H2016:185) and the provincial
Health Information Privacy Committee (HIPC No. 2016/2017-06). The STROBE checklist was

used to guide reporting for each study (Chapter 10, subsection 10.2).143

We created a cohort of liveborn singletons born between April 1, 1979 - March 31, 2011,
who were followed until March 31, 2021. This ensured that all offspring included in the study
reached at least 10 years of age by the latest follow-up as the largest increases in blood pressure
occur during adolescence®” which is defined by the World Health Organization as age 10 — 19
years. We excluded anyone who died during their birth hospitalization, were preterm (<37
weeks), had very low birthweight (<500g), or had invalid insurance registration. Individuals
were also excluded if that had any of the following diagnoses: congenital anomaly of the
circulatory system, endocardial fibroelastosis, endomyocardial disease, congenital
cardiomyopathy, or cystic fibrosis (Table 9.4). Individuals were linked to their mother and those
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who could not be linked were excluded. Through this process we created a dataset of 418,169
singletons born from 224,963 unique mothers. Of the 418,169 births, 259,303 were linked,
through the Manitoba Health Registry, to a male family head (62%) who was identified as the
father. There were 147,836 unique fathers identified. See Figure 9.2 for a detailed flowchart of

participants included in study cohorts.

Exposures of interest

The primary exposure was diabetes during pregnancy. We assessed three exposures of
interest including gestational diabetes, type 2 diabetes in mothers, and type 2 diabetes in fathers
(a negative exposure). We used validated algorithms based on ICD codes and prescription data to
classify pregnant persons as having gestational or type 2 diabetes.*"14% Gestational diabetes was
defined as a diagnosis of diabetes between 21 weeks gestational and 6 weeks post partum. Type
2 diabetes was defined in accordance with previously used definitions.*®° Briefly, an individual
was considered to have type 2 diabetes if they had received a diagnosis code on one or more
hospitalizations or two or more physician visits within two years. If they had one or more
prescriptions to treat diabetes, one or more prescriptions for metformin in combination with one
physician visit, one or more hemoglobin A1C tests > 6.5%, or were identified as having type 2
diabetes in childhood or adolescence within the Diabetes Education Resource for Children and
Adolescence database (Table 9.3). It was important to include maternal Type 2 diabetes as an
exposure to consider timing and whether exposure to diabetes earlier in pregnancy (i.e., before
21 weeks) conferred additional risk of hypertension among offspring. Type 2 diabetes was
defined the same for mothers and fathers. If an individual identified as having type 2 diabetes
met any of the criteria for type 1 diabetes, they were considered to have type 1 diabetes. All

individuals with type 1 diabetes were excluded from all analyses due to the distinct etiology of
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type 1 diabetes and unique set of complications. For details on ICD codes and disease

definitions, see Table 9.4 and Table 9.5 in the supplementary material (Chapter 9).

Outcome

The primary outcome for all analyses was youth-onset hypertension in offspring, defined
as a diagnosis at or before age 19 years. Hypertension diagnosis in youth was chosen to increase
proximity to the exposure and because previous work from our lab demonstrated an increased
risk of developing a cardiovascular end point before age 20 among offspring exposed to diabetes
in utero.*’® We followed a validated method for defining hypertension in youth within an
administrative health database.>® Briefly, an individual was considered to have hypertension if
they had one or more hospitalizations or physician claims with a diagnosis code for hypertension

(Table 9.4 and 9.5) or at least one prescription for an anti-hypertensive medication (Table 9.6).

Incident rate of hypertension among all offspring was calculated as the number of new
cases of hypertension diagnosed over the study period divided by person-years at risk. Time at
risk was calculated from birth and an individual was no longer considered at risk once they
received a diagnosis for hypertension (as per our definition above), turned 19, died, moved out of
the province, or reached the end of the study (March 31, 2021). All offspring were included in
primary analyses, regardless of number of years of follow-up. In sensitivity analyses, inclusion
was restricted to offspring who had turned 19 by the end of the study and had not died or moved

out of the province.

Covariates
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Potential confounding variables that are adjusted for in all models included: maternal age,
birth year, urbanicity, Regional Health Authority, and socioeconomic deprivation. All variables
were taken at the time of offspring’s birth to avoid inadvertently adjusting for mediating
variables. Parental age at time of delivery was left as a continuous variable in all models.
Urbanicity was categorized as urban and rural residence, defined using the parent’s postal code
at delivery. Those living outside the two major urban cities in Manitoba were classified as rural.
Socioeconomic deprivation was measured using the Socioeconomic Factor Index — Version 2
(SEFI-2) which is a proxy measure of neighbourhood-level social and material deprivation.
SEFI-2 is a continuous variable with a standard normal distribution that is derived from Census
variables including: unemployment rate, average household income, proportion of single parent
households, and proportion of population without high school graduation.**” Higher SEFI-2
reflects higher degree of deprivation. We also adjusted for Regional Health Authority which
represents governmental areas responsible for health service delivery for specific geographical
areas with the province.'® We also adjusted for parity at time of offspring birth in maternal-
offspring analyses. All adjusted confounding variables were derived from the MCHP databases
listed above and in Table 9.3. Additional covariates that were used in sensitivity analyses
included: breastfeeding, birthweight, offspring diabetes, hemoglobin Alc, and fasting glucose.
See Figure 9.3 for directed acyclic graphs depicting the proposed relatedness between variables

within each study design. Sensitivity analyses are described below.

Study designs and statistical analyses
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Study 1 — Exact Matching. Matching is an important nonparametric approach to causal inference
in observational research when treatment assignment is not under the investigator’s control.'8!
Matching uses strategic subsampling®® to intuitively address causal questions and is unique in
that it forces the investigator to confront the process of exposure and the limitations of the
data.'*® For example, the individuals are matched on measured confounders, therefore to make
any causal inferences you must assume any effect is not being driven by unmeasured
confounding. Exact matching is the simplest version of matching and is what we applied in the
present study. Although alternate matching methods exist (e.g., propensity score matching),

exact matching is indicated when matching on fewer than eight covariates, and it reduces model

dependence. 18

After randomly selecting one mother-offspring pair per family, we had a cohort of
211,049 unique mother-offspring pairs. After removing all pregnancies complicated by type 2
diabetes and offspring with missing registration data (i.e., cases where person-years could not be
calculated) we had a cohort of 209,417 mother-offspring pairs with gestational diabetes or with
no diabetes available for matching. Using Godfrey et al., as a guide,*® we matched all offspring
exposed to gestational diabetes to one unexposed offspring, without replacement (i.e., an
unexposed offspring could not be used in more than once match to an exposed offspring). We
matched the unexposed offspring to the exposed offspring on urbanicity, RHA, SEFI-2, maternal
age, parity, and offspring birth year. We performed exact matching on all categorial variables
(i.e., urbanicity, RHA, and parity), but allowed continuous variables to vary to prioritize
matching all exposed offspring and maximize external validity. We allowed maternal age and
birth year to vary by 7 years and SEFI-2 by 0.7 points. These values were chosen because after

several iterations, these were the lowest values we could allow the continuous variables to vary
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and still match every exposed offspring. Due to the large sample, most exposed offspring had
several unexposed matches. To select the closest match, we calculated a proximity score for each
possible match using equation (1) below, where E = exposed and U = unexposed. The unexposed
match with the lowest proximity score was selected for the one-to-one match of the exposed
offspring. We assessed covariate balance between groups prior to analysis and found no

significant differences in any of the continuous variables after matching (Table 5.2).

[(Maternal Ageg—Maternal Agey)+(SEFI2g—SEFI2y)+(Birth Yearg—Birth Yeary)]

14.7 (1)

Proximity =

After matching, we compared hypertension incident rates between exposed and
unexposed offspring using a Poisson model with person-years of the denominator as an offset.
All analyses were repeated on a cohort of mother-offspring pairs matched for exposure to type 2

diabetes during pregnancy. All data cleaning and analyses was completed using SAS software.

Sensitivity Analyses. We performed several sensitivity analyses beginning with
adjustment for possible mediators of the association including breastfeeding, offspring
birthweight, offspring size for gestational age at birth, and offspring diabetes (diagnosed before
hypertension diagnosis). We also performed sex-stratified analyses and included offspring sex as
an interaction term in the Poisson models to assess whether there was a sex-effect of exposure to
diabetes in utero and offspring hypertension. To explore possible confounding by indication, we
compared the prevalence of childhood physical examinations between the exposed and
unexposed groups. A similar prevalence among exposed and unexposed offspring would suggest

that neither group were more or less likely to encounter the healthcare system.

Study 2 - Paternal Negative Control. The use of negative controls is a method for detecting bias

and confounding through selecting an exposure or outcome that is likely to involve the same bias

53



as the relationship of interest without involving the proposed causal mechanism.*8* Negative
control analyses can apply negative exposure controls or negative outcomes. In the present study,
we used paternal type 2 diabetes status at the time of offspring birth as a negative exposure
control. The in-utero mechanism that is hypothesized to increase the offspring’s incidence of
hypertension is not present in the paternal negative control analysis; however, the confounding
structure is likely similar. Therefore, a non-null result (i.e., a positive association between
exposure to paternal diabetes prior to birth and offspring hypertension) would suggest that
confounding (e.g., genetics or household environment) is biasing the result as, among paternal-
offspring pairs, an intrauterine effect is impossible. This would challenge the causal nature of a
positive association between exposure to intrauterine diabetes and incident offspring
hypertension among maternal-offspring pairs given that the confounding factors are assumed to

be similar among parents.

For this study, we began with the same cohort of mother-offspring pairs (n=418,169) and
identified all offspring who were associated with a family male partner (n =259,303). The link
between father and offspring was done through the Manitoba Health Registry, so it does not
necessarily reflect a biological link between fathers and offspring. The father is the person
registered as the family male partner (father) at the time of the child’s birth. Sometimes there is
no male partner at all, in which case father was listed as missing and those offspring were not
included in the cohort. As with the maternal-offspring cohort, we removed fathers with type 1
diabetes, those with missing data on confounding variables and randomly selected one father-
offspring pair from each family creating a cohort of 145,298 unique father-offspring pairs that
were available for matching. We performed matching on the father-offspring pairs using the

same method described above and completed the Poisson analyses as described above.
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Sensitivity Analyses. We performed the same adjustments for potential mediating
variables that were done in the maternal-offspring analysis. We also repeated the sex-stratified

analyses and sex-interaction Poisson model.

Study 3 - Within Family Design: Discordant Sibling Analyses. A sibling analysis is a type of
matched cohort study where the exposed individuals are matched to unexposed siblings as a way
of adjusting for unmeasured shared environmental and genetic factors that are rarely available
through administrative data. A null finding among siblings would imply that the in-utero
exposure is not a causal mechanism, rather that the crude association is likely driven by shared
familial confounding. Twin and sibling studies are popular matching designs because some, or
all, confounding from genetics and shared familial characteristics are less likely to explain the
observed associations.'® In the present study we are limited to conducting a sibling analysis
rather than a twin study as twins cannot be discordant for exposures in utero. However, the
strength of comparing siblings rather than twins is that the intrauterine experience is more
generalizable (i.e., the intrauterine environment of twins is different than singleton births).
Discordant sibling studies have been used previously to assess intrauterine exposures research-

190 hut never to study the effect of diabetes on offspring hypertension, to our knowledge.

This sibling-matched study is a natural extension of the previous covariate-matched
cohort design as it, at least partially, accounts for the unmeasured confounding that cannot be
adjusted for, namely (partial) shared genetic risk and lifestyle factors. The key strength of this
analysis is that it also controls for potentially important unmeasured familial confounding like
the home environment.

We began with the same cohort of mother-offspring pairs (n=418,169) and identified all

pregnancies that were complicated by gestational diabetes using the same method described
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above. The offspring-pairs were included in the cohort if the mother had one child that was
exposed to diabetes and at least one other child that was not exposed to any diabetes during
pregnancy. If there were multiple non-exposed siblings to choose from, the sibling used in the
analysis was selected at random to avoid introducing any selection bias. This left us with a
cohort of 12,204 discordant sibling pairs. All mothers with type 1 diabetes were removed prior to
matching. The primary analysis included all sibling pairs and was not adjusted for any additional
potential confounders. We compared hypertension incidence among discordant siblings using
conditional Poisson regression. The analysis was then repeated using siblings discordant for

exposure to type 2 diabetes during pregnancy.

Sensitivity Analyses. Similar to the previous two analyses, we conducted sex-stratified
analyses and performed a model with a sex-interaction. Additionally, misclassification bias is
more likely among discordant sibling pairs than the general population because the pairs, by
definition, differ on nonshared causes of the exposure and random measurement error is one such
nonshared cause.'®* This means that there are more likely to be concordant sibling pairs
misclassified as discordant which could bias our findings towards the null. To explore the extend
to which this could bias our results, we compared measures of blood glucose including 1-hour, 2-
hour, and fasting glucose and hemoglobin Alc in a small subset of the cohort where these data
were available. This provided a crude estimate of differences in exposure to hyperglycemia

between the sibling pairs.

Results

Study Cohort Characteristics
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The characteristics of each study cohort used in analyses are shown in Table 5.1. Mean
age across all parent-offspring pairs ranged from 27 to 37 years old, was highest among paternal-
offspring pairs, and consistently increased after matching. SEFI-2 was also higher among all
matched cohorts compared to all maternal- and paternal-offspring pairs, indicating more
unfavourable socioeconomic conditions after matching. The paternal cohort had lower mean
SEFI-2 overall compared to the maternal cohort (-0.13 and 0.04, respectively), indicating more
favourable socioeconomic conditions among paternal-offspring pairs, compared to maternal-
offspring pairs. The proportion of male and female offspring remained consistent across all three
cohorts. The majority (44-57%) of parent-offspring pairs in all three cohorts resided in the
Winnipeg Regional Health Authority; however, the proportion from the Northern Health Region
doubled after matching in the maternal and paternal cohorts and nearly tripled after matching on
discordant sib-ship. The prevalence of youth-onset hypertension was 3.0% among all mother-
offspring pairs and 2.9% among all father-offspring pairs of unrelated siblings. Hypertension
prevalence increased in all matched cohorts but was highest in the discordant sibling cohort

(3.8%).
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Table 5.1 Characteristics of each study cohort

Cohort
Maternal-offspring pairs Paternal-offspring pairs
Full cohort Full cohort
(unrelated Exact- Discordant (unrelated Exact-
siblings) matched siblings siblings) matched

n=209,417 n=11,612 n=12,204 n=145,298 n=2,022

Parental characteristics at offspring’s birth

Age (years) 276 296 27+6 31+6 37+8
SEFI-2 0.04£1.05 037+1.17 060+x124 -013+x095 025+1.14
Regional Health Authority (%)
Southern 13.3 7.4 8.1 15.7 10.1
Interlake-Eastern 8.2 8.6 10.9 8.2 8.8
Prairie Mountain 13.0 13.2 12.5 13.6 10.9
Northern 8.3 18.4 24.1 6.5 12.9
Winnipeg 57.1 52.3 44.4 55.9 57.3
Urbanicity (%)
Urban 61.6 58.1 48.4 60.1 66.8
Rural 38.4 41.9 51.6 39.9 33.2
Offspring Characteristics
Hypertension (%) 3.0 3.5 3.8 2.9 3.7
Age at diagnosis
(years) 14 +5 135 14 +5 14 +5 13+5
Birthweight (g) 3512 + 486 3585 +524 3691 + 539 3519 + 482 3527 £ 526
SGA (%) 9.0 7.28 5.2 8.7 8.1
LGA (%) 11.9 19.6 26.7 11.8 12.8
Biological Sex
Male 51.0 51.9 51.3 51.0 50.0
Female 49.0 48.1 48.7 49.0 50.0

The maternal- and paternal-offspring pairs cohorts refer to all unrelated parent-offspring pairs prior to
matching. The subsequent three matched cohorts were used for the primary analyses. The exact-matched
cohort refers to maternal-offspring pairs after matching on potential confounding variables and the
negative control cohort represents all paternal-offspring pairs after matching. SEFI-2, socioeconomic
index factor version 2; SGA, small for gestational age; LGA, large for gestational age.

Exact Matching

Characteristics of mother-offspring pairs by exposure status in matched and unmatched

cohorts can be found in Table 5.2. All exposed offspring from the mother-offspring cohort were
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matched 1:1 to an unrelated offspring who was not exposed to gestational diabetes. All variables
identified as potential confounders were balanced between exposed and unexposed offspring
after matching. The proportion of males and females remained consistent after matching and was
not different between exposed and unexposed offspring. Birthweight and the proportion of large
for gestational age infants was significantly greater among offspring exposed to gestational
diabetes. The prevalence of hypertension was significantly higher among exposed offspring

compared to unexposed before and after matching (4.1 vs 3.0% and 4.1 vs 2.9%, respectively).
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Table 5.2 Characteristics of maternal-offspring pairs by exposure to gestational diabetes in
unmatched and matched sample.

Unmatched Cohort (n = 209,417) Matched Cohort (n = 11,612)
Exposed Unexposed Exposed Unexposed
n =5,806 n=203,611 p- n =5,806 n =5,806 p-
Maternal characteristics at offspring’s birth value value
Age (years) 296 27+6 <0.001 296 296 0.78
Parity (%)
0 40.0 45.3 40.0 40.0
1 30.4 33.7 30.4 30.4
2 15.3 13.7 <0.001 15.3 15.3 10
3+ 14.2 7.3 14.2 14.2
SEFI -2 0.38+1.18 0.03+1.05 <0.001 0.38+1.18 0.36 £1.16 0.46
Regional Health Authority (%)
Southern 7.4 135 7.4 7.4
Interlake-Eastern 8.6 8.2 8.6 8.6
Prairie Mountain 13.2 13.0 <0.001 13.2 13.2 1.0
Northern 18.4 8.1 18.4 18.4
Winnipeg 52.3 57.2 52.3 52.3
Urbanicity
Urban 58.1 61.7 58.1 58.1
Rural 41.9 38.3 <0.001 41.9 41.9 10
Offspring characteristics
Birth year 1996 + 9 1995+9  <0.001 1996 + 9 1996 + 9 0.97
Hypertension (%) 4.1 3.0 <0.001 4.1 2.9 <0.001
Age at diagnosis 13+5 14+5 0.35 13+5 12+5 0.12
Birthweight (g) 3664 £ 549 3508 +483 <0.001 3664 +549 3507 £485 <0.001
SGA (%) 5.3 9.1 <0.001 5.3 9.2 <0.001
LGA (%) 275 11.4 27.5 11.8
Biological Sex (%)
Male 52.3 50.9 52.3 51.6
Female 47.7 49.1 0.04 47.7 48.4 0.45

Values are mean + standard deviation or percentage (%). LGA: large for gestational age; SGA: small for
gestational age; urban: Winnipeg or Brandon; SEFI-2, socioeconomic index factor version 2.

Incident youth-onset hypertension among all unrelated offspring was 2.03/1,000 person-
years. Rate of youth-onset hypertension was 2.72/1000 person-years among all offspring
exposed to gestational diabetes and 2.01/1000 person-years among all unexposed offspring (IRR:
1.35; 95%CI: 1.19, 1.54). After matching, the rate of hypertension was 2.72 and 1.93/1,000

person-years among offspring exposed and unexposed to gestational diabetes, respectively
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(IRR:1.41, 95%CIl: 1.16,1.72). Before matching, the incidence of hypertension doubled (IRR:

2.14, 95%CI: 1.76, 2.62) between offspring exposed to type 2 diabetes during pregnancy

(4.32/1,000 person-years) compared to unexposed offspring (2.01/1,000 person-years). After

matching on potential confounding variables, the rate of hypertension among unexposed

offspring was 1.71/1,000 person-years but remained higher among offspring exposed to type 2

diabetes (IRR: 2.53, 95%CI: 1.74, 3.68). Results from these analyses are shown in Figure 5.2

below. There were no sex-interaction effects in any of the models (data not shown).

A. Gestational diabetes

B. Type 2 diabetes

Unmatched - e Unmatched : —e—
Matched ~ S . Matched - : I *
1 1 1 1 1 1 ; 1 1 1 1 1 1
0.8 1.0 1.2 1.4 1.6 1.8 2.0 1.0 1.5 20 25 30 35 40
Rate Ratio Rate Ratio

Figure 5.2 Offspring hypertension incidence rate ratio before and after matching among
offspring exposed to gestational diabetes in utero (A) and maternal type 2 diabetes in utero (B).

Paternal Negative Control

Participant characteristics of the paternal negative control cohort before and after
matching on confounding variables are described in Table 5.3. Two exposed offspring were not
able to be matched so were removed from the matched cohort. However, removing these had
negligible effects on the characteristics of the exposure group in the matched sample compared
to the total cohort. The prevalence of type 2 diabetes among fathers was 0.7% which is similar to

the prevalence of type 2 diabetes in the maternal cohort (0.8%), though it is considerably lower
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than the prevalence of gestational diabetes (2.8%). Prior to matching, the age of diagnosis was
lower among exposed compared to unexposed offspring, whereas after matching offspring age at

diagnosis was similar (Table 5.3).

Table 5.3 Characteristics of offspring by exposure to paternal type 2 diabetes in full sample of
father-offspring pairs and matched sample.

Total Cohort (n = 145,298) Matched Cohort (n = 2,022)
Exposed Unexposed Exposed Unexposed
n=1,013 n=144,285 b- n=1011 n=1,011 b-
Paternal characteristics at offspring’s birth value value
Age (years) 37+8 31+6 <0.001 37+8 37 +8 0.88
SEFI -2 025+1.15 -0.13+0.95 <0.001 0.25%1.15 0.25+1.13 0.91
Regional Health Authority (%)
Southern 10.2 15.8 10.1 10.1
Interlake-Eastern 8.9 8.2 8.9 8.9
Prairie Mountain 11.0 13.6 <0.001 11.0 11.0 1.0
Northern 12.9 6.5 12.9 12.9
Winnipeg 57.1 55.9 57.2 57.2
Urbanicity
Urban 60.4 60.1 60.5 60.5
Rural 39.6 39.9 0.86 39.5 39.5 10
Offspring characteristics
Birth year 1998 + 9 1992+9  <0.001 1998 + 9 1998 £ 9 0.93
Hypertension (%) 4.7 2.9 <0.001 4.7 3.2 0.07
Age at diagnosis
(years) 12+5 14+5 0.004 12+5 13+5 0.32
Birthweight (g) 3520 £495 3519 +482 0.99 3519 + 496 3534 +513 0.58
SGA (%) 10.1 8.7 0.08 10.1 7.0 0.05
LGA (%) 13.3 11.8 13.2 13.6
Biological Sex (%)
Male 515 51.0 51.4 48.8
Female 48.5 49.0 0.72 48.6 51.2 0.24

Values are mean * standard deviation or percentage (%). LGA: large for gestational age; SGA: small for
gestational age; urban: Winnipeg or Brandon; SEFI-2, socioeconomic index factor version 2.

The prevalence of hypertension was nearly 2-fold higher among offspring whose fathers
had type 2 diabetes, compared to offspring whose fathers did not have diabetes (Table 5.3). This

effect was similar before and after matching (Table 5.3). Among all paternal-offspring pairs
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(n=145,298), hypertension incident rate was 3.26 and 1.92/1,000 person-years among offspring

whose fathers did and did not have type 2 diabetes, respectively (IRR:1.70, 95% CI: 1.28, 2.27).

Unmatched - I ® :

Matched 4 | ® |

i 1 1 1
1.0 15 2.0 2.5
Rate Ratio

Figure 5.3 Offspring hypertension incidence rate ratio before and after matching among
offspring whose fathers had type 2 diabetes at time of birth.

The sample was considerably smaller after matching (n=2,022) and hypertension rate among
unexposed offspring increased slightly to 2.19/1,000 person-years. However, the effect size
remained similar, though it was less precise (IRR:1.50, 95% CI: 0.96, 2.24) (Figure 5.2). There

were no sex-interaction effects in any of the models (data not shown).

Within Family Design — Discordant Siblings

Out of a total of 383,660 mother-offspring pairs (inclusive of all pregnancies for each
mother) in the entire cohort, 12,204 sibling pairs were discordant for exposure to gestational
diabetes. Of note, the entire cohort of all mother-offspring pairs did not differ significantly from
the cohort of mother-offspring pairs of unrelated offspring (Table 5.1) on any of the covariates

(data not shown). After matching on sibship, there were no significant differences in SEFI-2,
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regional health authority, or urbanicity between exposed and unexposed siblings (Table 5.4).
Among discordant siblings, mothers of the exposed group were older and had higher parity
compared to the unexposed group. Siblings exposed to gestational diabetes had higher
birthweight and were more often born large for gestational age compared to unexposed siblings.
Prior to matching the prevalence of youth-onset hypertension was 1.4 times higher among
exposed compared to unexposed offspring and after matching there was no difference (Table

5.4).

The rate of youth-onset hypertension among siblings that exposed to gestational diabetes
was 2.35/1,000 person-years and 2.31/1,000 person-years among siblings not exposed to diabetes
(RR:1.01, 95%CI: 0.83,1.21). Similarly, the rate of hypertension among siblings exposed and
unexposed to type 2 diabetes during gestation were 3.89 and 3.49/1,000 person-years,
respectively (n = 3,308; RR: 0.98, 95%CI: 0.73, 1.31). Results are displayed in Figure 5.3. There

were no sex-interaction effects in any of the models (data not shown).
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Table 5.4 Characteristics of offspring by exposure to gestational diabetes in full sample of
related mother-offspring pairs and discordant siblings.

Total Cohort (n = 383,660)

Matched Cohort (n = 12,204)

Exposed Unexposed Exposed Unexposed
n=10,766 n=372,894 p- n=6,102 n=6,102 p-
Maternal characteristics at offspring’s birth value value
Age (years) 296 27+6 <0.001 28+ 6 26+ 6 <0.001
Parity (%)
0 31.6 39.1 23.0 35.6
1 29.3 33.9 31.3 33.1
2 17.6 161 <000 20.2 15.5 <0.001
3+ 215 10.9 25.6 15.8
SEFI -2 056+1.24 0.13+109 <0.001 0.61+1.26 0.60+1.23 0.70
Regional Health Authority (%)
Southern 7.3 14.9 8.0 8.1
Interlake-Eastern 9.6 8.7 10.7 11.1
Prairie Mountain 13.2 13.2 <0.001 12.7 12.4 0.95
Northern 22.8 9.8 24.2 24.0
Winnipeg 47.0 53.3 44.4 44.4
Urbanicity
Urban 51.9 57.4 48.7 48.1
Rural 48.1 42.6 <0.001 51.3 51.9 0.95
Offspring characteristics
Birth year 1996 + 8 1995+9  <0.001 1996 + 8 1994 +9 <0.001
Hypertension (%) 4.2 3.0 <0.001 3.8 3.8 0.96
Age at diagnosis 13+5 14+5 0.003 13+5 14+5 0.14
Birthweight (g) 3690 £549 3525+483 <0.001 3710+546 3673+531 <0.001
SGA (%) 5.0 8.6 <0.001 4.9 5.6 <0.001
LGA (%) 29.2 12.1 29.3 24.1
Biological Sex (%)
Male 52.4 50.9 52.8 49.9
Female 47.6 49.1 0.001 47.2 50.1 0.001

Values are mean + standard deviation or percentage (%). LGA: large for gestational age; SGA: small for
gestational age; urban: Winnipeg or Brandon; SEFI-2, socioeconomic index factor version 2.

65



A. Gestational diabetes

B. Type 2 diabetes
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Figure 5.4 Offspring hypertension incidence before and after matching among siblings discordant for
exposure to gestational diabetes (A) and maternal type 2 diabetes in utero (B).

Discussion

Triangulating the results of several analyses completed within a large administrative
dataset suggest that the association between gestational diabetes and offspring hypertension
observed here and in previous observational studies is likely driven, to a large extent, by
unmeasured confounding rather than a direct in-utero mechanism. The rate of hypertension
among offspring exposed to gestational diabetes was ~1.4 times higher than unexposed offspring
matched for observed confounding. However, in the negative control matched analysis — using
father-offspring pairs and paternal type 2 diabetes as the negative exposure — there was a similar
effect size, indicating that the association observed between exposure to gestational diabetes and
offspring hypertension among maternal-offspring pairs was likely biased by shared unmeasured
confounding. Lastly, there was no difference in the incidence of youth-onset hypertension among
sibling pairs that were discordant for exposure to gestational diabetes in utero. Taken together, if

an in-utero mechanism were driving the association that we observed among the between-family
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matched mother-offspring pairs, then we would expect (1) a null result in the paternal negative
control analysis and (2) a positive effect in the discordant sibling comparison. In contrast, we
observed the opposite suggesting that confounding, rather than an in-utero mechanism, was a

major driver of the observed association.

Several previous observational studies have demonstrated that exposure to diabetes in
utero is associated with an elevated risk of hypertension and high blood pressure among
offspring; however, there are some discrepancies within the literature. Similar to others,'’3 1% the
results from study 1 (the covariate matched cohort) showed a 40% higher rate of youth-onset
hypertension in offspring exposed to maternal gestational diabetes (among unrelated offspring)
matched for measured confounders. Also, in keeping with previous literature,'*® we saw a greater
effect among offspring exposed to type 2 diabetes (Figure 5.2), suggesting a potential dose-
response. Others have reported elevated systolic blood pressure among offspring who were
exposed to gestational diabetes during pregnancy compared to unexposed offspring,’? 1% while
another study reported elevated systolic blood pressure without a concomitant increase in the
prevalence of hypertension between offspring exposed and unexposed to gestational diabetes.*?
Multiple studies cite altered vascular function'®® and altered organ development®®: % as primary
mechanisms driving the observed increase in blood pressure among offspring exposed to
diabetes in utero. However, evidence of these mechanisms in humans is lacking,* and
interventions aimed at treating gestational diabetes have not translated into more favourable
cardiovascular specific outcomes for offspring.'®” 1*8 This lack of mechanistic evidence in
humans and the limited effectiveness of interventions align with the results from our negative

control and within-siblings analyses, which did not support the role of a causal in-utero
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mechanism driving the association between exposure to diabetes in utero and offspring

hypertension incidence.

Confounding bias is arguably one of the greatest challenges to conducting causal
investigations within observational datasets. The present investigation revealed that unmeasured
confounding is most likely driving the discrepancy between the findings from the between-
family matched mother-offspring pairs analysis and the paternal negative control and sibling
analyses. Among father-offspring pairs we saw similar trends in measured confounding between
exposed and unexposed offspring as we did in mother-offspring pairs including higher
socioeconomic deprivation, higher parental age, and a greater proportion living in northern rural
and remote areas (Tables 5.2 and 5.3). This supports the assumption that unmeasured
confounding, such as neighbourhood factors, structural factors and individual lifestyle
behaviours like diet and exercise, are likely similar between father- and mother-offspring pairs.
Collectively, these data suggest that unmeasured confounding, not an in-utero mechanism, likely
explains the increased rate of hypertension among exposed offspring in the father-offspring
cohort and mother-offspring cohort (Figure 5.1 and 5.2). Similarly, between discordant siblings —
without additional adjustment — measured confounding variables like socioeconomic deprivation
and living in a rural or remote area were not different between exposed and unexposed siblings
(Table 5.4). These data support the assumption that discordant siblings are exposed to similar
home environments and thus comparing discordant siblings inherently adjusts for these, and
likely other unmeasured, confounding. The negligible difference in hypertension rate among
siblings discordant for exposure to both gestational and type 2 diabetes provides additional
evidence that extrauterine factors were likely driving the association seen in the measured

confounding matched analysis.
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Limitations and Sensitivity Analyses

Importantly, there are some limitations to consider. It is possible that fathers with type 2
diabetes are more likely to have partners who also have diabetes, therefore offspring exposed to
fathers with type 2 diabetes may also be differentially exposed to diabetes in utero which could
also be driving the observed effect. However, the effect estimates did not change when the
paternal negative control models were adjusted for maternal diabetes status (Table 9.7).
Additionally, there may be a higher risk of misclassification of the exposure in the sibling study
which could bias the effect towards the null. However, we observed higher mean fasting and 2-
hour blood glucose among a subset of mothers (1.3%) in the sibling cohort who were categorized
as having gestational diabetes compared to those who weren’t (Table 9.8). | was also concerned
about confounding by indication in identifying youth-onset hypertension.***After comparing
prevalence of childhood physicals, which occurred prior to offspring hypertension diagnosis,
there was no difference in the proportion of child physicals among offspring with and without
hypertension diagnoses (Table 9.9).1°°After comparing prevalence of childhood physicals, which
occurred prior to offspring hypertension diagnosis, there was no difference in the proportion of
child physicals among offspring with and without hypertension diagnoses (Table 9.9). Lastly, it
is important to consider that, although it has been validated, the administrative health data-based
algorithm used here to diagnose youth-onset hypertension has modest sensitivity,> suggesting
that hypertension is likely underestimated. However, it is unlikely that this would systematically

affect one exposure group more than the other and significantly bias the results presented here.
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Conclusions

The triangulation of data presented here suggest that confounding bias was likely a major
driver in the association between exposure to diabetes during pregnancy and increased rate of
hypertension in offspring and may be a factor driving several of the positive associations

reported in the literature.
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Chapter 6: Extended Discussion

The prevalence of hypertension is increasing among children and adolescents,® and with
that, there is a concomitant need to delineate causal pathways. The decreasing age at which
hypertension is occurring has sparked continued interest in the role of early life, particularly
intrauterine, exposures that could predispose individuals to developing this chronic condition.
Given the previous work linking the intrauterine environment with subsequent cardiometabolic
Conditions,7' 24,35,72,78, 90, 145, 174, 178, 186, 200 including b|00d pressur&ll, 12, 67, 75, 83, 96, 194 Combined
with the rising prevalence of metabolic disturbances in pregnancy,® 12! 1% this has been an area
of focus for scientists trying to elucidate the natural history of hypertension, particularly in

youth.

In Chapter 2, | provided a review of the literature describing in-utero exposure to diabetes
and subsequent risk of high blood pressure or hypertension in offspring, highlighting the
limitations and discrepancies within the data. In particular, several seminal studies used causal
language to describe their findings without explicitly discussing causal inference.” ’® 2% More
recent work, with causal inference at the forefront of the investigation, has brought previously
held assumptions about intrauterine origins of disease into question.0? 202203 Therefore, the
current dissertation was guided by the primary research questions: (1) has the incidence of
gestational diabetes changed over the last several decades among high risk groups? and (2) does
the well-established relationship between exposure to gestational diabetes during pregnancy and

development of offspring hypertension reflect a causal in-utero mechanism?

To provide context for the primary exposure of interest, gestational diabetes, | completed

the descriptive study presented in Chapter 4. To investigate the primary causal question,
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acknowledging the limitations of observational data, | completed the triangulation study
presented in Chapter 5. Together these investigations provided the necessary data to understand
the state of gestational diabetes in the province and the potential implications. Inspired by the
theoretical framework underlying this dissertation (Figure 3.1), the remaining sections will:
reiterate the key findings from the studies, further discuss some of the nuance of the data and
other considerations, describe how the results from this thesis contribute to causal inference-
based studies within the life course literature on exposure to diabetes in utero and offspring

hypertension, and review key limitations and proposed future directions.

6.1 Overview of findings

In Chapter 4 | demonstrated that gestational diabetes has increased dramatically in
Manitoba since 1981, in concordance with other provinces in Canada,?32% 160 gnd
internationally.*?® 127- 161 The increase was characterized by an upward inflection that is likely
related to the publication of the International Association of the Diabetes and Pregnancy Study
Groups recommendation calling for more sensitive screening practices.?** Uptake of more
sensitive screening practices means that individuals with less severe deviations from normal will
be categorized as having gestational diabetes. Therefore, it is difficult to conclude whether the
higher incidence of gestational diabetes in recent years is reflective of worsening health or is
indicative of a more proactive and preventative approach to healthcare which could improve the
outcomes of these folks and their offspring. Importantly, we saw a relatively greater increase
among those above age 35, living in urban areas, and living in the Northern Health Authority,
suggesting that the increase in diagnoses is not equally distributed among all pregnant
Manitobans. The disparities in the relative increased rates of gestational diabetes in older

pregnant persons, those in the highest SES and higher resourced areas suggest that changes in
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diagnostic criteria certainly play a role in the rising rates, however the persistently higher rates in
northern regions and among the lowest SES suggest that some sub-groups within the larger

population are experiencing worsening pregnancy health outcomes.

The triangulation of three unique studies each with different sources of bias presented in
Chapter 5 did not provide evidence in support of a direct in-utero mechanism for the
development of hypertension in offspring. Despite a positive effect in the maternal-offspring
covariate-matched sample, results from the paternal negative exposure control and sibling studies
did not support a causal in-utero mechanism. The use of multiple study designs was imperative
here given the methodological challenges, described in Chapter 2, in studying intrauterine
exposures and distal offspring health outcomes like hypertension. Particularly, the potential bias
from residual confounding that is often not captured in administrative databases. The different
and complimentary management of confounding within the three distinct methods provide robust
evidence to conclude that the increased rate of hypertension seen among offspring exposed to
gestational diabetes in utero was likely driven by confounding bias. Still, there are

methodological nuances within these studies that are critical to consider.

6.2 Additional considerations for causal inferences

The purpose of the triangulation investigation presented in Chapter 5 was to draw causal
inferences about the relationship between exposure to gestational diabetes in utero and incident
youth-onset hypertension in offspring. Our results demonstrated that a direct causal effect is
unlikely. Though this conclusion is supported by the composite results from the three separate
studies, there are several important assumptions and methodological caveats to carefully

consider. Namely, the specific causal estimate investigated and associated assumptions, the
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potential for misclassification, and the complexity of the proposed causal pathway — one that is

likely comprised of several interacting confounders, mediators, and modifiers (Figure 9.3).

It is important to be explicit about the causal estimate that was investigated in Chapter 5.
First, the causal estimate is largely based on estimating the counterfactual and evidence of
regularity (Table 2.1). By applying various matching techniques, the aim was to compare the
exposed offspring to a group of similar unexposed offspring to estimate what would have
happened to those offspring had they not been exposed (i.e., estimate the counterfactual). | also
relied on regularity, or lack thereof, in the negative control study. | would expect to regularly see
an association between the exposure (gestational diabetes) and the outcome (offspring
hypertension) if a causal in-utero mechanism is driving the association. However, replacing the
in-utero exposure with a similar exposure (i.e., paternal type 2 diabetes) that does not confer an
intrauterine effect (i.e., the exposure is “negative”) means that | would not expect to see the
regularity with the negative exposure that would otherwise be observed with the causal exposure.
Additionally, in these analyses, | estimated the average treatment effect of the treated, meaning
that I made inferences about the exposed group had they been unexposed and can not make
inferences about what would have happened to the unexposed offspring had they been exposed.
This is because of the relatively large proportion of unexposed offspring (~98% of cohort)
compared to exposed offspring. Therefore, it would not have been feasible to match all
unexposed offspring and instead | matched every exposed offspring. The benefit of a rare
exposure being that | was able to match every single exposed offspring, however, | was not able
to match a large proportion of the unexposed offspring. That means, the data do not support

inferences about how a change in exposure status might have affected the unexposed group.
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There are three key assumptions to consider when estimating a causal effect:
exchangeability, positivity, and consistency.?%® Exchangeability refers to there being no
unmeasured confounding so that the treatment assignment mechanism (i.e., the factors that lead
to an individual being exposed or treated) is ignorable. Exchangeability also incorporates the
assumption that there is no informative censoring, between exposed and unexposed

individuals.?%®

If the exchangeability assumption is satisfied, then the exposed and unexposed
groups are said to be “exchangeable”. In other words, exchangeability means that if you were to
switch the exposure status of the exposed and unexposed groups, the outcome of the study would
be exactly the same. The positivity assumption states that there is a positive, or non-zero,
probability of receiving the exposure for every individual at every level of all confounders that
occur in the population. The consistency assumption states that the exposure is clearly defined

and the outcome under an individual’s observed exposure would be the same had the individual

been assigned that exposure.2% 200

For observational studies where causal inference is the objective, as is the case in the
study presented in Chapter 5, it is important to consider the extent to which each of the
assumptions described above are satisfied. The exchangeability assumption is challenging to
satisfy when using observational data due to the inability to control and randomly assign the
exposure; therefore, the risk of unmeasured confounding in these studies is high. However,
triangulating the results of three different studies strengthens our ability to satisfy this
assumption because each study treats confounding in a different way (Figure 5.1). The positivity
assumption is largely met in this study because any offspring could feasibly be exposed to
gestational diabetes regardless of the level of any of the observed confounders or conceivable

unobserved confounders. The most challenging assumption to meet for the work described in
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Chapter 5 is consistency. Consistency is particularly difficult to satisfy when using a biological
exposure, like gestational diabetes, because there are several ways an individual could be
hypothetically “assigned” to being exposed to gestational diabetes in utero. The threat to
consistency is that there could be too much variation in the exposure, resulting in a different
outcome if the specification of the exposure differed.?®® However, as described in Chapter 5,
there was a similar increased risk for hypertension among offspring exposed to gestational
diabetes as what has been reported in other studies.* 1% This lends support for assuming
consistency because, despite slight differences in how gestational diabetes was specified in each

study, the effects were similar, suggesting that a similar exposure was captured.

In addition to exchangeability, positivity, and consistency, misclassification bias is an
important consideration, particularly when using administrative data where the data were not
collected for the purpose of the specific research project. The exposure of gestational diabetes is
at risk of misclassification bias because of the variability in diagnosing the disease, especially
within administrative databases when relying on ICD coding and prescription data.?%’ There may
be differences in how and whether physicians apply updated guidelines which could lead to
varying severities of metabolic dysregulation during pregnancy that is aggregated in our binary
exposure. This bias is a particularly relevant to the analysis among discordant siblings because,
as mentioned previously in Chapter 5, selecting on the fact that diabetes diagnosis in pregnancy
resulted in different sibling exposures means that and misclassification is one of the reasons this
could occur. However, in a small sub-sample where blood glucose data was available, we saw
higher blood glucose among those with gestational diabetes (Table 9.8), which supports the
validity of our exposure and supports our conclusion that an intrauterine exposure is an unlikely

cause for developing youth-onset hypertension.

76



6.3 Contributions to developmental origins and life course epidemiology

Results from this dissertation support the theory of life course epidemiology
accumulation of risk pathway rather than fetal “programming” (i.e., predictive or immediate
adaptive responses) or critical windows theories described previously.>® Based on the findings
from this study, | argue that there is unlikely a clinically meaningful fetal developmental affect
on the risk for youth-onset hypertension following exposure to gestational diabetes in utero. In
other words, even if there is a subtle direct developmental effect on offspring exposed to
gestational diabetes that increases their risk of developing hypertension, it is unlikely to alone
have a meaningful impact on the offspring’s long-term health. Therefore, a major implication
from this work to the broader developmental origins of health and disease literature is to place
more emphasis on extrauterine factors that contribute to both elevated incidence of hypertension

among youth and gestational diabetes.

Within the developmental origins literature there is an over-emphasis on studying
maternal and fetal exposures relative to work investigating paternal and extrauterine
exposures.?% This is reflective of long-held assumptions about maternal and intrauterine
exposures having a greater impact on future health relative to paternal and postnatal factors. This
assumption that the mother’s health plays the most important role in the health of the offspring
drove early developmental origins research and has since contributed to a looping effect where
study designs, interpretations, and policies are all rooted in studying maternal health rather than
considering other alternatives.'® Structural factors like poverty and racism play critical roles in
the etiology of both gestational diabetes?® and pediatric hypertension.?'% Results from this thesis
highlight the importance of studying extrauterine factors like these on developmental health
given the lack of evidence of a causal relationship between maternal gestational diabetes and
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offspring hypertension in youth described in Chapter 5. Therefore, we should be cautious about
inadvertently dismissing structural drivers of disease in favour of focusing on individuals’

behaviours because it can cause undue harm to mothers,?!

and drastically oversimplify the
complex etiology of chronic disease. | think the work presented here supports a rationale for
studying structural factors that may shape both development of gestational diabetes and youth-
onset hypertension. Also, I think this work can help shift some of the high burden of
responsibility that is placed on mothers by reinforcing the importance of extrauterine factors that
influence offspring health and development, including paternal health. Dialogue between

clinicians and patients should include discussions of extrauterine determinants of health to de-

center maternal health as the primary causal factor in offspring growth and development.

The results from this thesis also demonstrate the need to fill the gap between tightly
controlled mechanistic animal studies and human epidemiology studies where biomedical
variables interact with behavioural and psychosocial variables. Well-designed animal models of
obesity and diabetes have provided clear evidence of an intrauterine effect,'® but this has not
clearly translated into human disease. In the context of these animal studies our findings, again,
emphasize the importance of considering the behavioural and psychosocial elements of chronic
disease in humans. Additionally, the causal web becomes increasingly complex the more distal
the outcome is from the exposure. It is important to capture a sample in which a chronic disease
has had time to develop; however, the further in time the outcome is from the exposure, the
greater the complexity with regards to modifiers and mediating variables that can become

difficult to clarify.

Methodologically, the studies presented here provide an example of maximizing the

wealth of data often available within administrative health databases. Through leveraging this
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large, representative sample of parents, offspring, and siblings, | was able to describe trends in
gestational diabetes incidence going back several decades and conduct a causal investigation of a
developmental origins hypothesis commonly described in the literature. Through applying
triangulation, and drawing on other relatively recently discussed methods and models for causal
inference using observational data,® 20106 111,115,181, 184 | \ya5 able to discuss causality in a
context in which a randomized controlled trial would never be possible. For other scientists with
access to large datasets that may lack granularity, this work provides a practical example of the
value of the data and the breadth of possibilities. With careful consideration and application of
emerging methods (e.g., Triangulation, Mendelian randomization, target trial emulation, G-
computation, or inverse probability weighting) more robust causal investigations into early origin

hypotheses can be accomplished.

The theoretical frameworks of causal inference and developmental origins of disease
intersect in this work to explicitly study the causal effect of exposure to gestational diabetes in
utero on the development of pediatric hypertension in the offspring using a triangulation
approach. There are several instances within the developmental origins literature where causality
is implied, though not explicitly discussed.?* 174 194.1% Thjs js problematic because it can lead to
erroneous causal conclusions that are not specifically tested or assessed for satisfying
assumptions. As others have done with varying early life exposures,t’’ 187:292 gur work precisely
defines our causal estimates in the context of the studies’ various limitations, assumptions, and
biases. Though the hesitation around discussing causation, given the methodological limitations
surrounding this type of work, is understandable, it is not productive; it does not allow for frank
discussion about the true objective and limitations of assessing causation when studying early

life exposures and later offspring health outcomes. Much of the work within developmental
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origins literature is inherently causal, and | think the work presented in this thesis adds to the
literature by providing an example of a transparent approach to investigating a difficult causal

question through the application of triangulation within an administrative dataset.

Work from this thesis informs the developmental origins and life course literature
because it demonstrates the importance of considering unobserved confounders that might be
driving the association. It also draws attention to the complexity of the relationship between an

in-utero exposure and distal offspring outcome.

6.4 Limitations and Future Directions

As with all research, there are limitations that are important to consider. First, all analyses
were done using the same data source. Despite it being an extremely rich source of data, the
limitations described previously surrounding misclassification are consistent between all studies.
Similarly, despite having data on the entire province of Manitoba, it is not a densely populated
province, so it is possible we were underpowered to detect very small effects. Unlike a study
recently done in Ontario where the sample size contained millions of mother-offspring pairs.
Applying the methods described here to a similarly large dataset outside of Manitoba would

provide a powerful follow-up to the present dissertation.

Additionally, this work is limited by our ability to accurately capture the true incidence of
youth-onset hypertension. Previous work has demonstrated that pediatric hypertension is
underestimated in administrative databases, where the sensitivity was only 0.51.%° Therefore, it is
likely that we were unable to identify all cases of hypertension within our dataset. This is
problematic for two main reasons: (1) we have fewer endpoints to study and therefore less

power, and (2) that one group may be more likely to experience underdiagnosis in the
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administrative data, potentially biasing our result by confounding by indication. Given that we
saw a statistically significant effect between offspring matched on potential covariates (Figure
5.2) the only analysis where power might have been an issue was in the paternal-offspring pair
analysis. However, given that there was still an effect suggests that having more end points
would not have likely changed our interpretation. To address potential bias by indication, we
compared the proportion of well-child visits between groups and saw no difference (Table 9.8).
It is possible that screening for pediatric hypertension, which has been shown to be low in
Canada,®® may also be systematically lower in one group however, blood pressure measurements
have been shown to be more common among high risk youth (e.g., those with overweight or
obesity),®® which would bias the results towards an effect and that is the opposite of our
conclusion, particularly considering the sibling analysis. Therefore, even with a perfectly
accurate estimate of the incidence of pediatric hypertension, our results likely would not change.
Though, future studies should prioritize how to accurately capture the true prevalence of

pediatric hypertension.

Finally, these studies are limited by the lack of individual-level data for race and ethnicity
and several potential confounding variables (e.g., income was defined at the neighbourhood
level). This affected the study described in Chapter 4 because we were not able to determine if
the trends in gestational diabetes incidence over time were different for structurally oppressed
groups, and, in Chapter 5, there may be greater variability among some covariate-matched
exposed and unexposed offspring given the potential variation within neighbourhood categories.
However, it is unlikely that this limitation significantly biased our findings as there was a notably
higher rate of hypertension among offspring in both covariate-matched analyses (Figure 5.2 and

5.3) and no effect in the sibling-analysis (Figure 5.4). Additionally, not being able to describe
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sub-groups by individual-level covariates or by ethnicity in Chapter 4 does not invalidate the
findings we presented, but rather points to an important area of future work. Both the descriptive
study and triangulation study described in this thesis could be strengthened by additional
individual-level confounding to extend on the present findings but would unlikely change our

interpretations.

This work demonstrates the need to target specific exposures and assess proximal
outcomes. We need more sensitive measures within the large cohort studies to fill the gap
between the mechanistic animal studies and human epidemiology studies. Additionally, there is a
need for further investigation into behavioural and psychosocial variables. Most importantly,
scientists in this area should continue to apply evidential pluralism approaches like triangulation.
Understanding a complex causal web like that of developing hypertension requires multiple lines
of investigation and multiple sources of data. Given the data presented here and by others in
recent years, it seems that intrauterine “programming” is likely, in most cases, to be an

oversimplistic explanation for the development of complex chronic conditions like hypertension.
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Chapter 7: Conclusion

The objectives of this dissertation were to describe the population trends in gestational
diabetes incidence and investigate whether exposure to gestational diabetes in utero confers a
direct effect on fetal development that increases their risk of developing hypertension throughout
childhood and adolescence. | have accomplished both of these objectives as outlined in Chapter
4 and 5. Briefly, | have demonstrated that gestational diabetes is on the rise. However, the
marked increase of cases over the last decade may not necessarily represent higher levels of
glycemic exposure but rather more sensitive diagnostic criteria. | have also demonstrated that
gestational diabetes is unlikely to be a direct independent risk factor for the development of
hypertension in youth among exposed offspring. The evidence from the triangulation approach
suggests that this association may be completely driven by confounding bias. Figure 7.1 provides
an updated theoretical framework based on the present findings, which suggests that offspring
exposed to gestational diabetes are more likely to develop hypertension due to other factors that
are commonly associated with gestational diabetes rather than being born with an innate

predisposition due to an intrauterine mechanism.
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Figure 7.1 Updated Theoretical Framework

The work completed in this thesis demonstrates the need to explore other elements of the
complex causal web that leads to the development of youth-onset hypertension. One such avenue
of future research is to identify the primary confounder, or confounders, driving the association.
By doing so, we can begin to focus on what may be not only contributing to elevated
hypertension risk among offspring, but also increasing the risk of developing diabetes in

pregnancy.
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Chapter 9: Supplementary Material

9.1 Chapter 4 Supplements
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Figure 9.1 Incidence of large for gestational age infants born in Manitoba from 2000 —
2019. GDM, gestational diabetes mellitus; DM, diabetes mellitus, LGA, large for
gestational age.
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Table 9.1 Descending gestational diabetes incidence and neighbourhood area characteristics based on data from 2016 Canadian

Census.
Gestational Unemployment % 15+ years without

Neighbourhood diabetes rate for labour % Visible % immigrated last High School
Area Incidence force 15+ years Minorities 10 years graduation
08A 7.3-8.8 6.22 + 3.57 0.58 +0.16 0.26 +0.13 0.19 £ 0.06
08B 7.3-8.8 5.73+3.22 0.31+0.13 0.15+0.08 0.18 £ 0.06
09A 7.3-8.8 6.41 +3.94 0.63+0.11 0.23+0.1 0.19 £ 0.06
09B 7.3-8.8 7.2+4.53 0.47 £0.16 0.26 £0.12 0.27 £0.07
03B 6.4-7.3 6.64 + 4.00 0.41+0.20 0.16 +0.1 0.11 £ 0.04
07C 6.4-7.3 7.49 +3.28 0.26 +0.12 0.14 £ 0.09 0.18 £ 0.07
10A 6.4-7.3 8.93+4.49 0.37+£0.17 0.2+0.12 0.27 £0.08
11B 6.4-7.3 10.24 +4.99 0.44 +0.17 0.25+0.12 0.22+0.13
01B 5.3-6.4 4.88 + 3.45 0.17 £0.09 0.06 £ 0.06 0.13+0.08
04A 5.3-6.4 6.62 + 3.97 0.17+0.13 0.09+0.1 0.15+0.06
04B 5.3-6.4 53+3.39 0.2+0.09 0.08 £ 0.05 0.13+£0.05
05A 5.3-6.4 6.43 £ 2.98 0.13+0.07 0.06 £ 0.05 0.15+0.07
006 5.3-6.4 6.74 + 2.86 0.16 +£0.12 0.08 + 0.07 0.19 £ 0.06
07A 5.3-6.4 8.56 +£4.21 022+0.1 0.1+£0.06 0.24 £0.07
10B 5.3-6.4 12.89 + 6.88 0.24+0.14 0.12 £ 0.09 0.37+£0.13
11A 5.3-6.4 6.74 £ 3.08 0.27 £0.19 0.11+£0.09 0.17 £0.08
01A 4.4-5.3 544277 0.09 £ 0.05 0.04 £0.03 0.15+0.06
002 4.4-5.3 4,93 + 3.89 0.1+£0.06 0.04 £ 0.05 0.11 £ 0.04
03A 4.4-53 6.29 £ 3.64 0.23+0.13 0.09 £ 0.07 0.12 £0.05
05B 4.4-5.3 512 +2.59 0.19+0.09 0.07 £ 0.05 0.15+0.05
07B 4.4-53 525+241 0.11+0.08 0.05 £ 0.05 0.18 £ 0.06
08C 4.4-5.3 3.31+2.37 0.09 +0.07 0.03+0.03 0.17 £0.02
12B 4.4-53 6.75 £ 3.39 0.15+0.1 0.06 £ 0.06 0.1+0.06
07D 3.8-4.4 455+ 1.72 0.05 +0.06 0.01+0.03 0.13+0.04
12A 3.8-4.4 5.14 £ 3.04 0.15+0.12 0.08 £ 0.08 0.11£0.04
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9.2 Chapter 5 Supplements

Table 9.2 Description of databases used to create the administrative birth cohorts

Data Source Description

Manitoba Health Insurance Registry Contains longitudinal data on all Manitobans
who have been registered with Manitoba
Health at some point since 1970. The registry
includes individual-level demographics,
family composition information, residential
postal codes, and data fields for registration,
birth, entry into province, and migration
infout of province.

Hospital Abstracts Summaries of demographic and clinical
information (e.g., gender, diagnoses, and
procedure codes) completed upon discharge
from the hospital.

Medical Claims Health data consisting of claims for physician
visits in offices, hospitals, and outpatient
departments. In Manitoba, fee-for-service
providers must submit claims to Manitoba
Health for reimbursement.

Drug Program Information Network An electronic, on-line, point-of-sale
prescription drug database that connects
Manitoba Health and all pharmacies in
Manitoba. This system generates complete
drug profiles for each client including all
transactions at the point of distribution.

Diabetes Education Resource for Children Contains health information on children and

and Adolescents youth under the age of 18 who are diagnosed
with youth onset Type 1 or Type 2 Diabetes
in Manitoba.

Diagnostic Services Manitoba Includes records of Manitoba’s Hospital

laboratory services from 2006 — 2016.

Census The Canadian census contains aggregate
demographic information (e.g., age, sex,
marital status, employment, and income) for
all persons via residential six-digit postal
codes.
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Table 9.3 Disease classification for primary exposure and outcome with corresponding
International Classification of Disease (ICD) codes.

Indication ICD Title ICD 10 Code ICD 9 Code

Diagnoses used in defining maternal diabetes (Primary Exposure)

Diabetes mellitus in pregnancy,
childbirth, and the puerperium

Gestational Diabetes 024, P70.0 648.8, 648.0

Malnutrition — related diabetes E12 250
Other Diabetes Other specified diabetes mellitus E13, R73.0 NA
Unspecified diabetes mellitus El4 NA
Type 2 Diabetes Type 2 diabetes mellitus Elé’chg L 250.x0, 250.x2
Type 1 Diabetes Type 1 diabetes mellitus E10, 0245 250.x1, 250.x3
Diagnoses used in defining offspring hypertension (Primary Outcome)
Primary hypertension  Essential (primary) hypertension 110 401
Hypertensive heart disease 111 402
Hypertensive renal disease 112 403
Hypertensive heart and renal disease 113 404
Secondary Renovascular hypertension 115.0 405.1
hypertension
Hypertension secondary to other 115.1 405.91
renal disorders
Hypertension secondary to 115.2 405.19
endocrine disorders
Other secondary hypertension 115.8 405.19
Secondary hypertension, unspecified 115.9 405.99
Diagnoses leading to exclusion from the cohort
Cardiomyopathy Endocardial fibroelastosis 142.4 425.3
Endomyocardial disease 142.3 425.0
Congenital cardiomyopathy 142.8 425.9
Familial cardiomyopathy 142.9 425.9
Congenital

Congenital malformations of the

circulatory system Q20-Q 28  745-747,759.9

malformation of
circulatory system

Cystic fibrosis Cystic fibrosis E84 277.0
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Table 9.4 Definitions for Disease Diagnosis

Disease Definition

_ _ 1+ hospitalizations with diagnosis code for incident diabetes at 21+
Gestational Diabetes weeks gestation (Table S2)

e Incident diabetes diagnosis at 21+ weeks gestation, as this is
likely miss-coded gestational diabetes, provided that there are
no "regular" diabetes diagnoses in the 6 weeks after birth.

Notes:

e |f the gestation period is missing, too high, or too low, a 9-
month gestation period is assumed.

e Additional (non-incident) diabetes coded in the 6-week
period after birth is an indication of pre-existing diabetes.

e \Women with pre-existing diabetes prior to 21 weeks
gestation were considered to not have gestational diabetes.

1. 1+ hospitalizations with dx code for type 1 diabetes (Table S2)

2. 1+ Rx for infusion set pumps (DINs: 00905739, 00908300,
00992968, 00992976, 00992984, 0099299)

Identified as type 1 in DER-CA database.
4. Age <7 at first diabetes diagnosis

Type 1 Diabetes

_ 1. 1+ hospitalizations with diagnosis code for other diabetes or
Type 2 Diabetes type 2 diabetes (Table S2)

2. 2+ physician visits with diagnosis code=250 and prefix=7
within 2 years

3. 1+ prescription for drugs to treat diabetes, ATC code A10
(excluding metformin)

4. 1+ prescription for metformin, ATC code A10BA, in
combination with 1 physician visit with code=250 and prefix=7

5. 1+ HgAlc tests >= 6.5% in DSM data, lab code: 0653, 1146
and GLYCOSOLATED HB

6. Identified as type 2 in DER-CA database.
Exclusions for incident type 2:

e 1+ Rx for infusion set pumps, (see DINs above)

e Age <7 atfirst diagnosis

e 1+ hospitalizations with diagnosis of cystic fibrosis (Table
S2)

o ldentified as another type of diabetes in DER-CA database
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Hypertension

1+ hospitalizations with diagnosis code for hypertension
(Table S2)

1+ outpatient physician claim with diagnosis code for
hypertension (Table S2)

1+ prescription for anti-hypertensive drugs

diuretics, beta blocking agents, calcium channel blocking
agents, agents acting on the renin-angiotensin system,
atorvastatin, terazosin (See Table S4 for ATC codes)
Clonidine was excluded due to the common indication for
hyperkinetic disorders of childhood.
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Table 9.5 Medication prescriptions and associated Anatomical Therapeutic Chemical (ATC)
codes used in hypertension diagnosis.

Drug category ATC Codes

Antihypertensives C02AB01/02, C02CA04, GO4CA03, C02DB02, C02DCO01,
C02LAO01, C02LB01

Diuretics CO03AAO03, CO3BA04, CO3BA11, CO3CA01, CO3CA02, CO3CCO1,

CO03DAO01, C03DB01, C03DB02, CO3EAO1

Beta Blocking Agents CO07AA02, CO7TAAQ3, CO7TAAD5, CO7TAA06, CO7TAAL2, COTABOZ,
C07ABO03, CO7AB04, CO7ABO7, CO7TAGO01, CO7BAOS5, CO7TBAOG,
C07CA03, C07CB03

Calcium Channel CO08CAO01, CO8CA02, CO8CA04, CO8CAOD5, CO8CAD6, CO8DAOD1,
Blockers C08DB01

Agents Acting on the C09AA01, CO9AA02, CO9AA03, CO9AA0D4, CO9AAD5, CO9AADSG,
RAS C09AA07, CO9AA08, CO9AA09, CO9AA10, CO9BA02, CO9BAO0S,

C09BA04, CO9BA06, CO9BA0S, C09BA10, CO9CA01, CO9CAO02,
C09CAO03, CO9CA04, CO9CA06, CO9CAD7, CO9CAO08, CO9DAD1,
C09DA02, CO9DA03, CO9DA04, CO9DA06, CO9DA07, CO9DAOS,
C09DB02, C09XA02, CO9XAS52

Other C10BX03, GO4CAQ03
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483,830 liveborn singletons

61,289 Excluded:
* Neonates died in hospital
* Preterm <37 weeks
* Low birth weight <500g
* Diagnosis of:
* Cardiomyopathy
* Cystic fibrosis
* Congenital anomalies of the circulatory system

v

422,541 infants meeting inclusion criteria

»| 4,372 Excluded:
* Could not link to mother

A

418,169 mother-offspring pairs meeting
inclusion criteria

|

| Paternal Negative Control cohort |

y

| 259,303 father-offspring pairs identified |

A A

4

114,005 Removed:
* Type 1 diabetes
» * Missing confounding variable data
* Random selection of one offspring
per father

y
145,298 unique father-offspring pairs
available for matching

Figure 9.2 Population flow chart

Matched mother-offspring pairs cohort Discordant Siblings cohort

111,440 Removed: 34,509 Removed:

* Type 1 diabetes * Typel
» * Missing confounding variable data » diabetes
* Random selection of one offspring * Missing data
per mother
A y
211,049 unique mother-offspring pairs 383,660 mother-offspring pairs (incluisive of all
available for matching pregnancies for each mother) available for sibling-matching
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A. Study 1 — Exact-Matching @ exposure

@ outcome

mmw\onmng birth year ancestor of exposure

@ ancestor of outcome

O adjusted variable
unobserved

e causal path

egional Health Authori === biasing path

Offspring Diabetes

Gestational Diabetes. ~Offspring Hypeﬂension

Breastfeeding

=)
Genetic risk S =)
\ J \\v/

Parental lifestyle behaviours  Offspring lifestyle behaviours

B. Study 2 — Paternal Negative Control

egional Health Authority

Offspring Diabetes

DA
Paternal Type 2 Diabete:

Offspring BMI

pring F:ypenension

( )
\
( ) Offspring lifestyle behaviours

N / —
Genetic risk Parental lifestyle behaviours

C. Study 3 — Discordant Sibling Analysis

rbanicitys
Offspring birth year

Offspring Diabetes

Gestational Diabete: Offspring hypertension

Offspring BMI

Breastfeeding

Genetic risk ' )
N
Parental lifestyle behaviours  Offspring lifestyle behavi

Figure 9.3. Directed acyclic graphs for each study within the triangulation study.
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Table 9.6 Results from sensitivity analyses adjusting for additional variables.

Additional
Dataset Exposure model Effect 95% CI p-value

adjustment

Matched Gestational

mother- diabetes Birthweight 1.40 1.15,1.71 0.001

offspring pairs

Matched Gestational Weight for

mother- diabetes onal 1.39 1.14,1.71 0.001

offspring pairs gestational age

Matched Gestational Offspring type 2

mother- diabetes diabetes Not enough Data

offspring pairs

Matched Gestational

mother- diabetes Breastfeeding 1.40 1.15,1.71 <0.001

offspring pairs

Matched Type 2

paternal- diabetes ':j"lgtbegt”ez' 133 | 085,208 | 022

offspring pairs

Matched Type 2

paternal- diabetes Birthweight 1.48 0.95, 2.32 0.083

offspring pairs

Matched Type 2 .

paternal- diabetes Wel_ght 1|‘or Not enough data

offspring pairs gestational age

Matched Type 2 .

paternal- diabetes Offsgigggtgpe 2 Not enough data

offspring pairs

Matched Type 2

paternal- diabetes Breastfeeding Not enough data

offspring pairs

Note: outcome for all analyses was youth-onset hypertension. Matched variables for maternal-
offspring pairs were offspring birthyear, maternal age, socioeconomic index, parity, residence,
and Health Region. Matched variables for paternal-offspring pairs were the same minus parity.
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Table 9.7 Validity of exposure among siblings discordant for exposure to gestational diabetes

Measure N | Mean + SD | p-value
Fasting Blood Glucose (mmol/L)
Exposed 51 5310 0.02
Unexposed 27 4.7+0.9 '
2-hour Blood Glucose (mmol/L)
Exposed 51 87125 0.01
Unexposed 27 7.3x2.1 )

Delphic Chemistry Lab Tests from DSM, 2006/07-Dec 2019

Table 9.8 Assessment of confounding by indication

those not diagnosed

Prevalence of well-child physicals among offspring diagnosed with hypertension compared to

Received physical val
N (%) p-value
No hypertension diagnosis 97,180 (8.2) 0.13
Hypertension diagnosis 5,314 (8.1) '
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10.1 Chapter 4 STROBE and RECORD Checklist

Chapter 10: Study Checklists

The RECORD statement — checklist of items, extended from the STROBE statement, that should be reported in observational studies using
routinely collected health data.

Study Design

including any prespecified
hypotheses

Present key elements of study
design early in the paper

Methods - Study
Design

Item | STROBE items Location in RECORD items Location in
No. manuscript where manuscript
items are reported where items are
reported
1 (a) Indicate the study’s design RECORD 1.1: The type of data used
with a commonly used term in Abstract should be specified in the title or Abstract
the title or the abstract (b) abstract. When possible, the name of
Provide in the abstract an the databases used should be included.
informative and balanced
summary of what was done and RECORD 1.2: If applicable, the
what was found geographic region and timeframe
within which the study took place
should be reported in the title or
abstract.
RECORD 1.3: If linkage between
databases was conducted for the study,
this should be clearly stated in the title
or abstract.
Background 2 Explain the scientific
rationale background and rationale for the Introduction
investigation being reported
Objectives 3 State specific objectives,
Introduction

Setting

Describe the setting, locations,
and relevant dates, including
periods of recruitment, exposure,
follow-up, and data collection

Methods

Participants

(a) Cohort study - Give the

RECORD 6.1: The methods of study

Methods
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eligibility criteria, and the
sources and methods of selection
of participants. Describe
methods of follow-up
Case-control study - Give the
eligibility criteria, and the
sources and methods of case
ascertainment and control
selection. Give the rationale for
the choice of cases and controls
Cross-sectional study - Give the
eligibility criteria, and the
sources and methods of selection
of participants

(b) Cohort study - For matched
studies, give matching criteria
and number of exposed and
unexposed

Case-control study - For
matched studies, give matching
criteria and the number of
controls per case

population selection (such as codes or
algorithms used to identify subjects)
should be listed in detail. If this is not
possible, an explanation should be
provided.

RECORD 6.2: Any validation studies
of the codes or algorithms used to
select the population should be
referenced. If validation was conducted
for this study and not published
elsewhere, detailed methods and
results should be provided.

RECORD 6.3: If the study involved
linkage of databases, consider use of a
flow diagram or other graphical
display to demonstrate the data linkage
process, including the number of’
individuals with linked data at each
stage.

Methods

Variables

Clearly define all outcomes,
exposures, predictors, potential
confounders, and effect
modifiers. Give diagnostic
criteria, if applicable.

RECORD 7.1: A complete list of codes
and algorithms used to classify
exposures, outcomes, confounders, and
effect modifiers should be provided. If
these cannot be reported, an
explanation should be provided.

Methods - outcomes|
and covariates

Data sources/
measurement

Bias

For each variable of interest,
give sources of data and details
of methods of assessment
(measurement).

Describe comparability of
assessment methods if there is
more than one group

Describe any efforts to address
potential sources of bias

Methods - outcomes
and covariates

Methods - Analysis
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Study size 10 Exp]ain how the study size was Methods - population
arrived at

Quantitative 11 Explain how quantitative

variables variables were handled in the
analyses. If applicable, describe | Methods - analysis
which groupings were chosen,

[ and why
Statistical 12 (a) Describe all statistical
methods methods, including those used to

control for confounding

(b) Describe any methods used
to examine subgroups and
interactions

(c) Explain how missing data
were addressed

(d) Cohort study - If applicable,
explain how loss to follow-up
was addressed

Case-control study - If
applicable, explain how
matching of cases and controls
was addressed

Cross-sectional study - If
applicable, describe analytical
methods taking account of
sampling strategy

(e) Describe any sensitivity
analyses

Methods - Analysis

Data access and
cleaning methods

| Linkage

RECORD 12.1: Authors should
describe the extent to which the
investigators had access to the database
population used to create the study
population.

RECORD 12.2: Authors should
provide information on the data
cleaning methods used in the study.
RECORD 12.3: State whether the

Methods -
population
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study included person-level,
institutional-level, or other data linkage
across two or more databases. The
methods of linkage and methods of
linkage quality evaluation should be
provided.

Methods - study
design

| Results

Participants

(a) Report the numbers of
individuals at each stage of the
study (e.g., numbers potentially
eligible, examined for eligibility,
confirmed eligible, included in
the study, completing follow-up,
and analysed)

(b) Give reasons for non-
participation at each stage.

(¢) Consider use of a flow
diagram

RECORD 13.1: Describe in detail the
selection of the persons included in the
study (i.e., study population selection)
including filtering based on data
quality, data availability and linkage.
The selection of included persons can
be described in the text and/or by
means of the study flow diagram.

Methods and
Results (paragraph
D)

Descriptive data

(a) Give characteristics of study
participants (e.g., demographic,
clinical, social) and information
on exposures and potential
confounders

(b) Indicate the number of
participants with missing data
for each variable of interest

(c) Cohort study - summarise
follow-up time (e.g.. average
and total amount)

Results

Outcome data

Cohort study - Report numbers
of outcome events or summary
measures over time
Case-control study - Report
numbers in each exposure
category, Or summary measures
of exposure

Cross-sectional study - Report
numbers of outcome events or

Results
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summary measures

Main results

(a) Give unadjusted estimates
and, if applicable, confounder-
adjusted estimates and their
precision (e.g., 95% confidence
interval). Make clear which
confounders were adjusted for
and why they were included
(b) Report category boundaries
when continuous variables were
categorized

(c) If relevant, consider
translating estimates of relative
risk into absolute risk for a
meaningful time period

Results

Other analyses

17

Report other analyses
done—e.g., analyses of
subgroups and interactions, and
sensitivity analyses

NA

Discussion

Key results

18

Summarise key results with
reference to study objectives

Discussion
(paragraph 1)

Limitations

19

Discuss limitations of the study,
taking into account sources of
potential bias or imprecision.
Discuss both direction and
magnitude of any potential bias

RECORD 19.1: Discuss the

implications of using data that were not

created or collected to answer the

specific research question(s). Include
discussion of misclassification bias,
unmeasured confounding, missing
data, and changing eligibility over
time, as they pertain to the study being

reported.

Discussion -
Limitations and
conclusion

Interpretation

20

Give a cautious overall
interpretation of results
considering objectives,
limitations, multiplicity of
analyses, results from similar
studies, and other relevant
evidence

Discussion -
Limitations and
conclusion

113



Generalisability | 21 Discuss the generalisability Discussion -
(external validity) of the study Limitations and
results conclusion

| Other Information

Funding 22 Give the source of funding and
the role of the funders for the
present study and, if applicable, NA
for the original study on which
the present article is based

Accessibility of RECORD 22.1: Authors should

protocol, raw provide information on how to access

data, and any supplemental information such as NA

programming the study protocol, raw data, or

code programming code.

*Reference: Benchimol EI, Smeeth L, Guttmann A, Harron K, Moher D, Petersen I, Serensen HT. von Elm E, Langan SM, the RECORD Working
Committee. The REporting of studies Conducted using Observational Routinely-collected health Data (RECORD) Statement. PLoS Medicine 2015,

in press.

*Checklist is protected under Creative Commons Attribution (CC BY) license.
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10.2 Chapter 5 STROBE checklist

STROBE Statement—Checklist of items that should be included in reports of cohort studies

Item
No Recommendation

Title and abstract 1 (a) Indicate the study’s design with a commonly used term in the title or the abstract
(b) Provide in the abstract an informative and balanced summary of what was done
and what was found

Introduction

Background/rationale Explain the scientific background and rationale for the investigation being reported

Objectives State specific objectives, including any prespecified hypotheses

Methods

Study design Present key elements of study design early in the paper

Setting Describe the setting, locations, and relevant dates, including periods of recruitment,
exposure, follow-up, and data collection

Participants 6 (a) Give the eligibility criteria, and the sources and methods of selection of
participants. Describe methods of follow-up
(b) For matched studies, give matching criteria and number of exposed and
unexposed

Variables 7 Clearly define all outcomes, exposures, predictors, potential confounders, and effect
modifiers. Give diagnostic criteria, if applicable

Data sources/ 8* For each variable of interest, give sources of data and details of methods of

measurement assessment (measurement). Describe comparability of assessment methods if there is
more than one group

Bias 9 Describe any efforts to address potential sources of bias

Study size 10 Explain how the study size was arrived at

Quantitative variables 11 Explain how quantitative variables were handled in the analyses. If applicable,
describe which groupings were chosen and why

Statistical methods 12 (a) Describe all statistical methods, including those used to control for confounding
(b) Describe any methods used to examine subgroups and interactions
(¢) Explain how missing data were addressed
(d) If applicable, explain how loss to follow-up was addressed
(e) Describe any sensitivity analyses

Results

Participants 13*  (a) Report numbers of individuals at each stage of study—eg numbers potentially
eligible, examined for eligibility, confirmed eligible, included in the study,
completing follow-up, and analysed
(b) Give reasons for non-participation at each stage
(c) Consider use of a flow diagram

Descriptive data 14*  (a) Give characteristics of study participants (eg demographic, clinical, social) and
information on exposures and potential confounders
(b) Indicate number of participants with missing data for each variable of interest
(c) Summarise follow-up time (eg, average and total amount)

Outcome data 15%  Report numbers of outcome events or summary measures over time

Main results 16 (a) Give unadjusted estimates and, if applicable, confounder-adjusted estimates and

their precision (eg, 95% confidence interval). Make clear which confounders were
adjusted for and why they were included

(b) Report category boundaries when continuous variables were categorized

(¢) If relevant, consider translating estimates of relative risk into absolute risk for a
meaningful time period
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Other analyses 17 Report other analyses done—eg analyses of subgroups and interactions, and
sensitivity analyses

Discussion

Key results 18 Summarise key results with reference to study objectives

Limitations 19 Discuss limitations of the study, taking into account sources of potential bias or
imprecision. Discuss both direction and magnitude of any potential bias

Interpretation 20 Give a cautious overall interpretation of results considering objectives, limitations,
multiplicity of analyses, results from similar studies, and other relevant evidence

Generalisability 21 Discuss the generalisability (external validity) of the study results

Other information

Funding 22 Give the source of funding and the role of the funders for the present study and, if

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

*Give information separately for exposed and unexposed groups.

Note: An Explanation and Elaboration article discusses each checklist item and gives methodological background and
published examples of transparent reporting. The STROBE checklist is best used in conjunction with this article (freely

available on the Web sites of PLoS Medicine at http://www.plosmedicine.org/, Annals of Internal Medicine at

http://www.annals.org/, and Epidemiology at http://www.epidem.com/). Information on the STROBE Initiative is

available at http://www strobe-statement.org.
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