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Lay Abstract

Healthy brain development is important for health and success in life. However, risk
factors such as the mother’s poor physical and mental health during pregnancy and in the
first postnatal year can increase the risk of emotion and behaviour problems in offspring.
Therefore, the objectives of this thesis were to i) identify links between modifiable pre
and postnatal risk factors and poorer offspring brain development and ii) determine if
intervening on one of these risk factors might improve offspring brain development.
Results from this thesis show that an unhealthy maternal diet in pregnancy was linked to
more offspring emotion, behaviour, and brain development problems and that treating
postpartum depression in mothers may improve offspring brain development. This work
suggests that identifying and intervening on modifiable risk factors is important to
improve early brain development and may prevent the development of mental disorders

later in life.



Abstract

Objectives: To investigate the preventive potential of the Developmental Origins of
Health and Disease (DOHaD) hypothesis as it pertains to emotion dysregulation and
psychopathology by: i) elucidating the impact of modifiable perinatal risk factors, and ii)
examining whether a postnatal intervention can improve infant emotion regulation.
Methods: Studies 1 and 2 used data from the Canadian Healthy Infant Longitudinal
Development (CHILD) cohort and the Maternal-Infant Research on Environmental
Chemicals (MIREC) cohort to examine if modifiable perinatal risk factors (including
prenatal diet quality) confounded the link between prenatal metabolic complications and
offspring psychopathology. Study 3 used MIREC data to examine if prenatal diet quality
was linked to a biomarker of emotion regulation in infants (autonomic nervous system
(ANS) function). Studies 4 and 5 used data from 40 infants of mothers diagnosed with
postpartum depression (PPD) and 40 healthy control infants matched on infant age sex
and socioeconomic status. These studies examined if infant emotion regulation (Study 4)
and mother-infant physiological synchrony (a marker of dyadic emotion regulation-Study
5) improved following maternal cognitive behavioral therapy (CBT) for PPD.

Results: In Studies 1 and 2, prenatal diet quality accounted for significant variance in the
links between prenatal metabolic complications and offspring psychopathology. In Study
3, poor prenatal diet quality was associated with adverse ANS development in offspring.
In Studies 4 and 5, infants exhibited more adaptive emotion regulation and mother-infant

synchrony improved following maternal receipt of CBT for PPD.



Conclusions: Elucidating the impact of modifiable perinatal risk factors on offspring
psychopathology provides meaningful targets for intervention, and postnatal interventions
may improve offspring emotion regulation and could reduce the risk of psychopathology.
This work highlights the importance of the perinatal period as a time during which
modifiable risk factors can be identified and intervened upon to reduce mental disorder
risk across the lifespan.

Keywords: Developmental Origins of Health and Disease, Emotion regulation, Infancy,

Childhood, Psychopathology, Prenatal diet, Postpartum depression
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Chapter 1: Background

Prevalence and origins of psychopathology

One in five Canadians experiences a mental disorder in any given year (Smetain et
al., 2011). While most chronic diseases arise in adulthood, over half of all mental
disorders first emerge in childhood (Kessler et al., 2005). Therefore, investigating factors
that affect the development of mental disorders early in life is critical. Exposure to
adverse prenatal and early postnatal environmental conditions can increase the risk for
mental disorders, and physiological and behavioural antecedents of mental disorders are
detectable even in infancy (Wakschlag et al., 2018, 2019). Therefore, identifying the
prenatal and early postnatal conditions linked to increased risk for mental disorders and
designing interventions that effectively target these conditions may be our best chance to
reduce the impact of, or even prevent the development of mental disorders.
Emotion regulation and psychopathology

Emotion regulation is defined as the voluntary or automatic processes involved in
monitoring, evaluating and modifying the valence and/or intensity of emotions to
accomplish one’s goals (Thompson, 1994). Recognition of the importance of emotion
regulation development began in part with the publishing of a series of papers in the
Monograph of the Society for Research in Child Development (Fox, 1994), in which
researchers argued that adaptive emotion regulatory capacity in infancy and early
childhood provides the foundation for complex socioemotional, behavioural, and

cognitive functioning across the lifespan (Calkins, 1994; Cole, Michel, & O’Donnell,
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1994; Cole, Ram, & English, 2019; Fox, 1998). While primitive emotion regulatory
processes are observable infancy (e.g., gaze aversion, initiation of tactile stimulation)
these processes diversify in scope and complexity across the lifespan, allowing the
individual to regulate emotions in response to a wide range of environmental challenges
and stressors (Cole, Martin, & Dennis, 2004; Cole et al., 1994). Given its importance
across contexts, it is not surprising that problems with emotion regulation in infancy and
in early childhood have significant detrimental effects on health and success across the
lifespan (Wakschlag et al., 2019). These problems are thought to underlie the
development of almost all forms of psychopathology and increase the risk for cognitive
dysfunction (Beauchaine, 2015). Further, problems with emotion regulation in childhood
are associated with a tripling of the risk of income rates below the poverty line, criminal
convictions and substance abuse (Moffitt et al., 2011). Therefore, understanding the
prenatal and early postnatal factors that affect the development of emotion regulation is
critical if we hope to prevent the development of mental disorders, as well as a host of
other adverse outcomes later in life.
Factors that affect the development of emotion regulation

While genetics establish the foundation for emotion regulatory systems, optimal
development and fine-tuning of these systems depends heavily on the quality of prenatal
and early postnatal environmental factors (Beauchaine, 2015; Gabard-Durnam et al.,
2018; Tottenham, 2019). Examples of environmental factors associated with optimal
development of emotion regulation include healthy maternal prenatal nutrition, the

maintenance of a healthy gestational weight and adequate weight gain in pregnancy, low
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levels of pre and postnatal maternal stress, predictable and sensitive maternal caregiving
patterns and a stimulating home environment (Nyaradi, Li, Hickling, Foster, & Oddy,
2013; Raikkonen, Pesonen, Roseboom, & Eriksson, 2012; Rivera, Christiansen, &
Sullivan, 2015; Tottenham, 2019). Conversely, exposure to adverse prenatal and early
postnatal environmental conditions are associated with atypical deviations within early
developing emotion regulatory systems and therefore, may play a prominent role in the
developmental origins of psychopathology (Feldman, 2015; Kim, Bale, & Epperson,
2015; Réikkonen et al., 2012; Schlotz & Phillips, 2009).

The Developmental Origins of Health and Disease Hypothesis: An explanation and a
brief history

Decades of evidence have observed links between adverse prenatal and early
postnatal environmental conditions and an increased risk for adverse outcomes across
organ systems, including the nervous system, in offspring later in life. The developmental
origins of health and disease DOHaD hypothesis posits that exposure to adverse perinatal
(pre and early postnatal) environmental conditions can alter physiological development
and increase susceptibility for disease across the lifespan (Gluckman, Hanson, &
Buklijas, 2010; Gluckman & Hanson, 2004). Evidence supporting the DOHaD hypothesis
has accrued over the past century (Gluckman et al., 2010). The origins of the DOHaD
hypothesis can be traced back to early 20" century experiments that aimed to determine
whether environmental conditions were capable of altering behaviour patterns across
generations. For example, in the early 1920s, Paul Kammerer used a midwife toad (Alytes

obstetricians) model to examine if characteristics acquired through altered environmental
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conditions could be passed on to subsequent generations. Under normal conditions,
midwife toads tend to mate on land; however, by exposing toads to hot and dry
conditions, Kammerer showed that these toads altered their behaviour and mated in water
(\Vargas, 2009). This change in mating behaviour persisted through six generations, even
when the environment was returned to the previous normal conditions (Vargas, 2009).
Given that genes were thought to be the only mechanism though which heritable
information could be transmitted mother to offspring, Kammerer’s findings were
contested to the point of data falsification accusations (Gluckman, Hanson, & Buklijas,
2010; Vargas, 2009).

Nonetheless, the idea that prenatal and early postnatal environmental conditions
can play a role in altering behaviour across generations was gaining traction. In the 1930s,
recognition of the importance of prenatal environmental conditions for offspring
development was bolstered by increasing interest in the study of teratology. While this
field focused exclusively on factors linked to severe morphological deviations in
development, emerging epidemiological evidence was beginning to report on associations
between exposure to adverse perinatal conditions that are not considered teratogenic and
increased morbidity and mortality risk later in life (Gluckman et al., 2010; Wadhwa,
Buss, Entringer, & Swanson, 2009).

The idea that adverse perinatal conditions can increase the risk for non-
communicable diseases garnered more attention in the 1970s. In a series of papers,
German endocrinologists reported associations between adverse perinatal conditions and

increased risk for cardiometabolic problems, particularly obesity and arteriosclerosis in
4
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offspring (Gluckman et al., 2010). In the 1980s, Norbert Freinkel hypothesized that “fuel-
mediated teratogenesis” could explain how maternal prenatal metabolic complications
may impair offspring development (Freinkel, 1980). Freinkel proposed that the fetus is
sensitive to subtle changes in maternal nutrition and metabolism, and that fetal alterations
occurring in response to these factors could impact postnatal health and development
(Freinkel, 1980; Friedman, 2015). Further, in the late 1970s and 1980s, scientists around
the world began to utilize large national birth registries to examine links between
perinatal conditions and cardiometabolic outcomes. British epidemiologist David Barker
published the most famous of these studies in the Lancet in 1986 (Barker, 1986). These
studies reported strong associations between birthweight and cardiovascular disease later
in life (Barker, 1986). Based on this evidence, Barker proposed the ‘fetal origins
hypothesis’ (also known as the “the Barker Hypothesis™), which posited that exposure to
prenatal adversity increased non-communicable disease risk in adulthood (Barker, 2007).
The majority of the research designed to test this hypothesis focused on examining
associations between proxies of adverse prenatal conditions, such as birthweight, and
offspring cardiometabolic outcomes in adulthood. Stemming in part from these studies,
the increasing interest in the associations between perinatal conditions and later health
and development led to the creation of the World Congress of Fetal Origins of Adult
Disease. However, researchers testing this hypothesis began to report links between a
range of adverse prenatal and postnatal conditions and increased disease risk across organ
systems. As a result, following the 2003 World Congress meeting, the Fetal Origins of

Disease hypothesis was formally changed to the Developmental Origins of Health and
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Disease hypothesis ‘to recognize the broader scope of developmental cues, extending
from the oocyte to the infant and beyond, and the concept that the early life environment
has widespread consequences for later health’” (Gillman et al., 2007, p. 625).
DOHaD and mental disorders

The broadening of the DOHaD concept saw more studies establish links between
exposure to adverse perinatal conditions and offspring cognitive, emotional and
behavioural problems across the lifespan (Kim et al., 2015; O’Donnell & Meaney, 2016;
Van Den Bergh, 2011; van den Bergh et al., 2017). Similar to the earlier DOHaD research
investigating cardiometabolic outcomes, proxies for early life adversity such as pre-term
birth and birthweight were examined as predictor variables to investigate offspring risk
for psychopathology. Pre-term birth, as well as variation at the extreme ends of the
birthweight spectrum, were linked to lower intelligence, attention deficit hyperactivity
disorder, mood disorders, and psychotic and personality disorders across the lifespan
(Colman, Ataullahjan, Naicker, & Van Lieshout, 2012; Pappas et al., 2017; Saigal,
Szatmari, Rosenbaum, Campbell, & King, 1991; Schlotz & Phillips, 2009). Further,
studies have linked extremely low birth weight to neurophysiological activity associated
with risk for mental disorders in adulthood (Krzeczkowski, Schmidt, Savoy, Saroj, & Van
Lieshout, 2018; Miskovic, Schmidt, Boyle, & Saigal, 2009). Additionally, researchers
testing the DOHaD hypothesis as it pertains to mental disorders have utilized more
advanced observational designs, including negative controls, mendelian randomization
natural experiments to attempt to establish causal links between prenatal and early

postnatal adverse conditions and offspring psychopathology (see Gage, Munafo, & Davey
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Smith, 2016 for review). For example, natural experiments using data from individuals
prenatally exposed to the Dutch Hunger Winter of 1944-1995 at the end of World War 11
provided important evidence on the impact of prenatal adversity on risk for later mental
disorders. During this time, a Nazi embargo caused a food shortage resulting in rations of
less than 500 calories per day per person. Individuals born to women that were pregnant
during this time exhibited an increased risk for schizophrenia, cognitive problems, poor
stress regulation and mood disorders in adulthood relative to those not prenatally exposed
to the embargo (Brown, Van Os, Driessens, Hoek, & Susser, 2000; Susser & St Clair,
2013). These results were replicated in studies examining offspring outcomes following
prenatal exposure to widespread famine occurring during Mao’s Great Leap Forward
Transition in China (Brown et al., 2000; Susser & St Clair, 2013).

Although this evidence is useful in establishing links between perinatal adversity
and risk for psychopathology, the exposures examined in most of these studies are either
ethically impossible or very difficult to modify via intervention. Therefore, recent
research explored the potential impact of more specific prenatal and early postnatal
exposures and mechanisms linked to increased risk for psychopathology in offspring.
Indeed, prenatal exposure to maternal factors such as unhealthy prenatal diet, obesity,
excessive gestational weight gain, lack of exercise as well as pre and postnatal exposure
to maternal mood disorders are all associated with adverse neurodevelopment and
increased risk for psychopathology in offspring across the lifespan (Meaney, 2018; Rivera

et al., 2015; van den Bergh et al., 2017; Van Lieshout, 2013). Taken together, these
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studies have provided strong evidence suggesting that prenatal and early postnatal
adverse conditions increase the risk for mental disorders later in life.
Mechanisms of the DOHaD hypothesis

Developmental plasticity

Given the strong support for the DOHaD hypothesis as it pertains to mental
disorders, researchers have attempted to elucidate the mechanisms through which prenatal
and early postnatal conditions might increase the risk for psychopathology later in life.
The concept of developmental plasticity is key to explaining the mechanisms underlying
the DOHaD hypothesis (Bateson et al., 2004). Developmental plasticity is defined as the
phenomenon by which a range of different phenotypes can result from a single genotype
depending on the environmental conditions present during particular windows of
development (Bateson, Gluckman, & Hanson, 2014). These developmental windows are
referred to as ‘sensitive periods,” and two of the most important of these occur in the
prenatal and early postnatal periods (Nelson & Gabard-Durnam, 2020; Tottenham, 2019).
Since substantial physiological changes are metabolically costly after the phenotype has
developed, the ability to alter the development and circuitry of physiological systems is
generally restricted to these sensitive periods (Duckworth, 2015). As a result, adverse
environmental conditions during these sensitive periods can have a particularly potent and
lasting impact on the trajectory of neurodevelopment and could increase psychopathology
risk later in life (Schlotz & Phillips, 2009; Tottenham, 2019).

Characterizing adverse exposures
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Adverse environmental conditions that alter neurodevelopment during sensitive
prenatal and early postnatal periods are organized on a continuum (Gluckman & Hanson,
2004a). This continuum ranges from teratogens (e.g., radiation, certain pharmaceuticals)
which severely damage neurodevelopment, to conditions that may lead to sub-optimal
neurodevelopment, but are not considered teratogenic (e.g., maternal obesity, elevated
maternal stress) (Burton, Fowden, & Thornburg, 2016; Gluckman & Hanson, 2004b).
Perinatal exposure to conditions at the less severe end of the spectrum are thought to
initiate the predictive adaptive response (PAR) in offspring (Bateson et al., 2004, 2014).
The PAR is considered an adaptive mechanism whereby the alterations that occur in the
fetal and/or infant brain in response to adversity aim to increase the chances of survival
later in life (Bateson et al., 2014). However, except for exposure to known teratogens, the
demarcation is less clear as to whether an adverse exposure may alter physiology by the
PAR, or if exposures lead to functional damage within certain neurophysiological circuits
(e.g., see Rutter, 2004; Swanson & Wadhwa, 2008; Hanson & Gluckman, 2014 for
debates). The following sections describe the two of the most widely cited mechanisms
underlying DOHabD as it pertains to mental disorders, the PAR, and functional neural
circuit damage.

The predictive adaptive response (PAR)

The PAR is a form of developmental plasticity that equips organisms with the
ability to use information from the prenatal and early postnatal environment to alter
physiology in order to enhance survival in certain environmental conditions later in life

(Bateson et al., 2004). Greater fitness (i.e., chances of survival and reproductive success)
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is more likely if these changes match with the “predicted’ environmental conditions later
in life; however, the organism is at increased risk for adverse outcomes if there is a
mismatch between changes made in response to perinatal conditions and future
environmental conditions (e.g., Nederhof & Schmidt, 2012). Observations of PARs from
non-human animal models provide clear examples of this phenomenon. Indeed,
freshwater Daphnia will develop a spiked helmet-like structure if prenatally exposed to
chemical signals that indicate a predator’s presence. However, this enhanced structural
protection adversely affects the Daphnia’s health and functioning in predator-free
environments (Bateson et al., 2014). PARs can also alter the likelihood of patterns of
behaviour and emotion regulatory tendencies. For example, hares (Lepus timidus) that are
exposed to predator signals prenatally exhibit elevated levels of vigilance and shelter
seeking behaviours postnatally (Talge, Neal, & Glover, 2007). While these traits are
adaptive when predators are present, in predator-free environments, these behaviours
limit adaptive food-seeking behaviours and reproductive success.

When examining outcomes thought to occur as a result of the PAR, we must
consider two critical points. First, the changes made in response to perinatal conditions
occur in keeping with Darwinian fitness, whereby changes are considered adaptive if they
increase the probability that the organism survives to sexual maturity (Burton et al.,
2016). Second, PARs evolved during the paleolithic era; therefore, changes that may have
increased fitness in these primitive environments may not be adaptive today (Gluckman et
al., 2010). For example, in humans, exposure to excessive perinatal stress may indicate an

environment that is dangerous and low in resources. As a result, fetal and infant
10
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physiology may be altered to enhance traits associated with increased vigilance,
impulsivity, and/or anxiety to maximize chances of survival in these threatening
conditions (Glover, 2011). While these traits may have increased chances of survival to
sexual maturity in primitive environments, in today’s conditions, they could increase the
risk for psychopathology. We have further hypothesized that PARs occurring in response
to prenatal adversity might even increase the development and stability of long-term
personality traits such as neuroticism (see Krzeczkowski & Lieshout, 2018, for narrative
review).

Damage to neural circuitry

Although PARs are useful in explaining how adverse environmental conditions
might alter neurodevelopment and increase risk for psychopathology, researchers that
study the PAR acknowledge that it cannot explain all outcomes resulting from prenatal
and early postnatal adverse exposures (Bateson et al., 2004, 2014). Increased risk for
mental disorders following exposure to either biological (e.g., maternal and or infant
malnutrition, overnutrition, infection) and psychosocial (e.g., parental mental illness or
substance abuse, neglect or deprivation) risks may occur as a result of damage to certain
neural circuits (often described as ‘functional scars within neural networks’ or ‘biological
embedding of adversity’), particularly in those involved in emotion regulation (Bock,
Rether, Groger, Xie, & Braun, 2014; Nelson, 2017).

Decades of studies on institutionalized infants and children have reported on the
potential neurophysiological damage occurring as result of adverse exposures (Gee et al.,

2013; Nelson, Zeanah, & Fox, 2019). Neurodevelopment, particularly within emotion

11
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regulatory networks, depends on specific environmental inputs provided by caregivers
during sensitive periods of development in order to develop optimally; therefore, without
these inputs, certain brain areas exhibit poorer development and adverse functioning
across the lifespan (Hofer, 2006; Tottenham, 2015). Indeed, institutionalized children
exhibit adverse neurodevelopment, including dysregulated emotion and stress response
systems, reduced brain volume, adverse development of white matter tracts and poor
outcomes across multiple cognitive and socioemotional domains (Nelson et al., 2019).
Fortunately, research involving these children has also revealed that interventions appear
to be capable of improving neurodevelopment, especially if children receive the
intervention before 24 months of age (e.g., Vanderwert, Marshall, Nelson, Zeanah, &
Fox, 2010).

Taken together, mechanisms underlying DOHaD are based on exposures that
linked to sub-optimal neurodevelopment but are not considered teratogenic. Regardless of
whether altered neurodevelopment occurs in keeping with the PAR, or whether perinatal
adversity results in damage to particular neural circuits, this evidence strongly supports
the negative impact of adverse environmental conditions on neurodevelopment. However,
given the plasticity of the brain during the prenatal and early postnatal periods, these
developmental windows represent a time of tremendous opportunity during which early
interventions might have a lasting, positive impact on neurodevelopment outcomes across
the lifespan (Wakschlag et al., 2018, 2019). Since many prenatal and postnatal exposures

that adversely affect neurodevelopment are potentially modifiable, interventions targeting

12
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these exposures may potentially to reduce offspring risk or even prevent the development
of mental disorders.
The preventative potential of DOHaD research

The DOHabD concept has been integral to the development of many current global
health initiatives that strive to reduce the impact of non-communicable diseases (Penkler,
Hanson, Biesma, & Muller, 2019). However, despite accumulating evidence supporting
the DOHaD hypothesis as it pertains to neurodevelopment and psychopathology,
intervention and prevention efforts that target neurodevelopment outcomes have lagged
behind those focusing on cardiometabolic and anthropometric outcomes (Penkler et al.,
2019). This is likely due in part to a lack of research focused on elucidating the impact of
modifiable prenatal and early postnatal risk factors on neurodevelopment, but also since
few studies use the DOHaD framework to test the effectiveness of interventions designed
to modify these perinatal risk factors (Burton et al., 2016). However, the importance of
addressing these evidence gaps is gaining momentum. For example, Part 1 of a series of
papers published in PLoS Medicine in 2013 highlighted the importance of diagnosing and
treating maternal depression to optimize the health of women and their offspring
(Rahman, Surkan, Cayetano, Rwagatare, & Dickson, 2013). The authors’ further state
that treating maternal depression is critical to address the United Nations Millennium
Developmental Goals, given that almost half of these goals aim to address the health and
development of women and their children. More recently in 2016, The Lancet published a
three-part series on the importance of research, interventions and policy designed to

optimize early childhood development to increase human potential and optimize long-
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term outcomes (Black et al., 2016; Britto et al., 2016; Richter et al., 2016). This series
highlighted the perinatal nutritional environment and maternal depression as two
potentially modifiable risk factors that could impact offspring neurodevelopment in the
long-term. Finally, the most recent position papers from the international DOHaD society
highlight the need to assess outcomes such as emotion regulation in offspring (Hanson,
Poston, & Gluckman, 2019). These outcomes are important since they are measurable in
infancy and early childhood and indicate an increased risk for multiple physical and
mental health outcomes later in life (Calkins, Dollar, & Wideman, 2019; Hanson et al.,
2019; Wakschlag et al., 2019).

Moving the DOHaD Hypothesis forward: Critical steps toward elucidating its
preventative potential

In his review published in Neuron, Nelson (2017) stated:

If we want children to live up to their developmental potential and to lead
meaningful lives, we must afford them that opportunity by limiting their
exposure to adversity; we must ensure that their brains receive the types of
experiences that foster healthy brain development (and at the right times in
development); and we must be mindful of the fact that deviations from the
expectable environment during critical periods of development can lead to
particularly egregious outcomes.(p. 266).

Elucidating the preventative potential of the DOHaD hypothesis to prevent the

development of mental disorders is critical. To address this objective, first, we must

utilize data from recent, large cohort studies to elucidate the impact of modifiable risk
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factors on the development of mental disorders. Second, we must move toward using the
DOHaD framework to test the effectiveness of interventions designed to modify these
risk factors. Finally, studies must assess outcome variables such as emotion regulation in
offspring. These variables are measurable in infancy and early child and can indicate
vulnerability to multiple adverse outcomes later in life. Addressing these objectives
would test the preventative potential of the DOHaD hypothesis and enable us to take
critical steps forward in our efforts to prevent the development of mental disorders.

Prenatal metabolic complications and offspring neurodevelopment: causal factors or
a marker of the causal factors?

One-third of women of child-bearing age are obese, and up to 16% suffer from
hyperglycemia (e.g., gestational diabetes mellitus (GDM)) (Ashwal & Hod, 2015; Huda,
Brodie, & Sattar, 2010). In keeping with the DOHaD hypothesis, numerous large cohort
studies have reported on associations between maternal prenatal metabolic complications
and increased risk for numerous problems in offspring linked to poor emotion regulatory
capacity, such as internalizing and externalizing problems and cognitive dysfunction
(Kong, Chen, Gissler, & Lavebratt, 2020; Perna, Loughan, Le, Tyson, & Hospital, 2015;
Rivera et al., 2015; Van Lieshout, 2013; Van Lieshout, Taylor, & Boyle, 2011). Further,
studies have also observed adverse neurodevelopment within important emotion
regulatory, reward sensitivity and cognitive control regions of the brain (Page et al., 2019)
as well as adverse development of white matter tracts and decreased functional
connectivity (Li et al., 2016; Ou, Thakali, Shankar, Andres, & Badger, 2015; Salzwedel et

al., 2019). Therefore, this evidence suggests that offspring exposed to gestational
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metabolic complications appear to be at increased risk for mental disorders. However,
despite this evidence, it is well understood that gestational metabolic complications are a
multifactorial issue. Therefore, it remains unclear if these metabolic complications
causally affect neurodevelopment in offspring or whether these complications are markers
of the actual causal perinatal exposure(s) (Kong et al., 2020; Van Lieshout, 2013). These
potential exposures (linked to both maternal metabolic complications and offspring
neurodevelopment) include: hormone dysregulation, excessive inflammation, nutrient
deficiencies (e.g., folate, vitamin D, iron, or even overall prenatal diet quality), elevated
perinatal stress or depression or even obstetric complications known to be more common
at delivery in obese women (see Van Lieshout et al., 2011 for review). However, to date,
large cohort studies have been unable to assess the impact of important potential variables
that may be involved in the pathways between maternal metabolic complications and
offspring neurodevelopment (Kong et al., 2020). Therefore, we must identify and
examine the impact of modifiable risk factors that may play a role in the maternal

metabolic complications-to-offspring neurodevelopment pathways (Figure 1).
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Figure 1: Maternal prenatal metabolic complications may alter intrauterine conditions
and increase the risk for adverse offspring outcomes. However, studies that have
established these associations have been unable to adjust for important modifiable
confounding variables that may play a role in these links.

Addressing the issue of unmeasured/poorly measured confounding variables can
be done utilizing data from recently acquired, large cohort studies that include valid and
reliable assessments of these potentially modifiable risk factors. Understanding these
links is critical to determine the most important variables to target in interventions
designed to reduce the risk of mental disorders.

Postpartum depression: Time to intervene

Postpartum depression (PPD) is prevalent, affecting up to 20% of women (Gaynes
et al., 2005). While PPD is well understood to negatively affect women’s lives, it also has
significant adverse effects on the health and development of their infants (Field, 1992;
Goodman & Gotlib, 1999; Stein et al., 2014). Decades of evidence have shown that

offspring born to women with untreated PPD are at increased risk for a host of adverse

outcomes including cognitive and behavioural problems in childhood (Goodman et al.,
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2011) and are at increased risk for depression into adulthood (Netsi et al., 2018).
Therefore, unlike the links between maternal metabolic complications and offspring
psychopathology, there is greater consensus that untreated maternal PPD is on the causal
pathway. As a result, it is critical to move beyond describing the adverse effects of
untreated PPD on offspring neurodevelopmental outcomes and examine whether treating
PPD is capable of reorganizing offspring neurodevelopment, therefore potentially
interrupting the intergenerational transmission of psychiatric risk.

Optimal development of emotion regulation in infancy is depends heavily on the
quality of interactions with caregivers (Tottenham, 2015). Research in both humans and
non-human animal models has shown the importance of sensitive, predictable, maternal
caregiving behaviours for the development of the biobehavioural systems underlying
offspring emotion regulation (Hofer, 2006; Meaney, 2018). Therefore, adverse
development of emotion regulation may be transmitted to offspring through maladaptive
mother-infant interaction patterns characteristic of dyads led by mothers with PPD
(Murray, Fiori-cowley, & Hooper, 1996; Tronick & Reck, 2009).

PPD exposure has been linked to adverse development within offspring central
and peripheral systems key to emotion regulation. These include adverse development of
the amygdala and right superior frontal gyrus, as well as greater relative activity within
the right anterior cerebral hemisphere and lower vagal tone (Field & Diego, 2008; Field,
Pickens, Fox, Nawrocki, & Gonzalez, 1995; Lebel et al., 2016; Lusby, Goodman, Bell, &
Newport, 2014). However, given the immense neuroplasticity in the infant brain within

the first postpartum year, changes in mothers following PPD treatment (such as cognitive
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behavioural therapy (CBT)) may lead to an adaptive reorganization of these emotion
regulatory circuits in infants as well as more adaptive mother-infant interactions.
Despite decades of evidence linking exposure to untreated PPD and adverse
development of both central and peripheral emotion regulatory systems, no studies have
examined whether treating maternal PPD in the first postpartum year is capable of
adaptively altering the development of these systems in infants. Further, it is unknown
whether PPD treatment can improve the physiological systems that underly mother-infant
interaction patterns. Investigating the impact of PPD treatment on these outcomes would
not only enable us to test the preventative potential of the DOHaD hypothesis by
examining the malleability of systems core to emotion regulation in infants and mother-
infant interactions, but also provide important evidence on our capacity to interrupt the

intergenerational transmission of psychiatric risk from mother to child (Figure 2).

CBT
for PPD

Interrupt the intergenerational
transmission of risk

(772 2 s,

Offspring emotion Offspring emotion
@ regulation @ regulation

Mothers Infants
Mother-infant Mother-infant
interactions interactions
Offspring Offspring
@ psychopathology risk psychopathology risk

Figure 2: Is treating maternal PPD with cognitive behavioural therapy (CBT) capable of
interrupting the intergenerational transmission of risk from mother to offspring? We
argue that studies must move beyond describing the impact of exposure to untreated PPD
on offspring outcomes and investigate if PPD treatment can improve infant emotion
regulation capacity and mother-infant interactions.
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Sandwich thesis overview

The five studies presented in this thesis aim to test the preventative potential of the
DOHabD hypothesis as it pertains to emotion regulation and risk for mental disorders. This
objective was addressed by: i) identifying modifiable perinatal risk factors for offspring
emotion regulatory problems and psychopathology using data from large cohort studies,
ii) examining whether an early postnatal intervention (maternal cognitive behavioural
therapy (CBT) for postpartum depression) can optimize infant emotion regulation and
improve mother-infant interaction patterns, and iii) examine outcomes related to offspring
emotion regulatory capacity, a key vulnerability factor that is measurable in infancy and
early childhood and predicts long-term functioning across emotional, behavioural and
cognitive domains.

The studies that comprise this thesis have been previously published, are currently
under review, or in preparation. Studies 1 and 2 examine the association between
maternal prenatal metabolic complications and offspring cognitive, behavioural and
emotional outcomes. We examined associations before and after adjusting for previously
unmeasured/poorly measured variables that may play a role in the link between maternal
prenatal metabolic complications and adverse offspring outcomes. In both studies, we
observed that prenatal maternal diet quality accounted for significant variance in
offspring outcomes (similar in magnitude to variables well understood to have an impact
on offspring outcomes, including socioeconomic status and postpartum depression).

Based on these findings, in Study 3, | examined the association between prenatal maternal
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diet quality and the development of the autonomic nervous system, a regulatory system
critical to maintaining homeostasis across organ systems. We observed that unhealthy
overall prenatal diet quality was associated with lower heart rate variability, suggesting
sub-optimal autonomic nervous system development in infants at 6 months of age.

Studies 4 and 5 examined whether treating maternal PPD with 9 weeks of group
CBT could optimize offspring emotion regulatory capacity and improve mother-infant
interactions. In Study 4 we examined whether treating mothers with CBT could optimize
the development of offspring emotion regulatory capacity, assessed across physiological
and behavioural levels. Following treatment, we observed significant adaptive changes in
infant emotion regulation across all measures. Further, following maternal treatment,
infant emotion regulation was indistinguishable from that measured in healthy control
infants born to women free of PPD.

Given these findings, | aimed to elucidate further the impact of maternal CBT
treatment on offspring emotion regulation. Since mother-infant interaction patterns play a
significant role in the development of offspring emotion regulation (Feldman, 2007), I
hypothesized that mother-infant physiological synchrony patterns might adaptively
change following CBT treatment. Therefore, in Study 5, we used assessed respiratory
sinus arrhythmia (RSA) simultaneously in mothers and their infants while the dyad
completed the reunion phase of the face to face still-face task. In the healthy dyads at
two-time points in infancy, increases in maternal RSA predicted subsequent decreases in
infant RSA, and this effect strengthened across the reunion phase. This effect was

observed in the PPD dyads, but only following maternal CBT treatment. As a result,
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following CBT treatment, results suggested that mothers became more effective at
regulating their distressed infant, and infants were more receptive to maternal regulation.

Taken together, the five studies included in this thesis are related. Studies 1,2, and
3 elucidated the impact of modifiable prenatal risk factors on offspring outcomes, and
Studies 4 and 5 tested the effects of an intervention designed to address maternal PPD, a
known modifiable risk factor for offspring mental disorders. Since Studies 1 and 2
utilized similar methods to address similar questions, there is some duplication in the
methods sections of these papers. Additionally, since Studies 2 and 3 used data from the
same cohort, the methods in these papers also contain some duplication. Finally, Studies 4
and 5 also used data from the same cohort so they also contain some unavoidable

duplication.
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Context and Implications of this study: The first study in this sandwich thesis investigates
the link between gestational metabolic complications and offspring behavior problems
before and after adjusting for previously unmeasured confounding variables, including
prenatal diet quality. As outlined in the background, the impact of unmeasured,
potentially modifiable confounding variables is an important factor in DOHaD research,
and is potentially limiting our ability to unlock the preventative potential of the DOHaD
hypothesis.

Children exposed to maternal metabolic complications while in utero (e.g.,
maternal obesity, gestational diabetes mellitus) appear to be at an increased risk for
emotional and behavioral problems later in life. However, no studies have examined
whether maternal gestational diet confounds these associations. We found that gestational

diet plays an important role in links between metabolic complications during pregnancy
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and offspring behavioral problems. Further, the effect of gestational diet was similar in
magnitude to socioeconomic disadvantage and postpartum depression, two well-known
risk factors for offspring psychopathology
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Abstract

Objectives: Prenatal maternal metabolic problems such as pre-pregnancy adiposity,
excess gestational weight gain, and gestational diabetes mellitus (GDM) are associated
with an increased risk of psychopathology in offspring. We examined whether these
exposures were linked to symptoms of emotional and behavioral problems in offspring at
two years of age, or if associations were due to confounding variables.

Methods: Data from 815 mother-child pairs enrolled at the Edmonton site of the
Canadian Healthy Infant Longitudinal Development cohort were used to examine
associations between gestational metabolic complications and scores on the externalizing
and internalizing scales of the Child Behavior Checklist (CBCL-1% to 5) at age two.
Associations between maternal metabolic complications and offspring psychopathology
were assessed before and after adjustment for gestational diet, socioeconomic status
(SES), postpartum depression (PPD), prenatal smoking and breastfeeding.

Results: Pre-pregnancy body mass index and GDM, but not gestational weight gain,
predicted more offspring externalizing and internalizing problems. However, after
adjustment for confounding variables, these associations were no longer statistically
significant. Post-hoc analyses revealed that gestational diet accounted for unique variance
in both externalizing (semi-partial rqiet=-0.20, p<0.001) and internalizing (semi-partial
Fdiet=-0.16, p=0.01) problems. PPD and SES also accounted for a similar amount of
variance for both externalizing (semi-partial rppp=0.17, p<0.001; rses=-0.11, p=0.03) and

internalizing problems (semi-partial repp=0.21, p<0.001; res=-0.14, p=0.004).
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Conclusions: Since the confounding effect of gestational diet persisted after adjustment
for, and was similar in magnitude to, SES and PPD, future research should consider the

impact of unhealthy prenatal diets on offspring neurodevelopment.
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Introduction

Emotional and behavioral problems affect up to 20% of children under two years
of age (Skovgaard et al., 2007; von Klitzing, Dohnert, Kroll, & Grube, 2015) and predict
an increased risk for psychopathology from pre-school age through adulthood (Masi,
Pisano, Milone, & Muratori, 2015; Moffitt et al., 2011). The identification of modifiable
risk factors causally related to early behavioral problems is therefore of critical
importance. The Developmental Origins of Health and Disease (DOHaD) hypothesis
posits that prenatal and early postnatal adversity can increase disease susceptibility across
the lifespan (Gluckman, Hanson, Cooper, & Thornburg, 2008). Since major neural
networks mediating emotion and behavior develop prenatally, fetal exposure to sub-
optimal intrauterine conditions, such as those associated with excessive maternal
adiposity and gestational diabetes mellitus (GDM), may increase the risk of psychiatric
disorders later in life (Bale et al., 2010; Tau & Peterson, 2010). Indeed, numerous
observational studies have linked prenatal exposure to pre-pregnancy adiposity, excessive
gestational weight gain (GWG), and GDM to emotional, behavioral, and cognitive
problems in offspring, problems that may emerge as early as 2 years of age (Nomura et
al., 2012; Rivera, Christiansen, & Sullivan, 2015; Van Lieshout, Schmidt, Robinson,
Niccols, & Boyle, 2012). Additionally, the effects of both elevated maternal pre-
pregnancy body mass index (BMI) together with excessive GWG may further increase
risk for neurodevelopmental problems in offspring relative to either exposure alone

(Huang et al., 2014).
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Despite this evidence, our knowledge of the clinical applicability of the DOHaD
hypothesis to the prevention and amelioration of mental disorders in children remains
limited. A major barrier to this is a widespread inability to adjust for known modifiable
confounding variables that may impact the link between prenatal metabolic complications
and offspring behavior problems, such as maternal diet and postpartum depression.
Investigating the potential confounding effect of these variables would provide a more
complete understanding of the mechanisms underlying the observed associations between
metabolic complications and offspring behavioral problems and could provide potential
targets for intervention.

Given this background, we used data from the Edmonton site of the Canadian
Healthy Infant Longitudinal Development (CHILD) Cohort study to determine if 1)
maternal pre-pregnancy adiposity, GWG, their interaction, and/or GDM were associated
with offspring behavioral problems at 2 years of age, and 2) if these associations persisted
after accounting for key confounding variables including gestational diet and postpartum
depression. This study extends previous research in this area by examining the
confounding effect of maternal diet quality during pregnancy, a previously unstudied
confounder of associations between maternal metabolic complications and offspring
emotional and behavioral problems.

Methods
Sample
The CHILD study is a longitudinal birth cohort study, recruiting pregnant women

in their second and third trimesters from the general population in four centres across
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Canada (see Subbarao et al., 2015 for study details). Mother-child dyads (n=815, of
which 586 (72%) had complete outcome data on child behaviour at two years, (Figure 1)
enrolled in the Edmonton (Alberta, Canada) sub-cohort of the CHILD study were

examined.

Assessed for eligibility at
the CHILD Edmonton
Site (n=848)

Did not meet inclusion
criteria (n=33)

Total recruited for
Edmonton CHILD sub-
cohort
(n=815)

Did not complete the CBCL
(n=229)

Behaviour outcome data
at two-year follow-up
n=586 of 815 (72%)

Figure 1: Flow diagram of the sample of individuals with CBCL outcome data at two
years of age

Edmonton was the only CHILD study site that examined behavioural outcomes in
children. Each woman had only one child in this study. Enrollment for this study was
carried out between 2008 and 2012. Women provided informed consent prior to inclusion
in the study and at each study visit. Women participating in the study provided data at
enrollment and at follow up visits occurring at 36 weeks gestation and at 3, 12, 24 and 36
months postpartum. At each visit, women completed questionnaires about family and
child characteristics (see supplemental table el). In the current study, we used data
collected during pregnancy and from the 12, 24 and 36-month visits. Women were
excluded if they were younger than 18 years old, could not speak or read English, if they

delivered a multiple birth, had conceived via in-vitro fertilization, their infant had a major
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congenital abnormality or was born preterm (before 35.5 weeks gestation; preterm infants
were excluded since the original CHILD study investigated the development of allergy
and asthma and infants born prior to 35.5 weeks can have respiratory problems making
the diagnosis of asthma difficult. See supplemental e2 and Takaro et al., 2015 for details).
CHILD study ethics approval was obtained from the University of Alberta Health Ethics
Research Office (Pro00002099).
Predictors
Pre-pregnancy Body Mass Index (BMI)

In the province of Alberta, perinatal clinical data is captured and recorded in the
Alberta Perinatal Health Program (APHP)(Kaul et al., 2015) database, which collects
clinical information from all hospital and registered midwife deliveries within the
province (Donovan, Savu, Edwards, Johnson, & Kaul, 2015). A total of 727 (89%) of
women had BMI data. Maternal pre-pregnancy BMI (weight in kg/ height m?) was
calculated using pre-pregnancy weight extracted from medical charts (n=350),
retrospectively reported when the child was 3 years of age (if the prenatal record was not
available (n=117)) or estimated by weight obtained at 1 year after birth (n=260) if neither
were available. Maternal height was obtained from medical charts (n=332) or obtained
when the child was 1 year of age (n=395). Azad et al. (2016) also used this method to
obtain BMI. No significant differences between women with BMI calculated from
prenatal chart weight (Mcharts=25.8, SD=5.28) vs. those that retrospectively self-reported
their weight (Msei.report=25.2, SD=4.95; p=0.29) were observed. No differences were

found between women with BMI calculated from chart weight and the women with BMI
45



Ph.D. —J. Krzeczkowski; McMaster University—Neuroscience

data estimated using a weight variable obtained at 1 year after birth (M1.year=26.5,
SD=6.6) (p=0.06). BMI was examined as both a continuous and a dichotomous variable
using World Health Organization BMI cut-offs defined as normal; BMI=18.5-24.9 kg/m?
vs. overweight/obese; BMI>25 kg/m? (WHO, 2009). We decided ‘a priori’ to exclude
women who were underweight (n=18) because complications in these women and their
offspring differ from those manifesting the adverse effects of overnurition (Buss et al.,
2012; Van Lieshout et al., 2013).

Gestational Weight Gain (GWG)

Maternal GWG was determined by subtracting pre-pregnancy weight from the last
weight recorded on the prenatal chart before delivery (at an average gestational age of
37.1 weeks, SD=2.93). GWG was retrospectively self-reported when the child was 3
years of age if GWG was unavailable from the prenatal chart (n=15). Those that were
retrospectively self-reported (M=13.5, SD=4.30) were not different from those with
prenatal chart data (M=15.1, SD=6.50) (p=0.36). GWG was examined as a dichotomous
variable in keeping with the Institute of Medicine guidelines (recommended vs.
excessive). A GWG of >15 kg was considered excessive for individuals with a normal
BMI, while excessive GWG for the overweight/obese category comprised overweight
women (BMI=25-29.99) with a GWG >11kg, and obese women (BMI>30) with GWG
>0kg (Rasmussen & Yaktine, 2009).

Gestational Diabetes Mellitus (GDM)
GDM is screened for between 24 and 28 weeks gestation and is captured and

recorded in the APHP (Kaul et al., 2015) database. The woman’s diagnosis of GDM was
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obtained from the pregnancy record completed by their prenatal health care provider. A
total of 805 women (98%) had GDM data. Plasma glucose levels were determined using a
1-hour 50g glucose challenge test (DynaL.ife Testing, 2014). One-hour oral glucose
tolerance test plasma glucose levels above 7.8 mmol/L defined GDM status.
Primary Outcome
Emotional and Behavioral Problems

Symptoms of emotion and behavioral problems in offspring were reported by
mothers at the 24 month follow-up visit using the 1%-5 year-old version of the Child
Behavior Checklist [CBCL 1 ¥2-5] (On average, mothers completed the CBCL when their
children were 2.02 years of age (SD=0.32)). The CBCL 1 %2 -5 is a validated, 99-item
measure of child behavior that can be aggregated into internalizing and externalizing
scales (Achenbach & Reschorla, 2000). The internalizing scale (36-items) is comprised of
emotionally reactive, anxious/depressed, somatic complaints and withdrawn subscales
(Cronbach 0=0.89). The 24 item externalizing scale (Cronbach a=0.92) consists of
aggressive behavior and attention problems subscales. Internalizing and externalizing raw
scores were examined as continuous outcomes to fully capture behavioral variability and
maximize statistical power. Higher scores on each of the CBCL scales indicate more
behavioural problems.

Confounding variables

Confounding variables were chosen on an a priori basis if the literature suggested
consistent associations with both our predictors (pre-pregnancy BMI, GWG, GDM) and
child emotional and behavioral problems.
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Maternal gestational dietary quality

A food frequency questionnaire (FFQ) developed by the Fred Hutchinson Cancer
Research Center was modified to reflect Canadian multi-ethnic food choices. This 175-
item self-administered FFQ was completed by women (n=699/815, 86%) at study
enrolment (in the second and third trimester). Women reported the average frequency and
portion sizes of food consumed since becoming pregnant.

From this FFQ, the overall quality of maternal diet in pregnancy was determined
using the Healthy Eating Index-2010 (HEI-2010), a dietary quality index designed to
capture dietary habits in accordance with accepted Dietary Guidelines for adults
(Guenther et al., 2014). The HEI-2010 has been validated in numerous populations
including pregnant women (Guenther et al., 2013). The HEI-2010 is comprised of 12
components: total fruit, whole fruit, total vegetables, greens+beans, whole grains, dairy,
total protein foods, seafood+plant proteins, fatty acids, refined grains, sodium and empty
calories which includes consumption of solid fats, alcohol, added sugar. The final 3
components are foods to be consumed in moderation and are therefore reverse scored.
Hence, higher scores on all subscales indicate better quality of diet. All 12 components
are summed to yield an HEI total score variable with a maximum of 100, the highest
quality diet measurable. The HEI total score was used in all analyses. In
acknowledgement of the potential causal association between an unhealthy diet, higher
BMI and gestational weight gain, we considered gestational diet as a confounding
variable in our adjusted models. Since the pre-pregnancy BMI and GWG predictor

variables consider weight prior to pregnancy; we argue that our measure of diet quality
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assessed during gestation could not be causally associated to these pre-pregnancy
predictor variables. However, a higher BMI and greater GWG may be associated with
poorer diet during gestation.

Socioeconomic Status

Socioeconomic status (SES) was assessed using the McArthur scale of Subjective
Social Status at the 12 month visit (Adler, Epel, Castellazzo, & Ickovics, 2000). This
instrument uses a visual analogue scale that consists of two ladders with 10 rungs each.
Women are instructed to place an ‘x’ on the rung of the ladder indicative of their social
standing relative to other citizens nationally, and then compared to individuals within
their community. This scale has shown adequate reliability and has convergent validity
with objective SES indicators. This scale also predicts health outcomes over and above
objective measures of SES (Cundiff, Smith, Uchino, & Berg, 2013).

Maternal Postpartum Depression:

The Center for Epidemiological Studies Depression scale (CES-D) is a self-
reported 20-item scale that is a reliable and valid measure of depression during the
postpartum period and beyond (Navarro et al., 2007). The total score was used to assess
maternal depression at 12 months postpartum.

Maternal Smoking During Pregnancy

At enrollment (second and third trimester), women were asked if they smoked

cigarettes (yes/no) at any time during pregnancy.

Breastfeeding Duration
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Mothers were asked to report the age (in months) at which their child stopped any
breastfeeding at the 24-month visit.

Statistical Analyses

Associations between our predictors and outcomes were examined using two
separate statistical regression models. The first contained each predictor and each
outcome separately (unadjusted models). We also investigated the interaction between
BMI and GWG using the interaction term of a 2x2, between-subjects ANOVA in the
unadjusted model. Our second, fully adjusted statistical models contained the variables in
each of the first models plus all confounding variables. Pre-pregnancy BMI was also
added as a confounder in the adjusted analysis for GDM. We conducted a post-hoc
analysis to investigate the unique contribution of each variable in the fully adjusted
models using semi-partial correlations (Johnson & Wichern, 2014). All statistical tests
were 2-tailed and statistical significance was set at a=0.05. Data were analyzed using
IBM SPSS version 23. All continuous data passed the statistical assumptions for
regression models (e.g., normality tests). All associations are displayed as unstandardized
beta (B) values that indicate for every one-unit change in the predictor, an x unit change is
observed in the outcome (e.g., a one point increase in BMI would be associated with an x
increase in behavioral problems).

To account for missing data, we examined both complete case and imputed data.
Missing data for all variables were imputed using the fully conditional specification
multiple imputation in SPSS 23. Since no significant differences between completed case
and imputed data were observed, the results reported used complete data only.
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Missing pre-pregnancy body mass index (BMI) data was associated shorter
breastfeeding duration [M=6.0(5.6) vs. 8.7(5.6), p<0.01], single or separated relationship
status (OR=0.39, 95% CI1=0.20-0.77), Caucasian ethnicity (OR=0.59, 95% CI=037-0.96)
and younger age [M=29.6(5.2) vs. 31.5(4.3), p<0.01]. Missing GWG data also associated
with single or separated relationship status (OR=0.4, 95% Cl= 0.25-0.77). The 9 women
missing GDM data did not differ from those for whom data were present. No significant
differences were observed between women with and without any of our metabolic
predictors and offspring internalizing and externalizing problems. Finally, women that did
not complete the CBCL on their children were younger [M=29.6(5.0) vs. 31.5(4.4),
p<0.01] of lower SES [M=6.2(1.8) vs. 6.6(1.63), p<0.01] and had fewer years of
education [M=15.5(2.9) vs. 16.2(2.6), p<0.01].

Results

The mean pre-pregnancy BMI of the sample was 26.1 (SD=5.7) and mean age
was 31.5 years (SD=4.52). Women with a BMI in the overweight/obese range had fewer
years of education, a lower HEI-2010 score, shorter breastfeeding duration, were of lower
SES, and a greater proportion had excessive GWG relative to women within the normal
BMI category. Those diagnosed with GDM were older, had infants with a younger
gestational age, were more likely to be Caucasian, and reported lower SES compared to
those without GDM (Table 1). The offspring average raw externalizing score was 9.8
(SD=6.8) and scores ranged from 0-39. The average internalizing score was 5.1 (SD=4.9)

and the range was 0-34.
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Table 1: Characteristics of the total study sample (h=815)?

Body Mass Index® Presence of Gestational
Diabetes Mellitus

Demographic Normal Overweight/ p GDM No-GDM p
Variables (n=367) Obese (n=342) (n=60) (n=746)
Maternal Age in 31.5(4.4) 31543 098 32.7(49) 31.2(4.4) 0.01
years (M, SD)
Marital Status (n, %)
Married/Common-
law 333 (95.1) 298 (92.5) 0.16 53(93.0) 658(93.2) 0.95
Divorced/ 10 (4.9) 12 (7.5) 4(7.0) 48(6.8)
Separated
Maternal education 16.5(27) 15.7(2.5) <0.01 15.9(2.8) 16.1(2.6) 0.72
in years (M, SD)
Any smoking during 14 (4.0) 13 (3.9) 094 3(5.3) 31(4.9) 0.76
pregnancy (n, %)
Healthy eating index  74.2(7.7) 71.9(8.1) <0.01 73.6(6.9) 73.0(8.3) 0.62
total score (M, SD)°
MacArthur Scale of 6.7 (1.5) 6.4 (1.8) 0.03 5.83(1.9) 6.56(1.6) <0.01
Subject Social Status
score (M, SD)
Birth order 168 (45.8) 140 (40.9) 0.36  27(45.0)  325(43.6) 0.83
First (n, %)
Gestational age in 39.5(1.3) 39.4(1.4) 0.36 38.7(1.4) 39.5(1.3) <0.01
weeks (M, SD)
Breastfeeding 9.5(5.7) 7.9 (5.6) <0.01 8.07(6.2) 8.57(5.7) 0.56
duration (M, SD)
Child’s Sex (Male-n, 187(51.0) 168 (49.1) 0.63 35(58.3) 377(50.5) 0.25
%)
Child’s Ethnicity (n,
%)
Caucasian 245 (69.0) 233 (69.3) 0.93 31(54.4) 491(68.8) 0.03
Non-Caucasian 110 (31.0) 103 (30.7) 26(45.6) 223(31.2)
Child Behavior (M,
SD)¢
Internalizing 4.5 (4.3) 5.7(5.4) <0.01 7.2(56) 4.9(4.8) <0.01
Externalizing 9.0 (6.5) 10.6 (7.2) <0.01 12.2(6.2) 9.7(9.9 0.02
Presence of GDM 23 (6.3) 33 (9.7) 0.10
Gestational weight Normal Overweight/obese GDM No-GDM
gain (n, %)° (n=249) (n=218)
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Adequate 69(35) 34(17.8) <0.01 6(19.4) 97(27.2)

Excessive 128(65) 157(82.2) 25(80.6) 260(72.8) 0.34
2 n=709 women with BMI data (excluding the 18 underweight women) and 806 had GDM data.
Discrepancies in the demographic variable frequencies are due to missing data (e.g., 24 women with normal
BMI were missing data on marital status).
®BMI (kg): Normal =18.5-25, Overweight/obese> 25
¢ Higher scores indicate better diet quality (mean scores fell within 51-79, the “needs improvement/fair”
category)
d Behavior scores were consistent with those reported in other studies (e.g., Rescorla et al., 2011)
¢ GWG was obtained for only women with pre-pregnancy BMI and calculated separately for normal,
overweight and obese categories as per IOM guidelines: Adequate =11-15 kg for normal BMI, <6 kg for
overweight, <4 kg for obese; Excessive>15 kg for normal, >11 kg for overweight, >9 kg for obese.

For our unadjusted models, statistically significant associations were observed
between pre-pregnancy BMI examined as both a continuous and dichotomous (normal vs.
overweight obese) predictor and offspring externalizing symptoms (BMlcontinuous: B=0.15,
95% CI [0.05;0.26]; BMlgichotomous: B=1.60, 95% CI [0.45;2.74]) and internalizing
symptoms (BMlcontinuous: B=0.09, 95% CI [0.02;0.16]; BMl dgichotomous: B=1.2, 95% ClI
[0.35;2.0]) at 2 years of age. Neither excessive GWG nor the interaction between BMI
and GWG were associated with offspring outcomes. GDM was associated with higher
levels of externalizing (B=2.56, 95% CI [0.41;4.71]) and internalizing (B=2.28, 95% CI
[0.75;3.81]) symptoms (Table 2) Statistically significant associations were no longer
observed between BMI, GDM, and internalizing and externalizing behaviors following

adjustment for confounders (Table 3).

Table 2: Unadjusted associations between maternal metabolic complications during pregnancy and CBCL
1% -5 externalizing and internalizing problems (N=586 with behavioural follow-up data when offspring
were two years of age)

Predictors (B, 95-CI) Externalizing Internalizing

Body Mass Index? 0.15 (0.05; 0.26)** 0.09 (0.02; 0.16)*

Body Mass Index (Categorical)®
Normal-Overweight/Obese 1.6 (0.45; 2.74)** 1.2 (0.35; 2.0)**

Gestational weight gain
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Adequate vs. Excess® 0.79 (-0.78; 2.37) 0.33(-0.75; 1.40)
Body mass index x Gestational Weight Gain® 1.91(NS) 0.10 (NS)
GDM® 2.56 (0.41; 4.71)* 2.28 (0.75; 3.81)**

Unstandardized betas (B) indicate for every one-unit increase in the predictor, there is an x-unit increase in
the outcome

& Continuous BMI (Of women that completed the CBCL, 569/586 (94%) also had BMI data)

® Normal vs. overweight (BMI 25-29.9) Obese (BMI >30)

4BMI (normal vs. overweight/obese) by GWG (adequate vs. excessive), F statistics shown from 2x2
between subjects ANOVA

¢ For the GDM model, of the women that completed the CBCL, 582/586 (99%) had GDM data)

* p<0.05

** p<0.01

Table 3: Associations between maternal metabolic complications during pregnancy, each confounding
variable and offspring CBCL 1% -5 externalizing and internalizing problems measured at two years of age

Predictors (B, 95-CI) Externalizing Internalizing
Adjusted Model 1

Body mass index? 0.07 (-0.05; 0.19) 0.03 (-0.06; 0.12)
Smoking 1.30 (-5.1; 2.3) 3.25(-5.82; -0.7)*
Maternal Diet -0.18 (-0.27; -0.09)** -0.10 (-0.16; -0.05)**
SES -0.45 (-0.84;-0.05)* -0.41 (-0.68;-0.13)**
Depression 0.17 (0.08;0.27)** 0.15 (0.08;0.22)**
Breastfeeding duration -0.10 (-0.21 0.01) -0.08 (-0.16; 0.01)

Adjusted Model 2
BMI (Categorical)

Normal- Overweight/Obese® 0.59 (-0.68; 1.87) 0.68 (-0.21; 1.56)
Smoking 1.52 (-5.2; 2.2) 3.3 (-5.8; -0.72)*
Maternal Diet -0.18 (-0.27;-0.09)** -0.10 (-0.16; -0.04)**
SES -0.46 (-0.85;-0.06)* -0.40 (-0.68;-0.13)**
Depression 0.18 (0.08;0.27)** 0.15 (0.08; 0.21)**
Breastfeeding duration -0.11 (-0.22; 0.005) -0.08 (-0.16; 0.01)
Adjusted Model 3

GDM¢ 1.7 (-0.77; 4.24) 1.25 (-0.46; 2.96)
BMI 0.07 (-0.05;0.19) 0.02 (-0.06; 0.11)
Smoking 1.4 (-5.20; 2.25) 3.27 (5.84; -0.70)*
Maternal Diet -0.18 (-0.27; -0.10)** -0.11 (-0.16; -0.05)**
SES -0.39 (-0.79; 0.009) -0.38 (-0.7; -0.10)**
Depression 0.16 (0.07;0.26)** 0.14 (0.08; 0.2)**
Breastfeeding duration -0.10 (-0.21; 0.01) -0.08 (-0.16;0.02)

Adjusted for SES, maternal smoking, prenatal maternal diet (measured by HEI total score), maternal
depression at 12 months postpartum and breastfeeding duration

aFor the adjusted model BMI model, n=391 had complete data on every variable included in the model
®BMI normal (18.5-24.9) vs. BMI >25

¢ GDM: Gestational diabetes mellitus, n=392 had complete data for every variable

* p<0.05
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A post-hoc examination of semi-partial correlations between all variables in the
fully adjusted models revealed that total scores on the HEI-2010, PPD at 12 months, and
SES each independently accounted for statistically significant associations between our
predictors and internalizing and externalizing problems. Semi-partial correlations display
the unique variance of an individual variable in the model in the outcome while removing
the influence that all other variables have on this outcome. Total diet accounted for the
most unique variance in externalizing problems (rpartdiet =-0.20, p<0.01). Additionally,
PPD and SES also accounted for a significant amount of variance in externalizing
problems (rpart, PPp=0.17, p<0.01, rpart, ses= -0.11, p<0.05). These variables, along with
smoking in pregnancy accounted for internalizing problems (rpart, pro= 0.21, p<0.01,
Fpartdiet =-0.16, p<0.01, Ipart, ses= -0.14, p<0.01, rpart, smoke=0.12, p<0.05) (semi-partial
correlation coefficients between HEI-2010 total, postpartum depressions scores, SES and
offspring behavior problems within the adjusted BMI model are shown, See table 4 for

both BMI and GDM models).

Table 4: Post-hoc analyses of semi-partial correlations accounting for the associations between BMI, GDM
and offspring behaviour problems at two years of age®
Model Semi-partial correlation coefficients (rs, p-value)

BMI (continuous) Externalizing Internalizing
Maternal Diet -0.20(<0.01) -0.16 (<0.01)
Empty calories® -0.18 (<0.01) -0.12 (<0.05)
Depression 0.17 (<0.01) 0.21 (<0.01)
SES -0.11 (<0.05) -0.14 (<0.01)
Smoking 0.04 (N.S)) 0.12 (<0.05)
Breastfeeding -0.08 (N.S.) -0.09 (N.S.)
BMI 0.06 (N.S.) 0.03 (N.S))
GDM
Maternal Diet -0.20 (<0.01) -0.17 (<0.01)
Empty calories® -0.17 (<0.01) -0.12 (<0.05)
Depression 0.16 (<0.01) 0.20 (<0.01)
SES -0.09 (0.055) -0.13 (<0.01)
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Smoking 0.04 (N.S.) 0.12 (<0.05)
Breastfeeding -0.08 (N.S.) -0.09 (N.S))
BMI 0.05 (N.S.) 0.03 (N.S.)
GDM 0.07 (N.S) 0.07 (N.S)

@ Semi-partial correlations are used to display the unique variance that each individual variable in the fully
adjusted model accounts for in the outcome while removing the influence that all other variables have on
this outcome. (e.g., the unique variance that maternal diet accounts for in offspring behavioural problems
while accounting for all other variables in the model).

®The HEI-2010 (maternal diet) component that remained significant when added to the fully adjusted model
in place of HEI-total.

Component subscale scores of the HEI-2010 were then substituted into fully
adjusted models in place of total diet quality (e.g., the empty calories subscale (calories
from solid fats and added sugars) was substituted into the adjusted model in place of HEI-
2010 total). The empty calories component retained statistically significant associations
with externalizing (rpart, empty cai= -0.18, p<0.01) and internalizing (rpart, empty cai= -0.12,
p<0.05) in both the BMI and GDM fully adjusted models. A sensitivity analysis that
utilized a predictor variable of BMI calculated using only recorded pre-pregnancy
weights (n=467 participants) confirmed these findings (Supplementary Tables e3, e4 and
eb).

Discussion

Prior to adjustment for confounding variables, statistically significant associations
were observed between maternal pre-pregnancy BMI, GDM, and offspring externalizing
and internalizing symptoms at 2 years of age. However, these were no longer significant
after adjustment for known confounding variables. Indeed, associations between BMI and
offspring emotional and behavioral problems were accounted for by each of maternal
diet, postpartum depression, and SES. To our knowledge, this is the first study to show

that the effect of pre-pregnancy adiposity and GDM on offspring emotional and
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behavioral problems may be accounted for by poor maternal pregnancy diet, postpartum
depression, and SES.

Previously published studies have reported associations between maternal
metabolic complications of pregnancy (GDM, pre-pregnancy BMI and GWG) and
offspring behavior problems in young children (Nomura et al., 2012; Robinson et al.,
2012; Van Lieshout et al., 2012). Most of this prior work has linked metabolic
complications in pregnancy to delayed cognitive development (Pugh et al., 2015), autism
spectrum disorders (Li, Fallin, Riley, Landa, & Walker, 2016) and externalizing problems
including hyperactivity and inattention despite adjustment for confounders (Ornoy,
Reece, Pavlinkova, Kappen, & Miller, 2015; Rodriguez, 2010). However, to our
knowledge, none contained data on maternal diet quality during pregnancy and few have
assessed postpartum depression using a validated scale.

Post-hoc analyses revealed that maternal diet quality, postpartum depression, and
SES each accounted for a significant amount of unique variance in offspring behavioral
problems in fully adjusted models. However, overall maternal diet and particularly empty
calories accounted for a significant amount of variance in both internalizing and
externalizing problems. This supports previous findings that diet is linked to better
offspring neurodevelopment outcomes (Bolduc et al., 2016; Nyaradi, Li, Hickling, Foster,
& Oddy, 2013) and is similar to the results of large cohort studies that examined
associations between diet in pregnancy and offspring externalizing problems at age 5 and

6 years (Jacka et al., 2013; Steenweg-de Graaff et al., 2014). However, these studies did
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not examine the role that gestational diet played in the associations between maternal
BMI or GDM and offspring behavior.

Poor gestational diet, accounted for a significant amount of variance in offspring
behaviour problems, even in the presence of well-known risk factors for offspring
psychopathology such as SES and postpartum depression. Moreover, the magnitude of
the effect of poor maternal diet was similar to these established contributors to behavioral
problems in early childhood. Therefore, future studies investigating the mental health and
neurodevelopment of offspring exposed to maternal metabolic complications in-utero
should adjust for maternal diet quality.

Further, we investigated the subscales of the HEI-2010 to determine if the effect
of overall diet was driven by any dietary components in particular. Our finding that much
of the effect of overall diet was driven by the empty calories scale of the HEI-2010 (e.g.,
calories from solid fats, added sugar), is supported by studies in rodent models which
have shown that high-fat diets can contribute to altered neurotransmitter signaling,
neuroendocrine dysgregulation and inflammation (Golan, Lev, Hallak, Sorokin, &
Huleihel, 2005; Sullivan, Riper, Lockard, & Valleau, 2015). These effects appear to be
mediated by epigenetic alterations in offspring mesocorticolimbic dopamine systems
(Vucetic, Kimmel, Totoki, Hollenbeck, & Reyes, 2010). Indeed, chronically low
dopamine levels developing in response to hypomethylation of the promoter region of the
dopamine transporter gene could produce an increased propensity of reward seeking

behaviors in order to restore homeostatic dopamine balance (Vucetic et al., 2010).
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Epigenetic alterations occurring in response to maternal high fat diets could therefore
potentially be involved in the development of behaviour problems in humans.

The results of this study should be interpreted with the following limitations in
mind. First, the observational nature of this study limits causal inference. Second, whether
our measurement of diet quality specifically measures nutrition during pregnancy or
longer-term dietary habits (e.g., before pregnancy, or across a woman’s whole life) that
may influence offspring neurodevelopment is unclear. Third, these associations may be
due to confounders of links between dietary quality and our outcomes. Fourth, although
we adjusted for breastfeeding duration, we cannot rule out the possibility that child
postnatal diet outside of breastfeeding contributes to these findings, because we did not
have access to these data. However, Jacka et al. (2012) did adjust for child diet and found
that maternal prenatal diet retained significant associations with offspring externalizing
problems. We also were unable to adjusted for exclusive breastfeeding. Fifth, we only had
reports on offspring from a single informant (the child’s mother). Sixth, a subset of our
maternal weight values were not obtained from prenatal charts, therefore, although these
values were not different from prenatal chart weights, they may be subject to response
bias. Finally, we did not have the capacity to control for genetic factors potentially
influencing maternal behaviors including dietary choices. However, the CHILD study is
in the process of obtaining and analysing genetic data, providing opportunities to consider
these factors in future research.

In order to further advance the field, future observational studies should attempt to

examine other potentially modifiable confounders of associations between metabolic
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complications during pregnancy and offspring neurodevelopmental outcomes including
maternal physical inactivity. These studies could also examine the interactions between
metabolic complications and behavioral lifestyle factors (e.g., nutrition, physical
inactivity) to further elucidate the impact of these exposures on offspring
neurodevelopment. Future studies should also investigate these associations using larger
more diverse sample sizes. Studies should also examine more specific components of
offspring behavior problems (e.g., impulsivity, reward sensitivity). Ongoing randomized
controlled trials of maternal lifestyle interventions could also be utilized to investigate the
impact of maternal lifestyle on offspring brain and behavior. If improving diet prenatally
is shown to benefit offspring neurodevelopment, these interventions could have immense
public health potential (Van Lieshout & Krzeczkowski, 2016).

Our data suggest that associations between maternal metabolic complications
during pregnancy and offspring behavior problems are accounted for by SES, postpartum
depression and maternal diet. Since numerous studies have observed moderate to strong
continuity between behavior and emotion problems in early childhood and adult
psychopathology, the examination of modifiable risk factors for emotional and behavioral
problems is integral to the prevention and/or amelioration of mental disorders across the
lifespan. Given the significant preventive promise of the DOHaD hypothesis, future
studies should attempt to determine if optimizing maternal diet during pregnancy could be
utilized to improve offspring neurodevelopment, in addition to its other well-known

benefits for women and children.
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Chapter 3: Neurodevelopment in 3—4 year old children exposed to maternal
hyperglycemia or adiposity in utero (Study 2)

Study 2 Overview

Title: Neurodevelopment in 3—4 year old children exposed to maternal hyperglycemia or
adiposity in utero

Authors: John E. Krzeczkowski, H.Bsc. (PhD Candidate); Khrista Boylan, MD. PhD;Tye
E. Arbuckle, PhD; Linda Dodds, PhD; Gina Muckle, PhD; William Fraser, MD; Lindsay
A. Favotto, Msc; Ryan J. Van Lieshout, PhD; on behalf of The MIREC Study Group
Context and Implications: This study aimed to replicate and extend upon our results
from Study 1 using data from a second large Canadian birth cohort, and by examining
another offspring outcome that depends critically on optimal emotion regulatory capacity,
that of cognitive function. In study 2, we observed that associations between maternal
metabolic complications and offspring cognition at 3-4 years of age are due to
confounders (particularly gestational diet quality). Indeed, prenatal maternal diet
confounded associations between metabolic complications in pregnancy and offspring
neurodevelopment, even after the effects of traditional risk factors (maternal depression,
education and quality of the home environment) were accounted for, providing further
support that it plays an important role in the neurodevelopment of offspring born to
mothers with metabolic complications during pregnancy. Taken together, evidence from
Studies 1 and 2 suggest that prenatal diet quality may be an important modifiable risk
factor that could be targeted in future interventions designed to optimize the development

of offspring emotion regulation
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Abstract

Background: Prenatal exposure to maternal metabolic complications has been linked to
offspring neurodevelopmental problems. However, no studies investigating these links
have adjusted for maternal prenatal diet.

Aims: To determine if prenatal exposure to maternal adiposity or hyperglycemia is
associated with neurodevelopmental problems in 3-4 year old children, and if links persist
following adjustment for confounding variables, including prenatal diet.

Method: 808 mother-child pairs from the Maternal-Infant Research on Environmental
Chemicals-Child Development Plus cohort were used to examine associations between
pre-pregnancy body mass index (BMI), hyperglycemia and offspring verbal, performance
and full-scale 1Q scores, as well as internalizing and externalizing problems. Associations
were examined before and after adjustment for prenatal diet along with home
environment, maternal depression, education and prenatal smoking. Semi-partial
correlations were examined post-hoc to assess the impact of each confounder in the
adjusted models.

Results: In the unadjusted models, BMI and hyperglycemia predicted lower verbal and
full-scale 1Q. BMI was also linked to externalizing problems. However, associations were
not significant after adjustment. In adjusted models, post-hoc analysis revealed that
prenatal diet and home environment accounted for significant variance in verbal and full-
scale 1Q. The home environment and maternal depression accounted for significant
variance in externalizing problems.

Conclusion: In the adjusted models, maternal metabolic complications were not
69
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associated with offspring neurodevelopment. Even while adjusting for well-known risk
factors for adverse offspring cognition (home environment, maternal depression), we
show for the first time that maternal prenatal diet is an important confounder of the links

between maternal metabolic complications and offspring cognition.
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Introduction

Nearly 40% of women are overweight or obese during pregnancy, and up to 16%
of pregnancies are complicated by maternal hyperglycemia (i.e., impaired glucose
tolerance or diabetes mellitus)[1-3]. Given the rapid rate of prenatal neurodevelopment,
the fetal brain is particularly vulnerable to the pathological effects of prenatal adiposity
and/or hyperglycemia[4,5]. Indeed, both pre-pregnancy adiposity and hyperglycemia
have been linked to abnormalities of central nervous system development including
defects of the neural tube[6-8]. As a result, prenatal metabolic complications may have
the potential to affect more complex neural systems underlying the development of
higher mental functions such as cognition and emotion regulation.

Indeed, in keeping with the developmental origins of health and disease (DOHaD)
hypothesis, prenatal exposure to excess maternal adiposity has been linked to poorer
cognitive and language skills in children [9-11]. Higher rates of attention deficit
hyperactivity disorder and externalizing problems are also seen in the children of
overweight/obese women[12,13]. Similar outcomes have been noted in children born to
those with hyperglycemia during gestation including a doubling of the risk of both
cognitive and behavioral problems[14,15].

Despite this accumulating evidence, the impact of potential unmeasured
confounding variables on the associations between prenatal metabolic complications and
offspring neurodevelopment remains a significant issue in the field. In an attempt to
address these limitations, researchers have utilized twin and sibling studies, as well as

paternal obesity as a negative control in order to strengthen the case for causal links
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between prenatal metabolic complications and offspring neurodevelopmental problems.
However, while maternal adiposity had a stronger association with offspring cognitive
and behavioral problems relative to paternal obesity in four studies [16-19], in three
others it did not [20—22]. Prenatal metabolic complications were also linked to poorer
neurodevelopment in one twin [23] and one sibling study [9], but two others using sibling
designs reported null results [24,25].

Despite the advantages of sibling and twin studies in adjusting for genetic and
other familial factors, current studies lack the ability to adjust for important
environmental confounding variables, particularly for those that may be modifiable.
Indeed, no studies have adjusted for overall prenatal diet quality when examining the
associations between maternal metabolic complications and offspring neurodevelopment.
Controlling for overall prenatal quality in pregnancy would significantly advance our
understanding of these links and could help us move closer to identifying more specific
targets for intervention.

Given high rates of excess maternal adiposity and dysglycemia, and the
importance of early cognition and behavior to health and success in life, understanding
potential mechanisms underlying these links is of significant importance. Therefore, we
utilized data from the pan-Canadian Maternal-Infant Research on Environmental
Chemicals-Child Development Plus (MIREC-CD+) cohort to: a) determine if prenatal
exposure to maternal overweight/obesity or hyperglycemia is associated with cognitive

and behavioral problems in 3-4 year old offspring, and b) if these links persist following
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adjustment for confounding variables including prenatal diet quality, a previously
unmeasured confounding variable of these links.
Methods

Subjects
MIREC is a longitudinal pregnancy cohort that recruited women from ten

Canadian cities during their first trimester (<14 weeks gestation) between 2008 and
2011[26]. Eligibility criteria included fluency in English or French, maternal age >18
years, plans to deliver locally, and an agreement to provide a cord blood sample. Women
were excluded if there were abnormalities or malformations of the fetus in the current
pregnancy, a history of medical complications such as heart disease, or a history of illicit
drug use. Women provided sociodemographic information over three prenatal visits (one
per trimester), and clinical information was obtained from medical charts following
delivery.

The current study utilized data from the MIREC-CD plus cohort (a sub-study of
the original MIREC cohort) designed to assess cognitive and behavioral outcomes in 800
3-4 year old children (n=808, mage=40.7 months, SD=3.73). Parents provided written
consent prior to participation and study procedures were approved by research ethics
boards at Health Canada and all recruitment sites.

Predictors

We examined the independent impact of pre-pregnancy adiposity and
hyperglycemia separately on each of our outcomes since not all overweight women
develop hyperglycemia, and not all women with hyperglycemia are overweight.

Pre-Pregnancy Adiposity-Body Mass Index (BMI): Maternal pre-pregnancy
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BMI was calculated at the first trimester visit by dividing self-reported pre-pregnancy
weight (kg) by height (m?), obtained by research staff. BMI was considered both a
continuous and a dichotomous variable (Normal: 18.5 < BMI < 25 vs. Overweight/obese:
BMI>25)[27]. Underweight cases (BMI< 18.5, n=20) were excluded since complications
in pregnancy associated with being underweight are different from complications due to
maternal overweight/obesity [28,29].

Hyperglycemia (GDM/IGT): Of the women who participated in MIREC-CD
Plus, 594 were assessed for hyperglycemia based on medical chart review. A
dichotomous variable for hyperglycemia (gestational diabetes mellitus (GDM) or
impaired glucose tolerance (IGT)) was created where GDM or IGT status =1 and no
GDM or IGT status = 0. GDM/IGT was determined based on the results of a glucose
challenge test (GCT), or a 50g or 100g oral glucose tolerance test (OGTT). GDM was
diagnosed if 1) fasting glucose levels after a 1 hour 50g GCT result exceeded 10.3
mmol/L, or 2) if two or more of the following cut-off values were exceeded following
either a 50g or 100g OGTT: [50g OGTT criteria: a) 1 hour post >10.6 mmol/L, b) 2 hour
>8.9 mmol/L, or c) fasting plasma glucose level >5.3mmol/L; 100g OGTT criteria: a) 1
hour post >10.6 mmol/L, b) 2 hour >9.2 mmol/L, ¢) 3 hours>8.0 mmol/L, or d) fasting
plasma glucose level>5.8 mmol/L]. IGT was diagnosed if 1 of these OGTT levels was
exceeded. GDM and IGT were combined because adverse health outcomes in offspring
have been observed following exposure to maternal glycemic levels below diagnostic
criteria for gestational diabetes mellitus [30].

Outcomes
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Cognition: Wechsler Preschool and Primary Scale of Intelligence-111
(WPPSI-111): Qualified research staff assessed child cognitive functioning using the
WPPSI-II1, a gold standard measure of intellectual function in children aged 2 %2 to 7 %2
years. Age-corrected verbal 1Q, performance 1Q and full-scale 1Q scores served as our
cognitive outcomes. The verbal 1Q scale measures acquired knowledge, verbal
comprehension and reasoning. The performance scale measures spatial abilities including
visual and motor skills. Full-scale 1Q score measures general intelligence. Software
provided by the test publishers were used to calculate these three scales. Composite
scales have a mean of 100, a standard deviation of 15, and a maximum possible score of
160.

Behavior: The Behavioral Assessment System for Children-Second Edition
(BASC-11): Mothers completed the 134-item BASC-I1 that measures emotional and
behavioral problems in 2 to 5 year old children. Individual items are scored on a 4-point
Likert scale (O=never to 3=almost always) with higher scores indicating more problems.
T-scores on the internalizing and externalizing composite scales were utilized. Each t-
score has a mean of 50 and a standard deviation of 10. The externalizing scale is
comprised of 22 items from the aggression and hyperactivity subscales (0=0.93), and the
internalizing problems scale consists of 37 items drawn from the anxiety, depression, and
somatization subscales (0=0.90).

Confounding variables

Confounding variables were selected based on previous long-standing evidence of

associations between the confounder and both our predictors and outcomes.
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Prenatal Diet Quality: Prenatal diet was assessed using a 46-item food frequency
questionnaire (FFQ) to assess the frequency and serving sizes of foods consumed in the
past month. The FFQ was administered to mothers between 16 and 21 weeks of
pregnancy and assessed intake of foods in 8 subgroups (vegetables, fruits, meat, poultry,
fish and alternatives, dairy products, grain produces and other foods)[31]. The Healthy
Eating Index-2010 (HEI) was used to convert FFQ data into a measure of total prenatal
diet quality (see reference [32] for a step by step guide on the methods used to convert
FFQ data to HEI scores). The HEI assesses diet quality according to national dietary
guidelines and has been validated in pregnant women [33]. It is comprised of 8
“adequacy” components including total fruit, whole fruit, total vegetables, greens and
beans, whole grains, dairy, total protein foods, seafood and plant proteins, and fatty acids.
Higher scores indicate better diet quality. The HEI also contains 3 “moderation”
components including refined grains, sodium, and empty calories (from fats and added
sugars). The moderation components are reverse-scored, therefore higher scores indicate
better diet quality. The sum of the adequacy and moderation components yields an HEI
total score with a maximum score out of 100. The HEI total score was used in our
statistical analyses. HEI total scores in our sample were consistent with scores in other
samples of pregnant women [34,35].

The Home Environment: Trained research staff assessed the quality of the
child’s home environment using The Home Observation for Measurement of the
Environment (HOME) scale [36]. The HOME scale is comprised of both an observation

of the family’s home environment and a semi-structured interview with the mother.
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Research staff used a binary (yes/no) scale to indicate the presence of stimulating factors
in the home environment and adaptive maternal parenting behaviors, as well as an
absence of harmful factors. Stimulating factors include the presence and variety of
educational toys, games and books (e.g., child has: 3 or more puzzles, toys that help them
learn animal names, toy or real musical instruments) and adaptive parenting behaviors
(e.g., parent converses with child, reads stories, sets routines) [37]. The absence of
harmful factors is also measured (e.g., house and surrounding environment are free of
hazards, parent does not yell or scold child during the visit) [37]. This assessment was
carried out when children were 3-4 years of age and in the home in which the child
spends the most time. Administration of this scale takes approximately 1 hour. Total
HOME scale scores were calculated and higher scores (maximum of 55 points) indicate
more adaptive parenting behaviors and a more stimulating home environment [37].

Maternal Depression: Symptoms of maternal depression were assessed when
offspring were 3 years of age using the 10-item Center for Epidemiological Studies
Depression (CES-D) scale. Mothers rated depressive symptoms experienced during the
previous week using a four-point scale (1= “rarely” to 4="all of the time”) with higher
scores representing more depression symptoms [38].

Education: Maternal education (high school or less vs. post-secondary education
or greater) was used to as a measure of maternal cognitive function since education is

considered the most efficient substitute of maternal 1Q [39].
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Prenatal Smoking: Self-reported maternal smoking behavior was captured at the
third prenatal visit categorically: never smoked, former smoker, smoke currently/quit in
pregnancy.

Statistical Analysis
Descriptive statistics: Between-group comparisons (normal vs. overweight/obese

BMI and normal glucose vs. hyperglycemia) were examined using independent samples
t-tests and chi-squared tests for continuous and categorical variables respectively.

Unadjusted associations: A series of linear regression models were used to
examine the links between each of our predictors (Overweight/Obesity and
hyperglycemia) and outcome variables (Verbal 1Q, Performance 1Q, Full-Scale 1Q,
Internalizing Behavior, Externalizing Behavior).

Adjusted associations: Multiple linear regression models were used to examine
the same associations observed in our unadjusted models, but while adjusting for each of
our confounding variables (BMI was also added as a confounder in the hyperglycemia
model). The variance inflation factors in the adjusted models were below 10, therefore no
evidence for multi-collinearly was detected.

Adjusted associations--post-hoc assessment of confounding variables: Finally,
a post-hoc analysis of the semi-partial correlations in the adjusted models was completed
to determine which variables accounted for the most unigue variance in our outcomes.

For all results, unstandardized regression coefficients (B) values and 95%
confidence intervals (Cl) are presented, given that these B values display the change in

the outcome per one unit change in the predictor. Statistical tests were 2-tailed with

78



Ph.D. —J. Krzeczkowski; McMaster University—Neuroscience

significance set at 0=0.05 and carried out in SPSS v23.

Sensitivity Analysis

The interaction between BMI and hyperglycemia was assessed using linear
regression in order to determine whether having both hyperglycemia and overweight BMI
was linked to greater offspring problems.

Missing Data

Both complete case and imputed data for all variables were examined using the
fully conditional specification multiple imputation method in SPSS 23. We report only
the results for subjects with complete predictor and outcomes data since there were no
significant differences between complete and imputed data. A comparison of
characteristics between women with and without BMI and hyperglycemia data is
presented in Supplemental Table S1 (online).
Results

Descriptive statistics: Mothers were on average 32.80 (SD=4.81) years of age at
enrollment and had an average pre-pregnancy BMI of 25.10 (SD=5.63) (Table 1). At
enrollment, 37% of women were overweight, and 8% had hyperglycemia. Of the women
that had data for both BMI and hyperglycemia (n=531), 26 (12.5%) of the overweight
women, and 13 (4%) of the normal weight women were hyperglycemic. Fifteen (2.80%)
women of the 531 women were diagnosed with GDM and 32 (6.03%) had IGT. The
average child full-scale 1Q in the sample was 106.90 (SD=13.48). The mothers of
children that participated in the MIREC-CD plus sub-study were not different from

mothers that participated only in the original MIREC cohort on each of our predictors and
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covariates (however, MIREC-CD plus mothers were more likely to have pursued

education beyond high school).

Table 1: Demographic information of the MIREC-CD Plus Sample

Body Mass Hyperglycemia
Index
Demographic Normal Overweight/ p Normal GDM/IGT p
Variables? (n=464) Obese Glucose (n=47)
(n=273) (n=547)

Maternal education
(n,%)
High School or less 37 (8.0) 35 (12.8) 0.03 60 (11) 3(6.4) 0.33
College Educated/ 425 (92.0) 238 (87.2) 486 (89.0) 44 (93.6)
University Degree
Marital Status (n,%)
Married/Common law 448 (96.5) 260 (95.2) 0.75 527 (96.4) 46 (97.8) 0.97
Divorced/Separated 3(0.6) 1(0.4) 4 (0.7) 0

Single 13 (2.8) 12 (4.4) 16 (2.9) 1(2.2)
Maternal age (M. SD)  32.9 (4.8) 32.9 (4.8) 0.96 32.7 (4.8) 33.7(45) 0.17
Household Income
(n,%)
Less than 50 000 51 (11) 46 (16.8) <0.01 78 (14.3) 10 (21.3) 0.12
50 001-100 000 183 (39.4) 133 (48.7) 226 (41.3) 23(48.9)
Greater than 100 000 230 (49.6) 94 (34.4) 243 (44.4) 14 (29.8)
Smoking (n,%)
Never 293 (63.1) 185(67.8) 0.44 349 (63.8) 31(66.0) 0.79
Former 131 (28.2) 68 (24.9) 147 (26.9) 13 (27.7)
Current/Quit in 40 (8.6) 20 (7.3) 51 (9.3) 3(6.4)
pregnancy
Birth Country (n,%)
Canada 370 (79.7) 237 (86.8) 0.02 445 (81.4) 37 (78.7) 0.66
Elsewhere 94 (20.3) 36 (13.2) 102 (18.6) 10 (21.3)
HOME total (M,SD) 48.0 (3.7) 46.7 (4.9) 0.001 47.4(4.3) 46.0 0.09

(4.42)

Maternal depression 5.0(3.9) 6.2 (4.5) 0.001 5.4 (4.2) 7.9(5.7) 0.01
(M,SD)
Maternal diet quality 73.5(7.4) 70.4(8.4) <0.01 71.9 (8.0) 69.7 (7.5) 0.07
(M,SD)°
Breastfeeding (M, SD) 5.6 (2.0) 5.3(2.1) 0.14 5.4 (2.2) 4.9 (2.9) 0.27
Presence of
hyperglycemia (n,%)
GDM 4(1.2) 17 (6.2) <0.01 15 (32)
IGT 9 (1.9 93.3) 32 (68)
Infant Sex (n,%)

Male 220 (47.4) 147 (53.8) 0.09 279 (51) 24 (51.1) 0.99
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Female 244 (52.6) 126 (46.2) 268 (49) 23 (48.9)
Gestational Age 39.1(1.53) 38.7(1.84) <0.01 38.9(1.7) 38.2(1.7) <0.01
(M,SD)

Birth Weight () 3419.2 3486.8 0.11 34389 (531.4) 3355.9 0.31
(M,SD) (489.2) (579.4) (608.1)

2 Any discrepancies in n for demographic variables are due to missing data (e.g., two women in the normal
BMI category did not have information on education)

®Diet quality scores between 60 and 79.99 are considered ‘average’ in pregnant women [34]

M=Mean

SD=Standard deviation

Unadjusted associations: In unadjusted statistical models containing BMI as a
predictor, a per unit increase in maternal pre-pregnancy BMI was associated with
significantly lower verbal (BMlcont B=-0.30, 95% CI [-0.48;-0.11]) and full-scale 1Q
scores (BMlcont B=-0.24, 95% CI [-0.44;-0.05]) (Table 2). Maternal BMI in the
overweight/obese category was associated with significantly lower verbal BMIp; B=-3.41,
95% CI [-5.69;-1.12]) and full-scale 1Q scores BMIpi B=-3.21, 95% CI [-5.21;-0.88])
compared to women with a normal pregnancy BMI. Maternal BMI was also a risk factor
of increased levels of externalizing problems (BMlcont B=0.10, 95% CI [0.001;0.21],
BMIpi B=1.87, 95% CI [0.72;1.72]), but not performance 1Q or internalizing difficulties

(Table 3).

Table 2: Unadjusted and fully adjusted associations between maternal metabolic risk factors and cognitive
outcomes (WPPSI-III) in children at 3-4 years of age

Predictor f, Verbal 1Q Performance 1Q Full-Scale 1Q
(95% CI)
Unadjusted®  Adjusted? Unadjusted  Adjusted Unadjusted  Adjusted
BMI continuous -0.30** -0.16 -0.11 -0.13 -0.24* -0.12
(-0.48;- (-0.35,0.03)  (-0.32; (-0.23;0.21) (-0.44;-0.05) (-
0.11) 0.10) 0.31;0.07)
BMI dichotomous®  -3.41** -1.70 -1.79 -0.43 -3.21** -1.48
(-5.69;- (-4.01;,0.61) (-4.4;0.78) (-3.11;2.24) (-5.21;-0.88) (-
1.12) 3.81;0.85)
Hyperglycemia  -5.17** -2.09 -0.70 2.29 -3.48* -0.34
4 (-8.67;- (-6.15;1.96)  (-4.47; (-1.82;7.20) (-7.0;0.00) (-
1.67) 3.14) 3.63:4.32)

! Unadjusted associations
2 Adjusted for gestational diet quality, home environment, maternal depression, prenatal smoking and
maternal education, (and BMI in the hyperglycemia models)
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3 Normal (18.5-24.9 kg/m?) vs. Overweight or obese (> 25kg/m?)
4 GDM and IGT vs. No-GDM

* p<0.05

** n<0.01

In the unadjusted hyperglycemia models, GDM/IGT was associated with reduced
verbal (B=-5.17, 95% CI [-8.67;-1.67]) and full-scale 1Q scores (B=-3.48, 95% CI [-7.00;
-0.01]), but not performance 1Q, or behavior problems (Tables 2 and 3). A sensitivity
analysis examining the interaction between maternal BMI and hyperglycemia was tested
but was not statistically significant. Finally, there were no significant differences in our

results when stratifying by offspring sex.

Table 3: Unadjusted and fully adjusted associations between maternal metabolic risk factors and behavioral
outcomes (BASC-II) in children at 3-4 years of age

Predictor B, Externalizing Internalizing
95% ClI Unadjusted* Adjusted® Unadjusted Adjusted
BMI continuous 0.10* 0.01 -0.02 -0.04
(0.001; 0.21) (-0.11; 0.13) (-0.12; 0.09) (-0.16; 0.08)
BMI dichotomous® 1.87** 0.54 0.43 0.08
(0.72; 3.02) (-0.90; 1.98) (-0.79; 1.66) (-1.40; 1.56)
Hyperglycemia® -0.09 -1.03 0.27 -0.19
(-1.90; 1.72) (-3.56; 1.50) (-1.67; 2.21) (-2.73:2.30)

! Unadjusted associations

2 Adjusted for gestational diet quality, home environment, maternal depression, maternal education,
prenatal smoking (and BMI in the hyperglycemia models)

3 Normal (18.5-24.9 kg/m?) vs. Overweight or obese (> 25kg/m?)

4 GDM and IGT vs No-GDM

* p<0.05

** p<0.01

Adjusted associations: Following adjustment for confounding variables, no
significant associations persisted between our predictors and outcomes.

Adjusted associations- post-hoc assessment of confounding variables: Semi-
partial correlations (rpart) Were used to examine the variables that remained significant in
the fully adjusted models. Significant variance in verbal 1Q was accounted for by the

home environment (rpa=0.28, p<0.001) and prenatal diet (rpar=0.12, p<0.01). A
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significant amount of variance in full-scale 1Q was also accounted for by the home
environment (rpat=0.31, p<0.01) and prenatal diet (rpat=0.08, p<0.05). The home
environment (rparr=-0.20, p<0.01) and symptoms of maternal depression (rpat=0.18,

p<0.01) accounted for variance in externalizing problems (Table 4).

Table 4: Confounding effect of variables in the fully adjusted BMI model

BMI Model WPPSI-I1I BASC-II
Verbal 1Q Full-Scale 1Q Externalizing
B (95% Fpart® B (95% CI) Fpart B(95%Cl) rpat
Cl)

HOME® 0.91%** 0.28 1.02** 0.31 -0.40** -0.20
(0.65;1.18) (0.75;1.29) (-0.57;-

0.24)

Depression 0.06 0.02 0.14 0.04 0.37** 0.18

symptoms (- (-0.13;0.41) (1.98;0.56)
0.21;0.33)

Education 2.43 0.05 5.04** 0.10 0.77 0.03
(- (1.02;9.06) (-1.73;3.28)
1.54;6.40)

Smoking -0.70 -0.03 -0.49 -0.02 0.69 0.05
(- (-2.27;1.29) (-0.39;1.79)
2.46;1.06)

Maternal Diet 0.20** 0.12 0.14* 0.08 0.05 0.05

Quality® (0.06;0.35) (0.01;0.28) (-0.04;0.14)

@ Semi-Partial Correlation: The amount of unique variance each variable accounts for in the fully adjusted
models

® Home Observation for Measurement of the Environment Scale

¢Healthy Eating Index 2010

* p<0.05

** p<0.01

In the fully adjusted hyperglycemia model, the home environment accounted for
significant variance in verbal 1Q (rpat=0.34, p<0.01) and full-scale 1Q (rpart=0.38 p<0.01).
Maternal prenatal diet also accounted for variance in verbal (rpat=0.17, p<0.01) and full-

scale 1Q (rpart=0.11, p<0.05) (Table 5).

Table 5: Confounding effect of variables in the fully adjusted hyperglycemia model

Hyperglycemia  WPPSI-I1I BASC-II
Model

Verbal 1Q Full-Scale 1Q Externalizing

B (95% CI) Fpart B (95% CI) Fpart B (95% CI) Mpart
BMI? -0.001 -0.001 -0.004 -0.002 0.05 0.03
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(-0.22;0.22) (-0.22;0.21) (-0.91;0.18)
HOME® 1.10** 0.34 1.2%* 0.38 -0.46** -0.23
(0.79;1.4) (0.92;1.54) (-0.65;-0.26)
Depression 0.09 0.03 0.19 0.06 0.35** 0.17
symptoms (-0.23;0.4) (-0.12;0.49) (0.15;0.55)
Education 0.33 0.01 4.07 0.08 0.79 0.03
(-4.37;5.02) (-0.53;8.68) (-2.20;3.77)
Smoking -0.96 -0.05 0.44 -0.02 0.73 0.06
(-3.0;1.08) (-2.4;1.55) (-0.53;1.99)
Maternal Diet ~ 0.28** 0.17 0.18* 0.11 0.05 0.05
Quality® (0.12;0.44) (0.03;0.34) (-0.05;0.15)

& Continuous body mass index

® Home Observation for Measurement of the Environment Scale
¢ Healthy Eating Index 2010

* p<0.05

Although not selected a-priori as confounding variables, maternal income, birth
country and infant gestational age differed significantly between BMI groups (Table 1).
Therefore, we ran additional analyses with these variables added as confounders to our
adjusted models and results were unchanged (diet and home environment still accounted
for the most unique variance in verbal and full scale 1Q and home environment and
maternal depression accounted for unique variance in offspring externalizing problems).
Discussion

In a large sample of children, prenatal exposure to maternal adiposity and
hyperglycemia was associated with lower verbal and full-scale 1Q scores at 3-4 years of
age. Exposure to maternal adiposity was also associated with more externalizing
problems in offspring. However, after adjustment for confounding variables, these
associations were no longer statistically significant. Associations between prenatal
maternal metabolic problems and offspring cognitive outcomes appeared to be due to
confounding variables, particularly the home environment, maternal depression

symptoms and overall maternal diet quality reported during pregnancy.
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Our primary objective was to examine the associations between maternal
metabolic complications and offspring neurodevelopment, and our unadjusted findings
are consistent with the majority of studies that have observed these links. Numerous
studies have observed poorer cognitive performance in children born to obese women [9—
11,16,40-45], and in children exposed to prenatal hyperglycemia [14,46-48]. These
problems are generally in the language domain [9,14,16,41,46]. Elevated levels of
behavior problems, particularly externalizing problems, have also been observed in
offspring as young as two [49-52]. However, since most of these studies were not
designed to specifically examine links between maternal metabolic complications and
offspring neurodevelopment, many fail to contain data on key confounding variables.
Indeed, to our knowledge, no studies have considered the confounding effect of prenatal
diet quality and just 5 have objectively assessed stimulation of the home environment
[11,41-43,53].

A novel finding of this study is that total maternal diet quality during pregnancy
remained significant in both our adjusted adiposity and hyperglycemia models for verbal
and full-scale 1Q, suggesting that overall prenatal diet quality is an important
confounding variable in associations between excess adiposity/hyperglycemia in mothers
and offspring cognitive problems.

Maternal diet is a potentially modifiable factor known to play a significant role in
fetal brain development [54,55]. Indeed, prenatal exposure to a nutrient-dense diet (high
in fruits, vegetables, and seafood) has been linked to higher offspring 1Q [56] and may be

particularly important for the development of verbal 1Q in children [57]. Conversely,
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consumption of a low nutrient diet, high in processed, energy-dense foods has been
linked to reduced cognitive function in 8 year old offspring [57], as well as a 3-point
decrease in 1Q relative to children whose mothers consumed a healthier diet [56].
Experimental studies using non-human animal models have noted that prenatal exposure
to high-fat, high-sugar diets results in worse performance on tasks assessing learning and
memory, reduced levels of brain derived neurotropic factor in the hippocampus and
altered expression of genes involved in hippocampal synaptic plasticity [58].

Observational studies have also noted associations between maternal diet and
behavioral problems in offspring [59,60]; however, in the current study, diet was not
significant in our models predicting child behavior. This could be due to the age at which
behavior problems were assessed, maternal reporting bias, or a true lack of effect.

Women of lower socioeconomic status (SES) are more likely to consume an
unhealthy diet [e.g., 61]. Therefore, child cognitive development may be more of a
reflection of the family SES rather than prenatal diet quality. However, by including both
prenatal diet quality and the assessment of the child’s home environment together in each
adjusted model, we observed that both variables accounted for significant unique
variance in offspring cognitive function. Additionally, we did not find any evidence of
multicollinearity between these two variables. Therefore, despite the greater amount of
variance accounted for by the home environment relative to prenatal diet, our results
indicate that these are disparate constructs and that prenatal diet also has an impact on
offspring cognitive function.

In each of the adjusted models, the home environment accounted for the most
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variance in offspring cognitive function and offspring behavior, and maternal depression
accounted for significant unique variance in offspring behavior. It is well documented
that the home environment[62,63] and maternal depression[64] play a significant role in
child development, therefore, it is not surprising that these variables accounted for a
significant amount of variance in our models.

Despite the potential importance of these findings, this study must be examined in
the context of the following limitations. First, since some MIREC centers only screened
participants at high risk for GDM, of the 808 subjects participating in MIREC-CD Plus,
214 were missing hyperglycemia data which may partially explain why our prevalence of
hyperglycemia lower than other studies. Second, women in our sample had higher levels
of education and income relative to the Canadian population [65], which needs to be
taken into account when generalizing to other populations. Additionally, a greater
proportion of women of low income were missing information on BMI (Supplementary
Table 1). Since it is well understood that higher BMI in pregnancy is linked to lower
SES, this may have contributed to the slightly lower prevalence of overweight women
observed in our sample relative to that seen in other studies. Third, we were unable to
adjust for maternal 1Q; however, we did measure maternal education and evidence
suggests that HOME scale scores at least partially mediate associations between maternal
and offspring 1Q [62]. Fourth, while the FFQ we used covered a wide range of foods
commonly consumed by Canadians, it was comprised of only 46 items. This may have
limited the scope of our diet assessment; however, other studies calculated the HEI using

an FFQ with a similar number of items[66] and previous research suggests that short
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FFQs are valid for assessing overall diet quality [67]. Future studies could extend upon
these findings by using other diet quality indices (e.g., alternative health eating index for
pregnancy). We also did not consider intake of multivitamins or other dietary
supplements. Fifth, reports of maternal BMI and child behavior problems were made only
by mothers and therefore could be affected by response bias. Sixth, despite only
occurring in a small percentage of the population, potential prenatal confounding factors
that lead to neonatal hospitalizations, such as failure to thrive, could be adjusted for in
future studies. Additionally, we excluded women with a fetus with any known
abnormalities or malformations and future studies could also consider these factors.
Finally, we were unable to adjust for child diet; however, the home environment has been
associated with access to healthy food and healthy eating behaviors in children [68].

Future studies should aim to extend follow-ups of offspring born to women that
participated in prenatal healthy lifestyle randomized controlled trials (e.g., the Maternal
Obesity Management Trial[69]) to elucidate potential causal associations between
prenatal maternal diet and offspring cognition[70,71]. This is important since factors that
optimize cognitive function may have a significant impact at the population level. Since a
1-point increase in the national average IQ is associated with a 0.11% increase in gross
domestic product per person annually [72], optimizing cognitive development represents
a tremendous opportunity to improve the health and success of the population.

Numerous studies have reported on associations between prenatal maternal
metabolic complications and offspring neurodevelopmental problems. However, none of

these studies have examined the role prenatal maternal diet quality might play in these
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links. We show for the first time that prenatal diet quality is a significant confounder of
these associations, even in models that also adjusted for traditional risk factors for
adverse cognitive development (e.g., maternal depression and the home environment).
Due to the preventative potential of early life interventions, assessing the mechanisms
that underlie links between maternal prenatal metabolic complications and offspring
neurodevelopment is of particular interest; therefore, future studies must adjust for

prenatal diet quality in order to fully elucidate the mechanisms underlying these links.
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Context and implications of this study: Studies 1 and 2 of this thesis used data from
two large Canadian cohort studies to show that maternal prenatal diet quality appears to
play an important role in the link between gestational metabolic complications and
offspring outcomes related to poor emotion regulation capacity, including early cognitive
and behavioural problems. Therefore, | hypothesized that maternal prenatal diet might be
involved in programming the development of neurophysiological regulatory systems
known to index emotion regulatory capacity. To test this hypothesis, in Study 3, | used
data from the MIREC cohort to examine the association between prenatal diet quality and
offspring heart rate variability - an index of autonomic nervous system activity and a
commonly assessed biomarker of regulatory capacity and later psychopathology. This
study was the first to report on an association between poorer prenatal diet quality and

lower heart rate variability. Therefore, exposure to a poor prenatal diet may alter
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development of the autonomic nervous system and could increase risk for a host of
mental disorders later in life.
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Abstract

Background: Many pregnant women are consuming diets of poor overall quality. While
many studies have linked poor prenatal diet quality to an increased risk of specific
diseases in offspring, it is not known if exposure to poor prenatal diet affects core
neurophysiological regulatory systems in offspring known to lie upstream of multiple
diseases.

Objective: To examine associations between prenatal diet quality and autonomic nervous
system (ANS) function in infants at 6 months of age.

Methods: Data from 400 women (>18 years, with uncomplicated pregnancies) and their
infants participating in the Maternal-Infant Research on Environmental Chemicals-Infant
Development (MIREC-ID) cohort were used to investigate links between prenatal diet
quality and infant ANS function at 6 months of age. Prenatal diet quality was assessed
using the Healthy Eating Index (2010), calculated from a validated food frequency
questionnaire completed by women during the first trimester. Infant ANS function was
measured using two assessments of heart rate variability (HRV) including root mean
square of successive differences [RMSSD] and standard deviation of N-N intervals
[SDNN]. Associations were analyzed before and after adjustment for socioeconomic
status, maternal depression symptoms, maternal cardiometabolic dysfunction and prenatal
smoking.

Results: Poorer prenatal diet quality was associated with lower infant HRV assessed

using RMSSD (B=0.07, 95% CI (0.01, 0.13), R?>=0.013) and SDNN (B=0.18 95% ClI
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(0.02, 0.35), R?=0.011). These associations remained significant after adjustment for
confounding variables (RMSSD: B=0.09, 95% CI (0.003; 0.18), semi-partial (sp?)
correlation=0.14, SDNN B=0.24 (0.0, 0.49), sp?=0.13).

Conclusions: In a large cohort study, poorer prenatal diet quality was associated with
lower offspring heart rate variability, a marker of decreased capacity of the ANS to
respond adaptively to challenge. Therefore, poor prenatal diet may play a significant role
in the programming of multiple organ systems and could increase general susceptibility to

disease in offspring.
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Introduction

Approximately half of all adults consume diets of poor overall quality (such as a
Western-style diet, low in nutrients, and high in fats and sugars(1-3)) which can
contribute to an increased risk for a range of non-communicable diseases (1,2). Women
of childbearing age are no exception, because the majority enter pregnancy consuming a
diet of suboptimal overall quality (4-6). Since organ systems rapidly develop prenatally,
fetal exposure to poor prenatal diet has the potential to alter the development of these
systems and increase offspring disease susceptibility(7,8).

The developmental origins of health and disease (DOHaD) hypothesis posits that
prenatal and early postnatal environments affect health and disease risk throughout life
(9,10). Studies in humans have consistently reported links between poor prenatal diet and
increased risk of adverse offspring outcomes including obesity (11), cardiometabolic
problems (12-14), and psychopathology (15,16) in children up to 6 years of age. Factors
associated with a poor prenatal diet including maternal obesity, have also been linked to a
host of offspring health problems in adulthood (14,17,18).

Studies in non-human animal models suggest that exposure to a diet low in nutrients
and high in fats and sugars during pregnancy has detrimental effects on offspring cardiac
morphology (19,20), metabolic functioning (21,22), and neurodevelopment (23-25). This
research has also noted alterations in set-points within systems that coordinate hormonal,
and inflammatory responses to stressors, which can affect the functioning of multiple

organ systems and increase the risk of a variety of chronic diseases (23,26-28).
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Despite these findings, studies in humans have focused mainly on links between
exposure to poor prenatal diet quality and risk for pathology in individual organ systems
or single diseases. This work has generally overlooked the co-morbid nature of many
chronic diseases (e.g., cardiovascular disease and depression) as well as the impact of
prenatal diet on the development of the more basic neurophysiological regulatory systems
that lie upstream of multiple chronic diseases in offspring.

Investigating how prenatal diet quality impacts the development of physiological
regulatory systems can provide a more complete understanding of the role of prenatal diet
in offspring disease propensity in general and move the field closer to an understanding of
the mechanisms through which poor prenatal diet may affect offspring development in
humans.

The autonomic nervous system (ANS) is a core regulatory system that functions to
maintain homeostasis across organ systems by coordinating adaptive responses to
external environmental and internal physiological demands (29). ANS function can be
assessed by measuring the variability between inter-beat intervals of the heart, or heart
rate variability (HRV) (30,31). Greater HRV reflects a more flexible ANS capable of
coordinating adaptive responses to a range of environmental challenges (29,32).
Conversely, low HRV is suggestive of a more rigid system with a limited physiological
capacity to respond to stressors (33,34).

Given its central role to homeostatic maintenance, autonomic dysfunction is linked to

a host of diseases and comorbid conditions across the lifespan (35). Indeed, low HRV is
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linked to poorer regulatory capacity in infants and toddlers (36,37), cardiovascular and
mental health problems in children (38,39), precedes future cardiovascular events in
adults (40), is directly related to disease severity (41), and is a key risk factor for all-cause
mortality (35).

The development of the ANS begins early in the first trimester and autonomic
innervation of organ systems progresses rapidly throughout gestation (36,42). While ANS
development appears to be sensitive to intrauterine conditions associated with maternal
stress [e.g., 43 for review], no studies have examined associations between overall
prenatal diet quality and offspring ANS development. The few studies that have
examined dietary influences and offspring HRV have examined individual nutrients in
isolation (B12 (44), zinc (45), omega-3 fatty acids (46)), and have small or highly-
selected samples (43,44).

Given this background, investigating whether a modifiable exposure like prenatal
diet is linked to an objective measure of ANS activity in offspring is important to our
understanding of the mechanisms underlying links between adverse prenatal exposures
and disease risk. We set out to examine the link between overall prenatal diet quality, and
HRYV an important predictor of disease risk and a well-validated, objective biomarker of
ANS function in a population-based cohort of Canadian mothers and their infants.
Methods

Sample: The Maternal-Infant Research on Environmental Chemicals (MIREC)

study is a population-based longitudinal pregnancy cohort that recruited pregnant women
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from prenatal clinics (mean gestational age at recruitment 11.99 weeks, SD=1.5) between
2008 and 2011 from across Canada (Vancouver, Edmonton, Winnipeg, Sudbury, Toronto,
Hamilton, Kingston, Ottawa, Montreal and Halifax). Women were eligible to participate
if they were fluent in English or French, >18 years of age, planned to deliver locally and
agreed to provide a cord blood sample. Women were excluded if they were carrying a
fetus with a known abnormality, had any medical complications, or reported any history
of recreational drug use (47).

The current study used data from the MIREC-Infant Development (MIREC-ID)
sub-study (an in-depth clinical assessment of n=400 infants) designed to follow-up and
assess development in the 6-month-old infants of women that participated in the original
MIREC study. MIREC infants were eligible to participate in the MIREC-ID sub-study if
they were a singleton and free of congenital birth defects or neurological disorders. (for
demographic comparison of MIREC vs. MIREC-ID infants, see Supplementary Table 1).
Women provided written consent prior to participation and study procedures were
approved by research ethics boards at Health Canada and all testing sites.

Predictor: Prenatal Diet Quality

The assessment of overall prenatal diet quality involved two steps. First, a food
frequency questionnaire (FFQ) (48) asked women to report on serving sizes and
frequency of foods consumed in the past month. Second, the Healthy Eating Index-2010
(HEI) (49) used information obtained from the FFQ to calculate an overall diet quality

Score.
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i) Food Frequency Questionnaire (FFQ): A validated semi-quantitative short FFQ
was used by women to report on the intake of 46 food items across 6 sub-groups
(vegetables; fruits; meat, poultry, fish and alternatives; dairy products; grain products and
other foods)(48). The FFQ was administered between 16 and 21 weeks gestation.
Previous studies have shown that short-form FFQs are valid in assessing overall diet
quality (50-52) and FFQs with a similar number of items have previously been used by
the HEI to calculate total diet quality (53).

ii) Healthy Eating Index-2010 (HEI). Based on the dietary intake information
obtained from the FFQ, the HEI was used to estimate total diet quality (54) (see (55) for
the methods used to convert FFQ data to HEI scores). We used the HEI scoring algorithm
method since it is the recommended method to use when the goal is to examine the
association between HEI diet scores based on dietary data from an FFQ and ‘another
health outcome variable’. The HEI assesses diet quality according to national dietary
guidelines and has been validated in pregnant women (54). The HEI calculates 8
“adequacy” sub-components (total fruit, whole fruit, total vegetables, greens and beans,
whole grains, dairy, total protein foods, seafood and plant proteins, and fatty acids). The
HEI also contains 3 sub-components comprised of foods that should be consumed in
moderation (refined grains, sodium, and empty calories [from saturated fats and added
sugars]). These items are reverse-scored and so higher scores indicate less consumption
of these ‘moderation’ components. The sum of all sub-components yields an HEI total

score (maximum score=100). Higher overall scores indicate greater consumption of
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adequacy components and less consumption of the moderation components. The HEI
total score was used in our analyses. Our HEI total scores were consistent with those from
other samples of pregnant women (56,57).

Outcome: Autonomic Nervous System Function: Time Domain Heart Rate
Variability

Heart rate variability (HRV) is a measure of the variability between adjacent
normal R waves (NN intervals) acquired from an electrocardiogram (ECG). Seven
electrodes were placed on the infant’s chest at the following locations: i) right clavicle,
lateral to the sternum, ii) left clavicle, lateral to the sternum, iii) left clavicle at the mid-
clavicular line, iv) lower right chest wall, v) fourth intercostal space at the right sternal
edge, vi) 6" rib, at the left mid-clavicular line, vii) 5th intercostal space at the left axillary
line. HRV was obtained during a short anthropometric assessment and throughout two
validated tasks (tilt procedure (58) and arm restraint task (59), see Supplementary Table 2
for protocols) that are commonly used to invoke fluctuations in HRV. HRV was averaged
across tasks to obtain a global measure of HRV reactivity. Therefore, lower HRV
throughout challenges reflects maladaptive, diminished autonomic flexibility (33,60,61).
Recordings were obtained using the MARS ambulatory ECG system and the ECG
recording length was m=43 minutes (SD=21.3).

The two most utilized time series measures of HRV-the standard deviation of all
N-N intervals (SDNN) and the square root mean of the sum of squares of differences
between adjacent NN intervals (RMSSD) (62)-were used in analyses. SDNN assesses

reactions to environmental stimulation and is considered a gold standard index of the
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cardiovascular response to changing demands (63). RMSSD reflects the beat-to-beat
variance in heart rate and is the primary time-domain measure of parasympathetically
mediated vagal tone (60). All ECGs were examined for artifacts by a cardiologist. Data
were excluded if >2% of the recordings had noise (n=10 excluded- No significant
differences were observed on any of our demographic variables between the 390 dyads
analyzed and the 10 that were excluded).
Confounding variables

Potential confounding variables were included in our adjusted model if previous
empirical evidence exists linking this variable to both our predictor and our outcome.
Maternal cardiometabolic dysfunction: To assess prenatal exposure to maternal metabolic
dysfunction we used pre-pregnancy body mass index (BMI) (64). Maternal pre-pregnancy
BMI was calculated at the first-trimester visit by dividing self-reported pre-pregnancy
weight (kg) by height (m?) obtained from medical charts. BMI was examined
categorically (Underweight: BMI =<18.5, Normal: 18.5 < BMI =< 25, Overweight: 25<
BMI=<29; Obese BMI>30)(65).
Maternal Depression Symptoms: Depressive symptoms were assessed when offspring
were 6 months of age using the 10-item Center for Epidemiological Studies Depression
(CES-D) scale. Women rated depressive symptoms experienced during the previous week
using a four-point scale (0= “rarely” to 3="all of the time”) with higher scores

representing more symptoms of depression (66).
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Household income: Women self-reported their total household income before tax on a 9-
point scale- ‘less than $10,000° and increases in $10,000 increments to greater than
$100,000 (Canadian dollars).
Prenatal Smoking: Self-reported smoking was captured at the third prenatal visit and was
defined categorically: never smoked, former smoker, or smoke currently/quit in
pregnancy.
Sex: Offspring sex was included as a confounder since programming effects of prenatal
exposure to poor diet may differ depending on sex (67). Sex was also examined as a
moderator of these links.
Recording Duration: Due to the variability in recording length, this was also adjusted for
as a confounding variable.
Statistical Analyses

Differences between women participating in MIREC vs. the MIREC-ID sub-study
were examined using independent sample t-tests and chi-squared tests. Two linear
regression models were used to examine associations between the predictor (overall
prenatal diet quality) and each outcome variable (RMSSD, SDNN). We also tested an
offspring sex by prenatal diet quality interaction. Multivariable linear regression models
were used to examine associations assessed in our unadjusted models with the addition of
each confounding variable. Variance inflation factors (VIF) were examined in the
adjusted models to check for multicollinearity. VIF values were below 10, therefore no

multi-collinearly was observed between our variables. To assess the impact of a one-point
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change in diet on HRV, we present unstandardized beta (B) values. Hypotheses were
tested using two-tailed significance tests (p < 0.05). All analyses were conducted using
SPSS v23.
Results
Sample Characteristics

The characteristics of the MIREC-ID study sample are presented in Table 1 (Table
1 includes information for all dyads with infant HRV data n=400, however, 10 dyads had
to be excluded from further analyses due to excessive noise in the ECG trace, therefore
analyses are conducted for n=390 dyads). The average age of mothers was 32 £SD=4.7
years and 41% had an overweight/obese pre-pregnancy BMI. Average maternal prenatal
diet quality (HEI) score was 72.1 +SD=8.1, min=42.9 max=89.0; and 75.1% of women in
our sample had scores in the ‘average’ prenatal diet quality range for pregnant women
[60.0-79.9], scores >80 are considered ‘adequate’ (57)). The majority of women in this
sample were married (n=382, 95.2%) and were college/university educated (n=384,
87.4%). Infants were born at 39.2 +SD=1.4 weeks gestation and tested at 6.7 +SD=0.83
months. Demographic characteristics of women participating in MIREC-1D were also
similar to women participating in the nationally representative population-based Canadian

Health Measures Survey (Cycle 1 2007-09) (47).

Table 1: Characteristics of MIREC-ID Sample (n=400)

Demographic Variables Maternal/Family Characteristics  Infant RMSSD  Infant SDNN
(m,SD) (m,SD)

Diet quality [m, SD]? 72.1 (8.1)

Age (years) [m, SD] 32 4.7

Marital Status [n, (%)]
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Married/Common law 382 (95.2) 15.2 (4.8) 38.0 (15.5)
Divorced/Separated 3 (0.8) 14.5 (4.9) 35.0(15.1)
Single 15 (3.8) 15.6 (3.7) 37.9(9.01)
Household Income [n, (%)]

Less than $50 000 71 (17.8) 15.6 (5.3) 40.4 (17.1)
$50 001-$100 000 186 (46.5) 15.1(5.1) 38.8 (14.2)
Greater than $100 000 143 (35.8) 15.4 (4.3) 38.7 (14.8)
Education [n, (%)]

High School or less 50 (12.6) 15.9 (4.9) 38.0(13.1)
College Educated/ 348 (87.4) 15.1 (4.9) 39.2 (15.3)

University Degree
Birth Country [n, (%)]

Canada 349 (87.3) 15.2 (4.8) 38.5(14.9)
Elsewhere 51 (12.7) 15.9 (5.4) 42.6 (14.8)
Breastfeeding [n, (%)]

Yes 380 (96.0) 15.3(3.7) 39.2 (15.1)
Never or only once 16 (4.0) 14.3 (4.9) 35.6 (11.9)
Smoking [n, %]

Never 265 (66.3) 15.3 (4.9) 39.1 (15.5)
Former 102 (25.5) 15.5 (4.8) 39.4 (13.3)
Current/Quit in pregnancy 33 (8.3) 14.3 (4.2) 37.2 (15.8)

Pre-pregnancy BMI
(kg/m?) [n, (%)]

Underweight 7 (1.9) 15.4 (5.9) 52.4 (27.5)
Normal 210 (56.9) 15.2 (4.5) 38.3(13.5)
Overweight 86 (23.3) 15.3 (4.9) 39.1(17.4)
Obese 66 (17.9) 15.6 (5.3) 38.9 (14.5)

Depressive symptoms (CES-D10)® 6.0 (4.0)
Infant Characteristics

Age (months) [m, SD] 6.7 (0.83)
Heart rate [m, SD] 140.6  (10.4)
RMSSD [m, SD] 15.3 (4.9)
SDNN [m, SD] 39.0 (15.0)
Birth weight (g) [m, SD] 3497.7 (497.4)

Gestational age (weeks) [m,SD] 39.2 (1.4)
Infant Sex [n, (%)]
Male 205 (51.2)
m=Mean
SD=Standard deviation
aDiet quality scores between 60 and 79.99 are of ‘average’ quality in pregnant women, in our sample 75.1%
consumed a diet of average quality
b Maximum possible score on the CES-D10 is 30 points. 89% of the sample had scores <=10, and scores
above 10 are considered a cut-off for depression risk
Infant RMSSD or SDNN did not differ between any of our demographic variables
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Analyses

In unadjusted associations, a significant positive association between poor overall
prenatal diet quality and lower HRV assessed using both RMSSD and SDNN measures

(Figure 1 and Table 2) was observed.
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Figure 1: Unadjusted associations between overall prenatal diet quality and offspring
HRV

Table 2: Unadjusted and adjusted associations between overall prenatal diet quality and offspring heart rate
variability

RMSSD SDNN

B 95% CI B 95% CI
Prenatal diet quality 0.07 (0.01; 0.13) 0.18 (0.02; 0.35)
R? 0.013 0.011

Associations remained significant following adjustment for confounders (Table 3).
Variance accounted for by prenatal diet did not change in adjusted models. The potential
presence of heteroscedasticity was tested for using the Breusch-Pagan test and White’s
test. Both tests were not significant (p=0.21, p=0.38), therefore there did not appear to be

any violations of the homoscedasticity assumption. Finally, offspring sex did not modify

these relationships.
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Table 3: Adjusted associations between overall prenatal diet quality and heart rate variability at 6 months of
age

RMSSD SDNN

B 95% ClI sp? B 95% ClI sp?
Prenatal diet quality 0.09 [0.03; 0.18] 0.14 0.24 [0.00; 0.49] 0.13
Maternal body mass index 0.35  [-0.29; 0.98] 0.06 -0.05  [-2.07; 1.90] -0.003
Infant age -0.06  [-0.65; 0.53] -0.01 0.95 [-0.88; 2.78] 0.06
Maternal Smoking -0.30 [-0.83;0.23] -0.06 -1.02  [-2.6; 0.57] -0.07
Total household income -0.07 [-0.28;0.15] -0.03 -0.26  [-0.90; 0.38] -0.06
Maternal depressive 0.14  [0.008; 0.27] 0.11 0.25 [-0.15; 0.65] 0.06
symptoms
Recording duration 0.08  [0.06; 0.11] 0.34 0.31 [0.24; 0.39] 0.42
Sex -0.13  [-1.11;0.90] -0.14 -0.77  [-3.73;2.20] -0.04
Adjusted R? 0.14  p<0.001 0.18 p<0.001

Sp?: Squared semi-partial correlation- indicates the amount of unique variance accounted for by each
individual 1V to the total variance of the DV (rmssd and sdnn) [1]

Discussion

In this large sample of Canadian mothers and their infants, maternal prenatal diet
quality was associated with lower offspring HRV even after adjustment for known
confounders. To our knowledge, this study is the first to observe a link between overall
prenatal diet, a common and modifiable exposure, and HRV, a well-validated objective
marker of ANS function and disease risk. These findings suggest that prenatal diet may
play a role in the programming of multiple organ systems in offspring.

The high rates of consumption of diets of poor quality in women of childbearing
age (~60% (5)) highlight the importance of investigating its link to core physiological
regulatory systems in offspring like the ANS. Despite the potentially modifiable nature of
this exposure, only four studies have investigated associations between prenatal nutrition
and diet exposures and offspring ANS function. Lower HRV measured during gestation
was observed in the fetuses of adolescent mothers deficient in zinc in the 3rd trimester
(45). This was also noted in the 5 year old children born to women low in vitamin B-12
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during pregnancy from urban south India (44). Conversely, offspring of women that
consumed healthier carbohydrates prenatally exhibited a trend toward higher HRV
(p=0.06) (69), and greater HRV was noted in the infants of women supplemented
prenatally with omega-3 fatty acids (46). However, the utilization of small and highly
selected samples or restriction to single macro or micronutrient components limits the
generalizability and clinical utility of these findings. Additionally, since nutrients have
synergistic effects on development, focusing on overall prenatal diet quality could reflect
the effect of multiple nutrient imbalances on offspring ANS function (70).

ANS development appears to be sensitive to intrauterine conditions. Studies
examining proxies of intrauterine adversity (e.g., survivors of very low birth weight
(<15009)) have noted poorer autonomic functioning in offspring (71). Maternal prenatal
mental disorders (72-77) and substance abuse (78-83) may also impact offspring HRV.
However, the proportion of women with mood/anxiety disorders (affecting 12-15% of
women prenatally (84,85)), substance use problems (affecting 1-14% of women
prenatally (86)), and who have VLBW infants (<1% of births (87)) is much smaller than
those consuming diets of poor overall quality. Additionally, the vast majority of these
findings have been reported in neonates (72—75,78,80-83), and since ANS development
continues throughout infancy (36) it has been unclear whether these associations persist
beyond the neonatal period.

While the mechanisms by which prenatal overall diet affects offspring autonomic

function are not known, they could occur through fetal alterations in the development of
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central regulators of ANS activity. In non-human animal models, the periventricular
nucleus of the hypothalamus, the mesocorticolimbic dopamine system (88,89), and the
prefrontal cortex (90), all of which mediate autonomic cardiovascular control(32), are
adversely affected in offspring exposed to high fat diets prenatally (21,90,91). Other
studies have observed prenatal nutritional influences on epigenetic alterations in genes
integral to ANS development. Indeed, Mashl mRNA, was significantly reduced in the
offspring of dams fed a high fat diet prenatally (25). Alterations in genes laying the
foundation for ANS development and adverse development of important brain areas
known to modulate cardiovascular control could reflect a reduced capacity to adaptively
modulate physiological resources in response to challenges. This is consistent with work
that observed associations between prenatal adversity and ANS function when measured
during tasks designed to induce adaptive changes in HRV. Prenatal adversity may
program differences in regulatory physiology that are more likely to be detected when the
system is challenged, relative to quiet rest (76,91). Indeed, exposure to early life adversity
has been linked to a blunted stress response (92) and dysregulated stress reactivity
predicts a host of health problems later in life (93). As a result, measuring ANS activity
during stressors (as done in the current study) may be important as this could reflect a
diminished capacity of the system to respond effectively to challenges.

While the goal of the current study was to determine if a link exists between
overall diet quality and offspring ANS function, specific nutrients that comprise healthier

overall diets may act synergistically to promote optimal ANS development in offspring.
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Zinc, iron, choline and long-chain polyunsaturated fatty acids play a significant role in
DNA synthesis, energy metabolism, neurotransmitter synthesis, myelination and
synaptogenesis and therefore are important components of fetal nervous system
development (94). Pregnant women do not consume enough of these nutrients and
physiological requirements of these nutrients increase during pregnancy (95).
Consumption of an optimal healthy overall diet may decrease the likelihood of
deficiencies in these important nutrients, therefore, reducing the risk of adverse ANS
development.

The following limitations of this study must also be considered. First, it should be
acknowledged that some participants with high diet quality had infants with low HRV
and some with poor diet quality had infants with high HRV. Since it is well known that
HRV can change depending on state (e.g., strong, rapid increases in negative affectivity,
increased drowsiness) HRV obtained from these few participants may have been affected
by state related changes prior to, or during ECG acquisition. Unfortunately, we did not
obtain information on infant state prior to the ECG recordings. Additionally, unmeasured
variables, such as shared genetics or prenatal exercise, may also have affected our
findings for these dyads. Second, replicating this study using samples of pregnant women
at elevated risk for poor diet consumption (such as those of lower SES) and their
offspring would be important to determine if a positive association between diet quality
and offspring HRV can also be found in these populations. Indeed, MIREC only recruited

healthy pregnant women and since diets of Canadian women are generally healthier than
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American women (75.1% of our sample consumed a diet of average quality) (56), this
should be considered when generalizing findings to other populations. However, given
the strong programming effects of prenatal diet on offspring development reported on in
both experimental animal model literature and epidemiological studies in humans (e.g.,
15,16,24) we hypothesize that associations between diet and offspring HRV could be
even stronger in samples that include more women at risk for poor diet consumption.
Third, we are unable to examine whether low offspring HRV persists beyond 6 months of
age and if HRV in the infants in this study predicts later disease. Fourth, it is unclear
whether offspring ANS functioning could be affected by diet specifically in pregnancy or
by the woman’s diet over the course of her life leading up to pregnancy. Since women are
born with their lifetime complement of ova, a woman’s diet across the lifespan may also
play a role in offspring ANS development. Fifth, although short FFQs are valid in
assessing overall diet quality (50-52), future studies could use more comprehensive
measures to further investigate dietary patterns and offspring ANS functioning. Further, it
should be acknowledged that FFQ-reported intakes themselves can be biased - which
could have affected our HEI total scores. Finally, while our associations between prenatal
diet and offspring HRV were significant, we acknowledge that they were small in
magnitude. However, given that a 1% increase in heart rate variability was linked to a 1%
decrease in risk for cardiovascular disease (41), we believe that our findings could have

significant public health implications.
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While data in humans suggest that poor prenatal diet quality is associated with an
increased risk for chronic diseases and their comorbidity in offspring, these studies have
tended to examine risks for individual diseases in isolation and have not investigated
mechanisms that might underlie broad chronic disease risk. The data from this large
cohort study suggest that a common modifiable exposure, prenatal diet quality, may
adversely affect offspring ANS function. These findings suggest that for some dyads,
prenatal diet could play a role in altering this core physiological regulatory system known
to underlie risk for multiple chronic conditions across the lifespan. As a result, our
findings could have significant public health implications and could one day inform the
development of interventions aimed at improving health for both women and their

infants.
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Chapter 5: Changes in Psychophysiological and Behavioral Measures of Emotion
Regulation in Infants following Maternal Cognitive Behavioral Therapy for
Postpartum Depression (Study 4)

Study 4 Overview

Title: Changes in Psychophysiological and Behavioral Measures of Emotion Regulation
in Infants following Maternal Cognitive Behavioral Therapy for Postpartum Depression
Authors: John E. Krzeczkowski, H.BSc., Louis A. Schmidt, Ph.D., Ryan J. Van Lieshout
MD.

Context and Implications: Studies 1,2 and 3 addressed the need to utilize data from
large cohort studies to investigate the impact of potentially modifiable, previously
unmeasured confounding variables on offspring neurodevelopment. This was done to
identify potential effective targets for future interventions. Additionally, in order to fully
elucidate the preventative potential of the DOHaD hypothesis, we must also move toward
testing the effectiveness of interventions on offspring outcomes. Further, assessing the
impact of these interventions on offspring outcome variables that index vulnerability to
later psychopathology (e.g., infant emotion regulation) is critical.

Therefore, in Study 4, we examined if treating mothers with major depressive
disorder in the postpartum improved physiological and behavioral markers of emotion
regulatory capacity in their infants. Maternal postpartum depression significantly
increases the risk for emotion regulatory and psychiatry problems in offspring. However,
no studies have examined if treating postpartum depression can adaptively alter

physiological and behavioral systems core to infant emotion regulation. In this study, we
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show that a cost-effective, first-line treatment for postpartum depression is associated
with adaptive changes in infant emotion regulatory capacity evidenced across
physiological and behavioral levels. Therefore, this study not only provides evidence on
the potential malleability of emotion regulatory systems in infants in the first year of life,

but that treating mothers is associated with reduced intergenerational transmission of

psychiatric risk from mother to child.
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Abstract

Background: Exposure to maternal postpartum depression (PPD) increases the risk for
emotion regulatory and psychiatric problems in offspring. This study aimed to determine
if maternal cognitive behavioral therapy (CBT) for PPD improves infant emotion
regulatory capacity.

Methods: Participants were 40 infants of mothers with a primary diagnosis of major
depressive disorder matched 1:1 to 40 healthy control infants of non-depressed mothers
on infant age, sex and socioeconomic status. Mothers with PPD received nine weeks of
group CBT. Dyads were tested at two time points. Visit 1 occurred following the first
CBT session (baseline visit for control infants). Visit 2 took place after CBT (nine weeks
post-baseline for controls). At both visits, infant emotion regulation was assessed using
resting-state frontal EEG alpha asymmetry (FAA), heart rate variability (HRV), and
maternal and partner ratings of orientation/regulation behaviors (Infant Behavior
Questionnaire-Revised [Short Form]). Changes in maternal characteristics (depression,
bonding, emotion regulation) from pre- to post-treatment were examined to determine if
these variables explained infant changes.

Results: Following maternal PPD treatment, infants showed improved emotion
regulatory capacity as evidenced by a shift from greater right to left FAA [p=0.01,
d=0.60], increased HRV [p=0.003, d=0.56], and orientation/regulation behaviors reported

by mothers [p=0.015, d=0.29] and partners [p=0.049, d=0.35]. After maternal treatment,
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emotion regulation in these infants was similar to healthy control infants. Changes in
maternal characteristics did not account for these changes.

Conclusions: Cognitive behavioral therapy, a cost-effective, first-line treatment for PPD
is associated with adaptive changes in physiological and behavioral systems underlying

infant emotion regulatory capacity.
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Introduction

Postpartum depression (PPD) is common® and has significant negative effects on
the lives of women and their offspring. Each case of PPD is estimated to cost $97 000
(USD) over the lifespan, with two-thirds of these costs being accounted for by the
offspring?. Infant exposure to PPD is linked to elevated levels of emotional, behavioral,
and cognitive problems in childhood 3 as well as an increased risk for psychopathology in
adulthood*.

Postpartum depression can have particularly deleterious effects on the emotion
regulatory capacity of offspring °. Changes in emotion regulation, an individual’s ability
to modify emotions in the service of future goals 8, may play a key role in the
transmission of risk from mothers with PPD to their children ®’. Indeed, early problems
with emotion regulatory capacity are linked to an increased risk of psychiatric disorders 8,
physical health problems and income rates below the poverty line °.

Optimal development of emotion regulatory systems in infants relies on the quality
of interactions with caregivers °, and abnormal development of both central and
peripheral biomarkers of these systems has been detected within the first postpartum year
in the infants of depressed mothers *. Exposure to PPD is linked to greater activity within
the right frontal hemisphere'?!3 and lower heart rate variability*!°, two early emerging
indices of emotion regulatory capacity and predictors of later psychiatric risk 167,
However, given the plasticity of the infant brain in the first postnatal year, interventions

applied during this time may have the greatest potential to adaptively alter these emotion

143



Ph.D. —J. Krzeczkowski; McMaster University— Neuroscience

regulatory systems 8. Therefore, due to the prevalence of PPD !, its negative impact on
infant emotion regulation, and the established links between early emotion regulation and
later health 8, it is important to determine whether treating mothers with PPD can improve
emotion regulation in their infants.

Studies that have examined the impact of treating PPD on offspring have yielded
inconsistent results with some studies suggesting that treating mothers benefits offspring
19-28 \while others have not 2%, However, these studies measured infant outcomes using
maternal informant reports and or single assessments of observed infant behavior.
Assessing infant outcomes using these methods alone may not fully capture the subtle yet
important changes potentially occurring in preverbal infants following maternal PPD
treatment. Further, to our knowledge, only two of these studies explicitly set out to assess
offspring emotion regulation following maternal PPD treatment; however, both utilized a
single observational assessment method and examined offspring beyond the first postnatal
year "2, No studies have examined the effects of PPD treatment on infant emotion
regulatory capacity by assessing the physiological and behavioral systems known to be
adversely affected by PPD exposure, combined with reports from multiple informants.

Utilizing robust multimethod assessments across both physiological and
behavioral levels can address the limitations of previous studies and provide a more
complete picture of the potential maternal PPD treatment has to optimize infant emotion
regulation. If maternal PPD treatment can alter physiological and behavioral emotion

regulatory systems in infants to levels comparable to infants of non-depressed women, we
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may be capable of disrupting the intergenerational transmission of risk from mothers to
offspring.

We used data from 80 mother-infant dyads (40 infants of women with PPD and 40
sex- and age-matched control infants of mothers free of PPD) to examine: 1) whether
maternal treatment for PPD was effective in producing improvements in infant emotion
regulatory capacity examined on physiological and behavioral levels, 2) if emotion
regulation after maternal treatment was comparable to healthy control infants, and 3) if
changes in maternal factors (depressive symptoms, bonding and emotion regulation)
accounted for putative physiological and behavioral changes in their infants.

Methods
Participants

The study sample was comprised of 80 infants and their mothers. Mothers were
recruited between March 2016 and July 2019 from Hamilton, Ontario and surrounding
municipalities.

Case dyads: Case infants (n=40) were born to women with a primary diagnosis of
major depressive disorder diagnosed within the first postpartum year. These women were
patients of the Women’s Health Concerns Clinic, a specialized women’s mental health
clinic at St. Joseph’s Healthcare Hamilton in Ontario. Major depressive disorder (MDD)
diagnoses were made according to DSM-5 criteria by a mental health clinician (nurse,
social worker, or psychologist) using a structured interview format and confirmed by a

psychiatrist. After diagnosis, women were offered the 9-week cognitive behavioral
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therapy (CBT) for PPD intervention. At the first CBT session, women were invited to
participate in the present study. Mother-infant dyads were deemed ineligible if MDD was
not the primary diagnosis or were diagnosed with bipolar or a schizophrenia spectrum
disorder, if women were not fluent in English, or if their infant was >12 months of age.

Control dyads: Control infants (n=40) were matched 1:1 with case dyads based on
infant age, sex and familial socioeconomic status (SES, total household income
[Canadian Dollars (CAD)]). This group was recruited to ensure that any changes in case
infants were not due to development (occurring with age), sex, or other early adverse
experience 3 and to determine if putative changes in infant emotion regulation in
response to maternal PPD treatment reached levels comparable to infants never exposed
to PPD. Dyads were recruited from the Infant Database of the Department of Psychology,
Neuroscience and Behavior at McMaster University (the same catchment area as case
dyads). Dyads were ineligible if women were not fluent in English, screened positive on
the major depressive episode module of the Mini International Neuropsychiatric
Interview 3 or their infant was >12 months old.
Study Design

Data were collected at two points. For case dyads, Visit 1 occurred following the
first CBT session and Visit 2 occurred after treatment was completed. Data acquisition
from control dyads occurred at a baseline session (Visit 1) and 9-weeks after this baseline

(Visit 2) (Figure 1). All testing occurred at the Child Emotion Laboratory at McMaster
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University. The Hamilton Integrated Research Ethics Board approved this study. All

women provided informed consent prior to participating.

Visit 1 Visit 2

——
Casc Infants Following the G CBT
ase —| first CBT Eoup Post-CBT
(n=40) N Treatment
session
t S J

Matching Criteria
Infant age, Sex,
Family SES

¢ 4 N\
Cong:):l:g)fams Baseling Blereriii Post-Baseline
~— @

Figure 1: Study Design

Intervention (Group Cognitive Behavioral Therapy): Women with PPD received
the 9-week group CBT intervention * delivered by two trained therapists (psychiatrists,
psychologists, psychiatric nurses, and social workers). Nine two-hour sessions took place
weekly. The first half consisted of core CBT content, and the second half involved a
relevant discussion topic co-led by patients and therapists. To optimize the
generalizability of our findings, women in the CBT group could also receive any other
treatments they wished during CBT treatment.
Outcome: Infant Emotion Regulation

Multimethod assessments that combine physiological and observational methods
are recommended for the measurement of emotion regulation in infancy “°. Resting-state
assessments of frontal electroencephalographic alpha asymmetry (FAA) and heart rate
variability (HRV) index trait-related emotion regulation systems, as do parental reports of

temperament observed across contexts 4. Greater right FAA, lower HRV, and lower
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scores on the orientation/regulation domain of temperament scale index poorer emotion
regulation and vulnerability to psychopathology.

Procedure: At both visits, four minutes of resting-state physiological data were
acquired in accordance with standard infant protocols . Infants were seated on their
mother’s laps facing forward while a research assistant seated at infant eye level
manipulated a toy 50cm in front of the infant’s face. Mothers were instructed not to talk
to their infant during this time.

Electroencephalography (EEG): EEG data were recorded using Netstation
(v.4.4.1)128-electrode HydroCel sensor nets at 250Hz and referenced to the vertex (EGI
Inc). Data were analyzed offline in EEGlab (14.0.0b.) (details in Supplementary
Methods), re-referenced to the average and then segmented into two seconds epochs with
50% overlap. A 100% hanning window was applied to each epoch, and a Fourier
transform was used to extract power within the “infant” alpha (o) band (6-9Hz) *3. Frontal
alpha asymmetry was calculated by subtracting the natural log-transformed alpha power
at the left frontal hemisphere (at site F3 [channel 24]) from the right frontal hemisphere
(at F4 [channel 124]) [i.e., FAA=In(F4)-In(F3)]. Of the 80 study infants at Visit 1, data
were unanalyzable from six cases and two controls and at Visit 2 from five cases and four
controls.

Heart rate variability (HRV): Pediatric ECG electrodes were placed on the infant’s
back. Data were acquired wirelessly using Biolab software (v 3.2.3, Mindware Ltd.

Gahanna,OH). Mindware HRV (v 3.3.2) software was used to inspect data for artifacts
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(details in Supplement) and to analyze data in the frequency domain. Power in the infant
high-frequency band (0.24-1.04Hz)** was obtained. Of the 80 infants in the study, data
were unanalyzable from one case Visit 1 and one control at Visit 2.

Temperament: The mother and her partner reported on infant temperament using
the 91-item Infant Behavior Questionnaire-Revised (Short Form). Infant behaviors were
rated over the past week using a 7-point scale [1 (never)-7 (always)].** A priori, we
decided to focus on the orientation/regulation domain, which combines soothability,
duration of orientation, low intensity pleasure, and cuddliness subscales. This domain
predicts later effortful control, and assesses the functioning of emotion regulatory systems
45 Higher scores indicate more regulatory behaviors. One case mother, and nine case and
eight control partners did not complete the questionnaires. Cronbach a at Visit 1 was 0.88
for mothers, 0.87 for partners; and at Visit 2, Cronbach a was 0.90 for mothers and 0.78
for partners.

Maternal Change with Treatment and Infant Emotion Regulation

As we were interested in the putative mechanisms by which PPD treatment could
affect offspring emotion regulation, we assessed whether maternal changes in depression,
emotion regulation, and mother-infant bonding affected infant emotion regulatory
capacity. Maternal depressive symptoms were assessed using the Edinburgh Postnatal
Depression Scale and mother-infant bonding with the general factor scale of the
Postpartum Bonding Questionnaire. The Neuroticism subscale of the revised NEO five-

factor personality inventory was used to assess the construct of maternal emotion
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regulation to determine if changes in infant emotion regulation were simply a reflection
of changes in maternal emotion regulation. Change scores were calculated by subtracting
post-CBT from pre-CBT treatment scores in the case group.

Statistical Analyses

Differences between case and control groups were assessed using chi-square and
independent samples t-tests. Group by Visit interactions for each measure of infant
emotion regulation were examined using repeated-measures analysis of variance
(ANOVA) tests. The between-subjects factor was group, and the within-subjects factor
was study visit. Planned comparisons examined between-group differences at Visit 1, and
again at Visit 2 using independent samples t-tests. Within-group differences occurring
from Visit 1 to Visit 2 were tested using paired t-tests.

Next, in case dyads, linear regression was used to examine if change scores in
maternal characteristics occurring with treatment were associated with changes in infant
outcomes. In case dyads, sensitivity analyses were conducted to examine interactions
between mothers taking vs. not taking psychiatric medications on infant outcomes.
Analyses were conducted in SPSS v.23. Significance was 2-tailed with P <0.05.

Results
Sample Characteristics

Sample characteristics are summarized in Table 1. Infant age at enrolment was

(mean [SD]) 5.7[2.6] months and 32[40%] were males. Infant birth weight was 3352.2

[464.1] grams, and all infants had been carried to term. Average household income was
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$94,437 [$25,189.5] (Canadian Dollars), and 73[91%] of the women were
married/common law. Of the 51 case women recruited, 2 were excluded because PPD
was not the primary diagnosis and 40[78%] completed both study visits. Of the 46
controls recruited, 40[87%] completed both visits. Since our primary objective was to
examine changes in emotion regulation following maternal treatment, only case dyads
that completed the study were matched with a control. There were no differences between
those that completed vs. those that dropped out of the study in either group

(Supplementary table T1).

Table 1: Sample Characteristics

Case (n=40) Control (n=40) P Value
Infant age, m (SD) months
Visit 1 5.6 (2.7) 5.9 (2.6) 0.55
Visit 2 7.7 (2.7) 8.2 2.7) 0.55
Infant sex, No (%) male 16 (40) 16 (40) >0.99
Total household income? m(SD)
<49,999 8 (20) 5 (12) 0.66
50,000-79,999 10 (25) 11 (28)
>80,000 22 (55) 24 (60)
EPDS Score m(SD)
Visit 1 14.7 (5.49) 4.6 (3.4) <0.001
Visit 2 10.6 (5.3) 4.3 (4.2) <0.001
Maternal age, m(SD) years 32.3 (4.1) 327 (5.1) 0.68
Parity, No (%)
Primiparous 21 (53) 22 (55) >0.99
Multiparous 19 47 18 (45)
Marital Status, No (%)
Single 3 (8) 2 (5) 0.70
Separated 1 2 0 0)
Common-law 9 (22) 8 (20)
Married 26 (68) 30 (75)
Education, No (%)
High school or less 5 (12) 3 @) 0.70
College or certificate program 12 (30) 11 (28)
University or higher 23 (58) 26 (65)
Birthweight m(SD), grams 3329.5 (448.4) 3374. 9(475.2) 0.66
Gestational age m(SD) weeks 39.5 (2.2) 39.2 (L)1) 0.38
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@ Canadian Dollars, median household income in Ontario is $62,700

In women with PPD, a co-morbid psychiatric condition was diagnosed in 16[40%]
women (mostly generalized anxiety disorder). Twenty-two [55.0%] women were taking
antidepressant medication, and five increased dosage during the study. There were no
differences between case and control dyads on infant age, sex, or household income. In
women with PPD, a clinically significant decrease in depressive symptoms was observed
following treatment (EPDSA= 4.1 points, p=0.001, Cohen’s d=0.75).

Changes in Indices of Infant Emotion Regulation

Statistically significant Group by Study Visit interactions were observed for infant
FAA [F(1,67)=7.7, p=0.007)], HRV [F(1,76)=4.7, p=0.033] (Figure 2), and the
orientation/regulation domain of temperament reported by both mothers [F(1,77)=6.3,
p=0.014] and partners [F(1,61)=4.3, p=0.042] (Figure 3), suggesting that each measure of
infant emotion regulation changed differentially over time, depending on group (i.e.,
more in infants of women with PPD).

Frontal LEG asymmctry at visit 1 and visit 2 E\ TIRV at visit 1 and visit 2
**

** p<0.01
0.8 [ Case infants

Better emotion . Better emoti | b 1
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Figure 2: Changes in physiological markers of emotion regulation following
maternal PPD treatment A) Frontal EEG Alpha Asymmetry changes from greater
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relative right to greater relative left power in case infants B) Heart rate variability
increases in case infants after treatment

Maternal reports |E| Partner reports * p<0.05
%
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Figure 3: Orientation/Regulation Domain of Temperament: A) Infants of mothers
with PPD exhibited significantly fewer orientation/regulation behaviors relative to
controls at baseline. Following treatment, case infants showed improvements as reported
by mothers. B) In case dyads, the mother’s partner observed more orientation/regulation
following maternal treatment.

Visit 1: Case and control infants differed significantly on FAA [Mcase= -0.091,
SD=0.31; Mcontroi=0.13, SD=0.35, p=0.005, d=0.67], HRV [Mcase=3.20, SD=0.88;
Mecontrol=3.74, SD=0.83, p=0.006, d=0.63] and on maternal but not paternal reported
orientation/regulation [Mcase=5.15, SD=0.79; Mcontroi=5.50, SD=0.57, p=0.028, d=0.51].

Changes between visits: Case infants exhibited a change from greater relative right
to greater relative left FAA [Myisit1=-0.091, SD=0.31; Muyisit2=0.19, SD=0.58, p=0.01,
d=0.60], increases in HRV [Myisit1=3.20, SD=0.88; Myisit2=3.67, SD=0.79, p=0.003,
d=0.56] and orientation/regulation behaviors reported by mothers Myisit 1=5.15, SD=0.79.;
Muisit 2=5.37, SD=0.71, p=0.015, d=0.29] and partners [Muvisit1=4.88, SD=0.68; Muyisit
»=5.12, SD=0.69, p=0.049, d=0.35]. There were no differences between Visits 1 and 2 for

control infants.

Visit 2: There were no significant differences between case and control infants.
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No associations were observed between maternal depression, mother-infant
bonding, or neuroticism and indices of infant emaotion regulation (Table 2). Finally, there
was no evidence that use or change in psychotropic medications affected infant outcomes

(See Supplement for more details).

Table 2: Maternal change factors and offspring emotion regulation
Infant Emotion Regulation Measure? (B, 95% CI)

Maternal AFAA AHRV A Regulation/orientation A Regulation/orientation
change score (Mother) (Partner)

A Maternal -0.002 -0.007 0.02 [-0.01;0.05] 0.004 [-0.037;0.05]
depression [-0.04;0.03] [-0.06;0.049]

A Mother- -0.003 -0.02 0.02 [-0.01; 0.04] 0.001 [-0.03;0.03]

Infant [-0.03;0.024]  [-0.06;0.03]

Bonding

A Emotion -0.02 -0.01 0.03 [-0.008;0.06] -0.04 [-0.09;0.001]

regulation [-0.06;0.2] [-0.08;0.06]
“Higher scores=adaptive changes on both maternal and infant change scores

B: unstandardized beta

Discussion

Maternal treatment with nine weeks of group CBT for PPD was associated with
adaptive changes in infant physiological and behavioral indices of emotion regulation
with functioning approximating infants born to healthy control mothers. Since deviations
in these emotion regulatory systems may precede the development of psychopathology
718 it appears that a widely acceptable, short and cost-effective CBT treatment for PPD
may be capable of disrupting the intergenerational transmission of psychiatric risk from
mothers to their infants. These changes did not appear to be specifically due to changes in
maternal depressive symptoms, mother-infant bonding, or maternal emotion regulation.

While previous studies have examined the impact of PPD treatment on offspring
within the first postnatal year, the results of these studies are inconsistent,20:2325:29:30,33,34,36
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However, they relied mainly on maternal reports or observational assessments, and none
considered the perspective of the mother’s partner. Our study is the first to assess the
impact of PPD treatment on infants using a reliable, multimethod approach that utilizes
objective measures of two physiological systems and reports from both mothers and
partners. These methodological differences, along with our focus on emotion regulation
and treatment during the first postnatal year, may have contributed to our findings of
meaningful changes in offspring. The only previous studies that explicitly examined
emotion regulation following maternal treatment 28 assessed offspring older than two
years of age and did not compare them to a healthy control group. Examining emotion
regulatory capacity in infants is important since deviations in these systems can emerge in
the first postnatal year,231°447 and since treating mothers earlier may have larger
positive effects on their infants 8. Finally, to our knowledge, only three studies compared
outcomes to offspring born to non-depressed mothers 212234: however, these studies did
not match infants of non-depressed mothers to the infants of depressed women that
received treatment. By comparing outcomes to matched healthy control infants, the
current study suggests that maternal treatment may improve functioning to levels
comparable to healthy infants while ruling out that changes were due to infant age, sex or
socioeconomic disadvantage.

PPD exposure appears to alter brain areas underlying in multiple aspects of

emotion regulation, including the amygdala “® and the right superior frontal cortex . Our
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observations of improved emotion regulation in infants could reflect more effective
regulation by prefrontal networks or represent reductions in amygdala hyperactivity.

To understand how changes infant emotion regulation occurred, we examined
associations between change scores in maternal characteristics thought to be involved in
links between PPD exposure and infant emotion regulatory capacity. In our study, neither
changes in maternal depression, nor bonding or maternal emotion regulation appeared to
account for changes in infants. While the valence and quality of maternal signals can
affect offspring emotion regulation, the predictability of maternal emotions and behaviors
can also have an impact *. Treating PPD has been shown to improve maternal contingent
responsiveness to infants 285!, and anticipation of infant needs 5!, suggesting that mothers
may become more predictable to their infants following treatment, which may play a role
in improving infant emotion regulation.

The following limitations should also be acknowledged. First, we were unable to
examine if adaptive emotion regulatory changes persist beyond the study period. Second,
we can only hypothesize as to the specific changes occurring in the brain areas that
underlie our observations as EEG indexes brain activity at the level of the scalp. Future
studies should utilize methods with greater spatial resolution (e.g., fNIRS, fMRI) to
examine brain areas core to emotion regulation following treatment. Third, our design
was not a randomized controlled trial; therefore, causal conclusions could not be made.
However, this study took place in a setting where healthcare is universal, so it was not

possible to assign women to a ‘no treatment group’. As a result, we cannot definitively
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rule out that infants of mothers with PPD may have regressed to the mean (i.e.,
developmentally typical levels) over the treatment period. However, it is well established
that exposure to early adversity results in persistent alterations in physiological
development, including stable low HRV and greater right frontal EEG asymmetry®2°3,
Indeed, these measures are particularly stable in infants of depressed, relative to non-
depressed mothers 474, Based on this evidence, it would be unlikely for a cohort of
infants of untreated clinically depressed women to display the significant, adaptive
changes in emotion regulation found in our sample. Forth, while we did not observe any
effect of medications on outcomes, we cannot rule out their role in infant changes.
Postpartum depression has detrimental effects on mothers, their infants and their
families. Our results suggest that an acceptable, cost-effective, first-line treatment for
PPD could have the potential to interrupt the intergenerational transmission of psychiatric

risk, improving offspring outcomes in the short- and long-term.
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Chapter 6: Follow the leader. Elucidating the physiological mechanisms underlying
adaptive mother-infant regulation of infant distress (Study 5)

Study 5 Overview

Title: Follow the leader. Elucidating the physiological mechanisms underlying adaptive
mother-infant regulation of infant distress

Authors: John E. Krzeczkowski H. Bsc; Louis A. Schmidt, Ph.D; Mark A. Ferro, Ph.D;
Ryan J. Van Lieshout MD.

Context and Implications: In study 4, we found that treatment of maternal PPD with CBT
was associated with improved emotion regulatory capacity in the infants of these women.
PPD is also well understood to adversely affect behavior and physiology underlying
mother-infant interaction patterns, particularly during moments of infant distress.
Therefore, | hypothesized that CBT treatment might also be capable of adaptively altering
the physiological systems that underlie mother-infant emotion regulation in the context of
infant distress. During moments of distress, effective maternal regulation of infants is
considered a particularly formative experience for adaptive infant self-regulation later in
life.

In Study 5, we aimed to assess the physiological mechanisms underlying adaptive
mother-infant synchrony patterns during infant distress. We assessed these patterns using
simultaneously measured respiratory sinus arrhythmia (RSA) data, acquired on a second-
by-second basis in mother-infant dyads throughout the reunion phase of the face to face
still-face task. In healthy dyads free of PPD, we found that increases in maternal RSA

influenced subsequent decreases in infant RSA, and this effect strengthened across the
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reunion phase. We observed this same effect in the PPD dyads, but only following
maternal CBT treatment. Therefore, results from study 5 show that early interventions
may be capable of adaptively altering mother-infant RSA synchrony patterns during
infant distress, and provide further evidence that a cost effective, short-term intervention
to treat PPD may interrupt the intergenerational transmission of psychiatric risk from
mother to child.
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Abstract

This study aimed to elucidate the physiological mechanisms underlying adaptive mother-
infant interaction patterns in response to infant distress. Participants were 36 healthy
mothers and their typically developing infants and 36 dyads consisting of mothers with
postpartum depression (PPD) and their infants. We examined whether patterns exhibited
stability at two time points in healthy dyads, and whether cognitive behavioural therapy
(CBT) could adaptively change patterns in PPD dyads. Respiratory sinus arrhythmia
(RSA) data was acquired simultaneously in dyads to assess synchrony patterns across the
reunion phase of the still-face task. We used multilevel modelling to examine if maternal
(or infant) RSA predicted subsequent infant (or maternal) RSA, and if these patterns
strengthened throughout the reunion phase. At both time points in healthy dyads,
increases in maternal RSA predicted subsequent decreases in infant RSA, and this effect
strengthened throughout the reunion. This effect was also observed in the PPD dyads, but
only following CBT treatment. These findings may explain how adaptive maternal

regulatory support is transmitted to infants in real time.
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Introduction

Sensitive mother-infant interactions serve as the foundation for infant health and
development across the lifespan'. The mutual regulation model (MRM) has long been
used to describe the bi-directional moment-to-moment dynamics of mother-infant
interaction patterns®. The MRM posits that mothers and their infants form a dyadic
regulatory system, within which infants signal socioemotional and homeostatic needs to
their mothers, and mothers provide regulatory support to their infants®>4. Adaptive
functioning of the dyadic regulatory system across the first year of life is critical for
infant neurodevelopment and subsequent emotional, behavioral and cognitive outcomes
across the lifespan®>®,

Optimal functioning of the dyadic regulatory system is particularly important
during moments of infant distress. Due to the protracted development of prefrontal
regulatory networks, infants exhibit limited self-regulatory capacity and use distress cues
to signal the need for comfort and protection’°. During these moments, sensitive mothers
provide regulatory support to their infant to help return them to a state of calm, positive
engagement®. Relative to non-distress moments, maternal sensitivity assessed in the
presence of infant distress has been shown to better predict secure attachment, social
competency and fewer behaviour problems later in life®!, Therefore, effective mother-to-
infant regulatory support during moments of distress is thought to provide the foundation
for self-regulation across the lifespan 3. As a result, conditions known to adversely affect

a mother’s ability to provide sensitive regulatory support to her infant during distress may
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lead to significant long-term problems in infants across emotional, behavioral and
cognitive domains °*2,

Postpartum depression (PPD) affects up to 20% of all women in the peripartum
and significantly disrupts the functioning of the dyadic regulatory system, particularly
during moments of infant distress 1134, Depressed mothers display fewer caregiving
behaviours and exhibit increased levels of anxiety in response to infant distress cues'®?6,
Infants also learn that their mother is unreliable and provides ineffective regulatory
support!’. Throughout the first year of life, this maladaptive functioning of the dyadic
regulatory system become increasingly stable and inflexable* and contributes to the risks
posed to offspring by PPD 21920 Therefore, examining the mechanisms underlying how
the dyadic regulation system functions during infant distress is not only critical to our
understanding of adaptive mother-infant interactions, but could also provide a window
into how psychiatric risk is transmitted from mothers to infants, and how we might
intervene to prevent this transmission.

Evidence examining the mechanisms underlying the dyadic regulatory system in
the context of infant distress has largely accrued from studies that examine mother-infant
synchrony patterns and from research on maternal buffering/regulatory scaffolding of
infant stress and emotion regulation systems?:-2°, Synchrony patterns can be defined as
the on-going relations between one dyad member’s characteristics on the subsequent
characteristics of the other dyad member as the pair interact?. Assessments of these

patterns allows for the examination of the temporal dynamics of mother-to-infant
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regulatory inputs?222527 However, it is not clear how these synchrony patterns function
to regulate infant emotion regulatory physiology during moments of distress. Studies that
examine maternal buffering/regulatory scaffolding of infant distress provide an
explanation of these potential mechanisms. These studies suggest that sensitive mothers
exert buffering effects on activity generated in infant stress and emotion regulatory
systems during emotionally salient moments such as fear and distress®?328, However,
despite this evidence, how maternal buffering/regulatory scaffolding effects are
transmitted to infants on a moment-to-moment scale is not well understood. Therefore,
investigating how maternal scaffolding effects are transmitted to infants by analyzing
patterns of mother-infant physiological synchrony may provide a novel opportunity to
elucidate the on-going functioning of the dyadic regulatory system during infant distress
in real-time.

The dyadic regulatory system is thought to depend on physiological systems
involved in emotion regulation and bond formation in both mothers and infants. 2°
Therefore, mother-infant synchrony patterns within the parasympathetic nervous system
(PSNS) may be critical to the functioning of the dyadic regulatory system during
moments of distress. In adults, increased activity within the PSNS, assessed by measuring
respiratory sinus arrhythmia (RSA), indexes the strength and activity of corticolimbic
emotion regulatory systems critical for flexible control of emotions and behavior in
response to environmental challenges 3°3, In infants, gradual decreases in PSNS activity

in the context of social interactions are thought to provide the foundation for the ability
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use social interactions to effectively regulate physiological states *2. Developing these
skills is critical to adaptive emotion regulatory capacity across the lifespan®. As a result,
it is plausible that maternal regulatory inputs may shape the development of infant
emotion regulation during distress through coordinated activity in the PSNS.

Although effective emotion regulation and behavioural flexibility depend on rapid
and dynamic alterations in PSNS activity in both mothers and infants, traditional methods
used to assess RSA aggregate data across epochs lasting many seconds or over several
minutes. Therefore, assessing activity in this system on a time scale that better reflects
PSNS dynamics is needed to provide the most accurate assessment mother-infant RSA
synchrony patterns 3. Further, during moments of infant distress, sensitive mothers must
alter their regulatory strategies to meet their infant’s changing needs. Therefore, assessing
the dynamics of mother-infant RSA synchrony patterns using statistical methods that can
measure changes in mother-infant synchrony patterns throughout an interaction are
needed to capture the dynamics of the dyadic regulatory system.

To our knowledge, only one other study examined associations between
simultaneously assessed mother-infant RSA patterns in the context of infant distress. This
study observed that increases in maternal RSA corresponded to a time-matched decrease
in infant RSA3. However, this study did not examine whether RSA in mothers influenced
subsequent RSA infants. Therefore, while this evidence highlighted the potential role of
the PSNS in the dyadic regulation of infant distress, whether the mother-to-infant

transmission of regulatory effects occur via this system is unclear. Further, this study

173



Ph.D. —J. Krzeczkowski; McMaster University— Neuroscience

aggregated RSA data into 10-second epochs and did not assess the temporal dynamics of
these synchrony patterns across the interaction. Therefore, examining mother-to-infant
RSA synchrony effects at a resolution comparable to PSNS functioning, and determining
whether these patterns change in strength across an interaction is needed. Finally, it is
unknown if RSA synchrony patterns are stable across infancy in healthy dyads, or if an
intervention can adaptively alter these patterns in dyads that include mothers with PPD.
Taken together, a deeper understanding of how the dyadic regulatory system functions in
the context of infant distress is crucial to our understanding of adaptive mother-infant
interactions and may also enable us to determine whether interventions are capable of
improving outcomes in dyads at risk, such as women with PPD and their infants.

This study included 36 healthy dyads free of PPD matched on infant age, sex, and
familial socioeconomic status to 36 dyads lead by women diagnosed with major
depression disorder in the first postpartum year. Mothers with PPD received 9-weeks of
group cognitive behavioral therapy (CBT). Both groups were tested at two points
(baseline and nine-weeks post baseline, before and after CBT). This study’s overall goal
was to elucidate the mechanisms underlying adaptive functioning of the dyadic regulatory
system by examining mother-infant RSA synchrony patterns in the context of infant
distress. To elucidate maternal buffering/regulatory scaffolding effects on infants in real-
time, we were most interested in examining potential mother-to-infant RSA synchrony
effects. We addressed these goals with three objectives. First, we examined if mother-to-

infant RSA synchrony patterns in healthy dyads differed from those observed in the PPD
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dyads before treatment. Second, we investigated whether these patterns were stable at
both time points in the healthy dyads. Finally, we investigated whether the patterns
observed in the PPD dyads following maternal CBT treatment reflected the patterns
observed at both time points in the healthy dyads.
Methods
Sample

This study consisted of 72 mother-infant dyads. A cohort of 36 non-depressed
healthy mother-infant dyads (referred to herein as healthy dyads) was matched to 36
dyads lead by mothers with PPD (referred to as PPD dyads) on infant sex, age, and family
SES. Recruitment began in March of 2016 and completed in July 2019. Both healthy and
PPD dyads were recruited from the same geographic area, including Hamilton and
surrounding municipalities in southern Ontario.

Healthy dyads
The healthy dyad (n=36) group consisted of mothers who were free of PPD, fluent

in English and had typically developing infants that were less than 12 months of age.
Absence of current PPD was assessed using the Mini International Neuropsychiatric
Interview, a validated structured psychiatric interview.®® These dyads were recruited from
the Infant Database at McMaster University’s Department of Psychology Neuroscience
and Behavior. Healthy dyads were recruited to examine mother-infant RSA synchrony
patterns in mothers free of PPD with typically developing infants and to determine if

these patterns were stable across two time points in infancy. This group also enabled us to
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examine potential differences between these dyads and those with mothers with PPD (a
condition known to adversely affect mother-infant interaction patterns), and if treatment
was capable of adaptively modifying these patterns in PPD dyads (i.e. if patterns
observed following treatment in PPD dyads reflected those observed at both visits in the
healthy dyads). Finally, matching criteria were selected to try to account for potential
changes that might occur as a result of the infant developmental stage or sex and to isolate
the impact of maternal treatment in PPD dyads.

Postpartum depression (PPD) dyads

PPD dyads (n=36) consisted of women who had a primary diagnosis of major
depressive disorder in the first year after delivery (i.e., PPD) and were patients of the
Women’s Health Concern Clinic at St. Joseph’s Healthcare Hamilton. A mental health
clinician (nurse, psychologist, or social worker) at the Women’s Health Concerns Clinic
diagnosed PPD using the Clinic’s structured interview process according to DSM-5
criteria. A psychiatrist confirmed these diagnoses. Following the diagnosis, women with
PPD were offered enrollment in the Clinic’s 9-week group cognitive behavioural therapy
(CBT) treatment program for PPD*¢. Women were invited to participate in the current
study following the first CBT session. Dyads were ineligible to participate in the study if
PPD was not the primary diagnosis, if women were diagnosed with a bipolar disorder, a
personality or schizophreniform disorder, if they were unable to understand English,
and/or if their infant was older than 12 months of age.

Study Design
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We collected data from both healthy and PPD dyads at two time points. For
healthy dyads, visit 1 occurred at a baseline session and visit 2 occurred 9-weeks after the
baseline session. For PPD dyads, visit 1 took place following the first session of CBT and
visit 2 data were collected after completion of treatment (9-weeks following the first CBT
session). All data were collected at the Child Emotion Laboratory at McMaster
University. The Hamilton Integrated Research Ethics Board approved all study protocols
and each woman provided informed written consent for herself and her infant prior to
completing each study visit.

CBT treatment intervention (Group Cognitive Behavioral Therapy)

Women in the PPD group received a validated 9-week group cognitive CBT
intervention®. This treatment consisted of weekly two-hour sessions (nine sessions total),
and each session was delivered by two trained therapists (psychologists, psychiatrists,
social workers, and/or nurses). The first half of the program was comprised of core CBT
content, and the second half consisted of psychoeducation and support with topics
relevant to women with PPD. In keeping with usual treatment practice, women in the
CBT group were permitted to receive any other additional treatments (e.g., psychiatric
medications) while also participating in the group intervention.

Measures

Assessing the function of the dyadic regulatory system in the context of infant distress:
The reunion phase of the face to face still-face task

The face to face still-face task (FFSF) is extensively used to examine the quality

of mother-infant interaction patterns and provides a valid and reliable opportunity to
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assess the functioning of the dyadic regulatory system during moments of infant
distress®’. Before beginning the FFSF task, we ensured that infants were in a calm but
alert state and did not need to be fed or changed. Mothers placed their infants in a high-
chair facing the mother at eye level and at a distance of approximately 45cm from the
mother. The FFSF task proceeds in three phases, with each lasting two minutes in
duration. These phases include the play phase, the still-face phase, and the reunion phase.
We signaled mothers to transition between phases using small, circular red light located 1
meter above eye level on the wall opposite the mother (and completely out of the infant’s
view). In the play phase, we instructed mothers to play with their infants as they normally
would at home. Mothers could sing, talk to, and touch their infants, but were instructed to
refrain from removing their infant from the high-chair or from presenting their infant with
a pacifier or any toys. In the still-face phase, mothers were instructed to maintain eye
contact with their infant but to adopt an expressionless ‘poker’ face. Mothers were also
not permitted to touch or speak to their infant during this phase. The still-face phase
causes a significant disruption in the mother-infant interaction, leading to increased
distress and negative affectivity in the infant®:3, Finally, in the reunion phase, mothers
were permitted to reengage with their infants in the same way they did during the play
phase. The reunion phase has been identified as a critical component of the still-face task,
whereby the dyad is challenged with repairing the interaction while the infant remains
distressed from the still-face phase 21°28, Therefore, the reunion phase provides a

valuable opportunity to assess dyadic regulatory capacity, particularly the mother’s ability
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to soothe her infant and provide regulatory support®®. During this phase, mothers with
PPD tend to struggle with repairing their interaction with their infants and display fewer
and less flexible regulatory emotions and behaviours*®-#2. Therefore, this phase provides
critical information on the quality of the dyadic regulatory system. Each dyad completed
the FFSF in the same orientation in the same room at the Child Emotion Laboratory at
McMaster University.

Physiological Data: Mother infant Respiratory sinus arrhythmia (RSA)

Acquisition. Electrocardiogram (ECG) data were acquired simultaneously in both
mothers and their infants throughout the reunion phase using the Mindware 3000A
Wireless data acquisition system (Mindware Technologies, Gahanna, OH). Prior to
recording, two disposable pediatric ECG electrode stickers were attached to the infant’s
back (in order to prevent infants from picking at the stickers or pulling on the wires), and
three adult ECG electrodes were placed on the mother’s torso (right clavicle, and
bilaterally below the left and right rib cage). Both dyad members were connected to the
Mindware mobile ECG data acquisition unit which transmitted data wirelessly to a laptop
running Biolab data acquisition software (v 3.2.3). The laptop was located in an adjacent
room so that ECG signal quality could be checked by a research assistant prior to
recording. The data acquisition frequency was 500Hz. Data from both mothers and
infants were time-locked to one another via the Biolab software.

ECG data were cleaned and analyzed offline using Mindware HRV (v 3.3.2)

analysis software. Data were visually inspected for artifacts, and artifacts were corrected
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by a graduate student trained by Mindware scientists and blind to group and visit status.
Mother and infant files were analyzed separately. Erroneously identified or missed R-
wave peaks were manually edited or inserted where applicable. Consistent with other
research examining mother-offspring physiological data, 60-second epochs of ECG data
that required >10% editing were eliminated from further analysis *3. Since we set out to
test mother-infant regulatory patterns during moments of infant distress, we only
considered data acquired during the reunion phase of the FFSF. Therefore, clean ECG
data for both dyad members during the reunion phase were needed for inclusion in the
analysis. For healthy dyads, n=2 infants and n=1 mother did not have analyzable data, and
technical equiptment errors resulted in lost data for n=1 dyad. For PPD dyads, data were
unanalyzable for n=4 infants, n=2 mothers, and technical errors resulted in lost data for
n=4 dyads. Therefore, clean ECG data were available for 32 healthy dyads and 26 PPD
dyads.

Second-by-second RSA analyses. Second-by-second respiratory sinus
arrhythmia (RSA) data were analyzed using the RSAseconds toolbox in Matlab3344,
Cleaned ECG traces were entered into the program separately for both mothers and
infants. The PSNS shifts rapidly to support adaptive emotion and behavioral responses to
environmental challenges*. Therefore, acquiring RSA on a second-by-second scale
enables us to acquire a more precise measure of mother-infant RSA synchrony patterns
relative to traditional methods that aggregate RSA data across 10-120 second epochs®3,

The RSAseconds program utilizes a peak-matched multiple window (PM MW) multitaper
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algorithm and a short time Fourier transform (STFT) to obtain RSA power on a much
shorter time scale relative to traditional methods. This approach uses a shifting 32-second
epoch to apply the PM MW and subsequently, the STFT to each epoch. Each epoch shifts
by 1 second and overlaps the previous epoch by 31 seconds (thus, the first epoch contains
data from 1 to 32 seconds, the next from 2 to 33, then from 3 to 34 until the end of the
file). (see Gates et al., 2015; Hansson & Jonsson, 2006 for technical descriptions of these
methods). This method yielded RSA data in 1-second epochs throughout the reunion
phase in both mothers and infants. In keeping with North America Society of Pacing and
Electrophysiology, RSA power was extracted between 0.24-1.04Hz for infants and 0.12-
0.40Hz for mothers*.
Eredictor variable: Grand mean centered RSA lagged at 1 second for mothers and
mfants.Grand mean centered, lagged RSA predictor variables were created for both
mothers and infants (grand means were calculated separately for mothers and infants)*’.
Lagged variables were created to examine whether RSA assessed at a given time point
(the grand mean centered, lagged RSA predictor variable) influenced RSA assessed at the
next second. A lag length of 1-second was selected since parasympathetic influences on
the heart can shift on a beat-to-beat scale in response to environmental conditions®.
Outcome variable: log transformed raw RSA in mothers and infants.

Outcome variables for both mothers and infants consisted of log-transformed raw

RSA values. These RSA outcome variables were measured 1 second after the grand-mean

centered lagged, RSA predictor variables. Therefore, for both mothers and infants, grand
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mean centered, lagged RSA predictor variables were used to predict subsequent log-
transformed raw RSA values. This enabled us to examine mother-infant RSA synchrony
patterns on a second-by-second basis.
Changes in symptoms of PPD dyads before and after CBT treatment

Edinburg Postnatal Depression Scale (EPDS). Changes in PPD symptoms were
assessed at both visits using the 10-item EPDS, the most widely used measure of PPD
symptoms in clinical and research settings*®. This was used to investigate whether our 9-
week group CBT treatment resulted in reductions in PPD symptoms. Women indicated
the degree to which they exhibited certain emotions and behaviours in the past seven days
using a 4-point scale. Higher scores indicate higher symptoms of PPD, with a maximum
score of 30 points. A 4-point decrease in EPDS scores is considered clinically significant.
Cronbach’s a values were 0.88 at visit 1 and 0.86 at visit 2
Statistical analysis

We assessed differences in demographic characteristics between healthy and PPD
groups using independent sample t-tests and chi-squared tests where appropriate. In the
PPD group, a paired sample t-test was used to examine the differences in maternal
depression scores before and after CBT treatment.
The Stability and Influence model

The stability and influence model was used to examine mother-infant RSA
synchrony patterns on a second-by-second basis. This model uses person period pairwise

format data and multilevel modelling to simultaneously assess RSA stability effects (i.e.,
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autoregressive effects) and RSA influence effects (i.e., cross-lagged effects) within dyad
members as the pair interact. Stability effects measure the effect that a given dyad
member’s grand mean centered, lagged RSA at has their own log-transformed raw RSA
measured at the next second. Influence effects estimate the effect of a given dyad
member’s grand mean, lagged centered RSA on their partner’s log-transformed raw RSA
measured at the next second (e.g., the effect of a mother’s lagged RSA on their infant’s
raw RSA measured at the next second). Stability effects are estimated while accounting
for influence effects, and influence effects are estimated while accounting for stability
effects. Finally, moderator variables can be added to the model to determine whether
stability and influence effects change depending on a particular variable. To capture the
constant adjustments and adaptations made by sensitive mothers to regulate their infant
during moments of distress, we investigated whether time across the reunion phase
(measured in seconds) moderated the RSA influence effects (see figure 1 for visual

depiction of the effects tested in the stability and influence model).

Predictors: Grand- Outcomes: Raw

mean centred RSA RSA measured at

lagged at 1 second the next second
Mother Mother

___________ 8

v

Moderator: time
(in seconds) across
the reunion phase
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Figure 1: Stability and influence model: Dotted arrows (pathways a and d
represent stability effects, and solid arrows (pathways b and c) represent influence effects.
Time across the reunion phase (in seconds) can be investigated as a moderator of stability
and influence effects. These pathways were examined at two study visits in healthy dyads
as well as before and after maternal CBT treatment in PPD.

Using the stability and influence model to address our objectives: The overall
goal of this study was to investigate the mechanisms underlying adaptive functioning of
the dyadic regulatory system using mother-infant RSA synchrony patterns during infant
distress. Addressing this goal required two steps. First, for both healthy and PPD dyads at
both study visits, we assessed whether the RSA influence effects were moderated by dyad
member (mother or infant) and time across the reunion phase using a 3-way interaction
variable (See figure 5 in Thorson et. al., 2018 for the syntax used in the current study). A
significant three-way interaction indicates that either the mother-to-infant and/or the
infant-to-mother RSA influence effect changed in strength across the reunion phase.

The second step involved interpreting this interaction to determine whether the
mother-to-infant and/or infant-to-mother RSA influence effects were moderated by time
across the reunion. This was done by examining mother-to-infant RSA influence effects
and infant-to-mother RSA influence effects in separate models. These interpretations
were used to address our three objectives. To address objective 1, we examined whether
the mother-to-infant RSA influence effect differed between the healthy and PPD dyads at
visit 1. To address objective 2, we examined whether this influence effect observed in

healthy dyads were stable across visit 1 and visit 2. Finally, to address objective 3, we

examined whether the influence effect changed in PPD dyads following CBT treatment,
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and if these patterns reflected those observed in the healthy dyads at both visits. Finally,
as per the recommendations described in Thorson et. al., 2018, random effects were fully
saturated in each of our models. Models were conducted using SAS University software.
Results

Demographics

Study demographics are presented in Table 1. There were no differences between
the healthy and PPD dyads on any demographic variables. At visit 1, mothers were on
average 32.6 (SD=4.7) years of age, and infants were 5.4 (2.5) months of age. The
average infant birth weight (in grams) was 3359.12 (489.0) and, the average gestational
age was 39.4 (1.7) weeks. The mean household income for the sample was $84,094.8
(32,450.0) Canadian dollars. 91.4% of women were married or in common-law
relationships. In the PPD dyads, 17% were diagnosed with a comorbid anxiety disorder
and 18 were taking antidepressant medication. Of the women taking antidepressants, 5
changed their dose during the CBT treatment period. Finally, in women with PPD, we
observed a clinically significant decrease in EPDS scores between pre and post-treatment
(change in EPDS=5.0, p=0.002).

Of the 36 PPD dyads that participated in the still-face task, clean mother and
infant RSA data were available for 26 (72%) dyads. For healthy dyads 36 participated in
the still-face task and mother-infant RSA data were available for 32 (88%). There were
no significant differences in any of our demographic variables between dyads with and

without both mother and infant RSA data.
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Table 1: Sample Characteristics

Healthy dyads (n=32) PPD dyads (n=26) p

Infant age at visit 1 (m, SD) 5.3(2.5) 5.4 (2.5) 0.84
Infant Sex
male (n,%) 12 (38) 11(42) 0.79
Income (n,%)
<49 999 5 (15.6) 4 (15.4) 0.97
50-79,999 8 (25.0) 7 (26.9)
>80,000 19 (59.4) 15 (57.7)
Marital Status (n,%)
Single 2(6.3) 2(7.7) 0.57
Separate 0 (0.0 1(3.8)
Common Law 5 (15.6) 6 (23.1)
Married 25 (78.1) 17 (65.4)

Maternal education (n,%)
High school or less

College or certificate 1 (3.1) 1(3.8) 0.70
University or higher 8 (25.0) 9 (34.6)
23 (71.9) 16 (61.5)
Mother’s Age (m,SD) 33.3(5.2) 31.9 (4.1) 0.29
Parity (n,%)
Primiparous 17 (53.1) 13 (50.0) 1.0
multiparous 15 (46.9) 13 (50.0)
Mother’s birth country (n,%)
Canada 26 (81.3) 24 (92.3) 0.21
Elsewhere 6 (18.8) 2(7.7)
Birthweight (grams, m SD) 3336.5 (463.6) 3386.9 (526.6) 0.70
Gestational age (months, m, 39.2 (0.82) 39.6(2.45) 0.44

SD)
Healthy Dyads: 19 had data at both visits, n=6 had data at visit 1 but not visit 2; n=5 had data at visit 2 but
not visit 1) therefore, the total number of healthy dyads included in this study (that had data at one visit or
both visits was n=32
PPD dyads: n=23 had data at both visits, n=2 had usable data at in visit 1 but not visit 2, n=3 had data at
visit 2 but not visit 1. Therefore, the total number of PPD dyads that had data at one or both visits was n=
26.

Mother-infant RSA influence effects across the reunion phase

For healthy and PPD dyads at both visit 1 and visit 2, we observed a significant 3-
way interaction between the RSA influence effect, dyad member (mother/infant), and

time (in seconds across the reunion phase) on RSA assessed at the next second (Table 2).
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This means that at both visits for healthy and PPD dyads, either the mother-to-infant

and/or the infant-to-mother RSA influence effects strengthened across the reunion phase.

Table 2: Time by dyad member interaction on physiological influence

95% ClI
Visit 1 dyad Effect Estimate SE p Lower Upper
Healthy .0003 6.9x10° <0.001 .0001 .0004
PPD .0001 5.2x10° 0.04 4.1x10%  .0002
Visit 2
Healthy .0002 6.4x10°  0.012 3.6x10°  .0003
PPD .0002 5.7 x10° <0.001 .0001 .0004

Therefore, the next step was to interpret these interactions to determine which
dyad member’s influence effect was strengthening across the reunion phase (are the
significant 3-way interactions accounted for by the mother-to-infant or the infant-to-
mother RSA influence effect, or are both influence effects significant). Each of these
interpretations were carried out separately for PPD dyads and healthy dyads at visit 1 and
visit 2.

Objective 1: RSA influence patterns in healthy and PPD dyads at visit 1

Healthy dyads

Both mother-to-infant and infant-to-mother RSA influence effects were moderated
by time across the reunion phase. Increases in maternal RSA influenced decreases in
infant RSA measured at the next second, and this effect strengthened across the reunion
phase [B=-0.00027, p=0.02]. Additionally, increases in infant RSA influenced increases
in maternal RSA measured at the next second, and this effect strengthened across the

reunion phase [B=0.00031, p<0.001] (Figure 2a). Therefore, at baseline, mothers
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influenced infants and infants influenced mothers, and these effects strengthened across
the reunion phase.
PPD Dyads

Contrary to our observations in the healthy dyads, only the infant-to-mother
influence effect was observed in the PPD dyads prior to treatment at visit 1. Increases in
infant RSA influenced increases in maternal RSA at the next second, and this effect
strengthened across the reunion phase [B=0.00026, p<0.001] (Figure 2b). However, the
maternal influence effect on the infant was not significant. Therefore, healthy and PPD
dyads appear to exhibit different RSA synchrony patterns at visit 1, particularly in regards

to the mother-to-infant RSA influence effect across the reunion phase.

A) Healthy Dyads B) PPD Dyads
Grand-mean Grand-mean
centred RSA Raw RSA centred RSA. Raw RSA
lagged at 1 measured at the lagged at 1 measured at the
second next second Seand next second
Mother Mother Mother Mother
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Time across the reunion Time across the reunion
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Figure 2: Mother-to-infant and infant-to-mother influence effects moderated by time
across the reunion phase at visit 1 for healthy and PPD dyads. Solid arrows indicate
effects that were statistically significant A) Healthy dyads: Increases in maternal RSA
influenced decreases in subsequent infant RSA and this effect strengthened across the
reunion phase. Additionally, increases in infant RSA influenced increases in subsequent
maternal RSA, and this effect also strengthened across the reunion phase B) PPD dyads:
Increases in infant RSA influenced subsequent increases maternal RSA, and this effect
strengthened over the course of the reunion phase. No mother-to-infant effect was
observed prior to treatment.
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Objective 2: Stability of mother-infant RSA influence patterns in healthy
dyads

At 9-weeks post baseline in the healthy dyads, we again observed that increases in
maternal RSA influenced decreases in infant RSA at next second, and this effect
strengthened across the reunion phase [B=-0.00021, p=0.02]. However, the infant-to-
mother effect that was observed at visit 1 was no longer significant (Figure 3a).
Therefore, at baseline and 9-weeks post baseline in healthy dyads, a similar mother-to-

infant RSA synchrony pattern was observed across the reunion phase.

Objective 3: Examining if influence effects change in PPD dyads following maternal
CBT treatment

Following maternal CBT treatment, the PPD dyads exhibited a significant mother-
to-infant RSA influence effect that reflected the effects observed at both visits in the
healthy dyads. Increases in maternal RSA influenced decreases in infant RSA at the next
second, and this effect strengthened across the reunion phase [B=-0.00055, p=0.01).
Additionally, following treatment, the infant-to-mother effect was no longer significant
(See Figure 3b). Therefore, following maternal treatment, mother-infant RSA synchrony

patterns shifted to reflect those that were observed at both visits in the healthy dyads.
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A) Healthy Dyads B) PPD Dyads
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second next second second next second
Mother Mother Mother Mother

Infant Infant Infant
l’ nran nran
&E

Time across the reunion Time across the reunion
#p<0.05

Figure 3: Mother-to-infant and infant-to-mother influence effects moderated by time
across the reunion phase at visit 2. Solid arrows indicate effects that were statistically
significant A) Healthy dyads: increases in maternal RSA influenced subsequent decreases
in infant RSA, and this effect strengthened throughout the reunion phase. Infant-to-
mother effects did not change. B) PPD dyads: Following CBT treatment, PPD dyads
exhibited mother-to-infant RSA influence patterns that reflected those observed in the
healthy dyads at both visits. The infant-to-mother effect was not significant.

Discussion

This study aimed to elucidate the mechanisms underlying the dyadic regulatory
system during infant distress. In the healthy dyads at visit 1, increases in maternal RSA
influenced subsequent decreases in infant RSA, and this effect strengthened across
reunion phase. Additionally, increases in infant RSA influenced subsequent decreases in
maternal RSA patterns, and this effect strengthened across the reunion phase. Conversely,
before treatment in the PPD group, only an infant-to-mother RSA influence effect was
detected. Therefore, at visit 1, maternal RSA influence patterns differed between healthy
and PPD dyads. At visit 2, the healthy dyads exhibited a mother-to-infant RSA influence

effect similar to that observed in these dyads at visit 1. Therefore, healthy dyads exhibited
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similar mother-to-infant RSA synchrony patterns at both visits. Following maternal CBT
treatment, the PPD dyads exhibited a mother-to-infant RSA influence effect that reflected
those observed in the healthy dyads at both visits. In summary, results show that healthy
dyads exhibit similar mother-to-infant RSA influence effects across two time points in
infancy, and that CBT treatment in mothers with PPD may be associated with adaptive
alterations in mother-infant RSA synchrony patterns.

Infants possess limited self-regulatory abilities and therefore require maternal
support when they are distressed or overwhelmed. During these moments, adaptive
functioning of the dyadic regulatory systems requires that mothers provide sensitive
regulatory inputs to help their infants navigate through this distress. Evidence from the
field of social buffering and maternal regulatory scaffolding of infant distress posits that
sensitive mothers exert regulatory effects on offspring stress sensitivity and emotion
regulatory systems?+*°, Indeed, young children exhibit buffered amygdala activity and a
mature inverse coupling of the amygdala-medial prefrontal cortex circuit in response to
affective challenges, but only in the presence of their mothers 28, Further, animal models
have shown that the presence of a sensitive mother blocks amygdala-dependent fear
learning in offspring and buffers hyperactivity in stress response systems during moments
of distress?>*C. Despite this evidence, how these regulatory effects are transmitted from
mothers to their infants is not well understood. By utilizing a mother-infant synchrony
framework, we were able to show that maternal regulatory scaffolding inputs may be

transmitted to offspring in real-time though joint coordination of the parasympathetic
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nervous system. Therefore, by combining methods from synchrony and social
buffering/maternal scaffolding fields, this study provides the first evidence of the
potential adaptive physiological mechanisms that underly the transmission of maternal
regulatory support of infant distress in real-time. This may be a critical component of an
adaptive dyadic regulatory system.

To our knowledge, only one other study examined simultaneously assessed
associations between RSA patterns in mothers and infants during the FFSF. This study
reported on a concurrent negative (i.e., inverse) association between mother and infant
RSA during the reunion phase. In the current study, we extend upon these findings by
showing maternal RSA appears to influence infant RSA, and that these effects strengthen
across the reunion phase. Further, our study examined these effects at a resolution
comparable to the functioning of the PSNS (on a second by second scale). We also
provide the first evidence on the stability of these patterns at two time points in healthy
dyads, and the potential malleability of these patterns in dyads of women with PPD
before and after CBT treatment.

Increases maternal RSA influenced subsequent decreases in infant RSA at both
study visits in healthy dyads, but only following treatment in PPD dyads. This mother-to-
infant RSA influence pattern could reflect an active dyadic regulatory response to infant
distress. This active response likely involves the mother’s ability to accurately read infant
cues and provide regulatory support, but also depends on the infant’s ability to reengage

with the mother. At the beginning of the reunion phase, we suspect that the mother
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immediately increases activity in multiple prefrontal areas, the anterior cingulate and the
superior frontal gyrus. Greater activity in these regions is indexed by increased RSA%, is
associated with accurately deciphering infant cues, and with initiating and maintaining
appropriate regulatory behaviours®°2, Since these brain areas are not fully developed in
infants, our results may suggest that during moments of distress activity from higher-
order networks in mothers is transmitted to infants via coupling of the PSNS to provide
the infant with regulatory capabilities that they do not yet possess on their own. This is in
keeping with why mothers and infants are theorized to form the dyadic regulatory system
in the first place?. The increases in maternal RSA influence decreases in infant RSA at
the next second. This may reflect the infant’s response to the regulation provided by the
mother since gradual RSA decreases reflect the infants ability to mobilize physiological
resources needed to engage in social interactions®>*3, The maturation of the PSNS,
particularly the development of RSA withdrawal (e.i., RSA decreases in response to
socioemotional challenge) plays a critical role in the development of emotion regulation
in the context of social interactions®>#°, Therefore, it is plausible that maternal regulatory
scaffolding exerts its effects on infants via this system. Finally, we also observed that this
effect strengthened throughout the reunion phase. Evidence suggests that the infant
amygdala retains distress information even after distressing stimuli are no longer
present>*®°, Therefore, while a particular maternal behaviour can temporarily soothe a
distressed infant; distress cues subsequently return unless the mother can adjust her

regulatory strategies to meet these changing infant needs. As a result, maternal
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adaptations to infant cues may improve throughout the reunion and explain why the
mother-to-infant influence effect strengthened. In summary, our results may suggest that
maternal high order regulatory networks could be doing the ‘heavy lifting’ of providing
the regulatory scaffolding support of infants in distress. This subsequently provides the
infant with opportunities to reengage with the mother.

Before treatment in the PPD dyads, we observed a direct infant-to-mother effect
that strengthened throughout of the reunion phase. Given the importance of maternal
emotion regulatory scaffolding of infant distress?*, the fact that the mother-to-infant effect
did not change across the reunion might indicate an inflexible, maladaptive dyadic
regulatory system. We speculate that this infant-to-mother effect may reflect a passive
dyadic response to the reunion phase. Indeed, increasing RSA in both mothers and infants
may suggest that the dyad is relieved by the cessation of the stressful still-face phase, but
do not initiate an active recovery response. Mothers with PPD consistently lack efficacy
in mounting an effective regulatory response to infant distress*’. This may be driven by
hypoactivity in the left orbitofrontal cortex, which has been observed in women with PPD
in the context of negative infant stimuli®*®®, Since left OFC activity is needed to initiate
approach behaviours in the presence of negative stimuli®’, hypoactivity in this region in
women with PPD may be associated with a decreased likelihood that these mothers will
attempt to mount a regulatory response to infant distress cues. This may also decrease the
likelihood that the infant will look to the mother for regulatory support’. Taken together,

prior to treatment, mothers appear to be incapable of initiating and an active regulatory
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response. Additionally, infants are not provided with opportunities to reengage in the
interaction and may not look to the mother for regulatory support.

Following maternal treatment for PPD, dyads exhibited a mother-to-infant RSA
influence effect that was similar to the effects observed in healthy dyads at both time
points during infancy. Previous studies examining mother-infant interaction patterns
following maternal treatment for PPD have reported on improved maternal
responsiveness and better anticipation of the infant’s needs®®°°. Therefore, rather than
passively reacting to infant signals, mothers may be more capable of mobilizing an active
regulatory response to infant distress. Finally, over the course of CBT treatment, infants
may be gradually exposed to a mother who is able to meet their needs more consistently.
Due to the plasticity of the infant PSNS during the first year of life, this system can
reorganize and update its circuitry in response to changing socioemotional environmental
conditions’2. As a result, infants may begin to seek out and utilize socioemotional inputs
from the mother when distressed®. Therefore, our evidence suggests that treating
maternal PPD may equip mothers with the skills needed to read infant cues and actively
regulate their distressed infant, and infants may become more receptive to this support
provided by mothers.

The results of this study should be interpreted in the context of the following
limitations. First, we were unable to assess whether the mother-to-infant RSA synchrony
patterns observed at both visits in the healthy dyads and following treatment in PPD

dyads were present beyond visit 2. However, evidence suggests that mothers exhibit
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buffering effects on offspring corticolimbic circuitry for up to 10 years, so we may expect
to see these patterns during age-appropriate distress simulations throughout childhood,
but not into adolescence?®. Future studies should include longer follow-up periods to
examine these physiological synchrony patterns beyond infancy. Second, since
parasympathetic activity indexes multiple neural circuits, we could only speculate on the
neurophysiological networks that give rise to our observed patterns. Future studies should
consider acquiring dyadic RSA data in combination with methods that have a high degree
of spatial resolution. Indeed, hyperscanning techniques using functional near-infrared
spectroscopy (fNIRS) could enable researchers to explicitly test whether RSA influence
effects are driven by activity within maternal higher-order regulatory brain areas. Third,
we were unable to observe what happens to RSA influence patterns in the moments
following the reunion phase when the mother is permitted to hold her infant, provide a
pacifier, toy or feed her infant. Since mother-infant interaction patterns differ depending
on context (e.g., resting play, feeding, distress)®21% investigating what happens to RSA
influence patterns during these contexts would be an important objective for future
studies. Finally, we were unable to rule out whether changes in synchrony patterns
observed following CBT in PPD dyads were due to factors other than treatment.
However, decades of evidence have shown that impaired mother-infant interaction
patterns become increasingly stable and inflexible in dyads lead by mothers with
PPD341061  Additionally, adverse mother-offspring RSA synchrony patterns have been

observed in late childhood in mothers with a history of depression during a child’s life®.
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Based on this evidence, we believe that it would be highly unlikely for a cohort of dyads
led by mothers with untreated, clinically significant PPD to spontaneously begin to
exhibit similar mother-to-infant RSA influence patterns that were observed at two time
points in infancy in healthy dyads.

Mother-infant interactions serve as the foundation for infant health and
development across the lifespan. Moments of infant distress are emotionally salient and
cue the mother that the infant requires safety, protection and comfort. Therefore, the
functioning of the dyadic regulatory system during these moments is critical. Analyses of
synchrony provide a window into how mother-infant interactions unfold in real time and
research on social buffering/maternal scaffolding has reported on the effects of maternal
regulatory scaffolding on infant stress and emotion regulatory physiology. This study
combined methods from these two field to examine how maternal regulatory inputs are
transmitted to infants on a moment-to-moment basis. In healthy dyads at two-time points
in infancy, increases in maternal RSA influenced subsequent decreases in infant RSA,
and this effect strengthened over the course of the reunion phase. This effect was also
observed in the PPD dyads, but only after the mothers received CBT treatment for PPD.
Therefore, we show for the first time that ongoing real-time coordination of the
parasympathetic nervous system in mother-infant dyads may underly adaptive
functioning of the dyadic regulatory system during infant distress. Given that effective
maternal regulation of infant distress is a particularly formative experience for the

development of self-regulation across the lifespan, this research not only provides
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important evidence on how healthy mothers actively regulate their infant’s distress in real
time, but also shows that interventions may be capable of adaptively altering this system,

and may interrupt the intergenerational transmission of risk.
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Chapter 7: Conclusion

Summary

Mental disorders are prevalent and have a significant negative impact on
individuals, their families, and the healthcare system. Problems with emotion regulation
in infancy and early childhood appear to increase the risk for mental disorders later in life
(Beauchaine, 2015; Wakschlag et al., 2019). The DOHaD hypothesis posits that exposure
to adverse environmental conditions during the perinatal period can adversely affect
neurodevelopment, leading to problems with emotion regulatory capacity and increased
risk for psychopathology (Gluckman, Hanson, & Buklijas, 2010). Since many of these
adverse environmental conditions may be modifiable, the DOHaD hypothesis has
immense preventative potential. Unlocking this potential is critical to reduce the impact
of, or even prevent the development of mental disorders.

The studies that comprise this thesis aimed to elucidate the preventative potential
of the DOHaD hypothesis as it pertains to emotion regulatory problems and
psychopathology. Results from Studies 1 and 2 indicated that a previously unmeasured
risk factor (prenatal diet quality) increased the risk of cognitive, emotion and behavioural
problems in offspring. In Study 3, poorer prenatal diet quality was associated with
adverse development of the autonomic nervous system, a core physiological regulatory
system critical to adaptive functioning across organ systems (Thayer & Sternberg, 2006).
Adverse functioning of this system may increase susceptibility to multiple mental

disorders and could even increase the risk for all-cause mortality (Thayer & Sternberg,
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2006). Evidence from these three studies highlights the potential that interventions
designed to improve maternal prenatal diet might have on optimizing offspring
neurodevelopment. In Studies 4 and 5, we examined the effects of treating maternal PPD
with cognitive behavioural therapy (CBT) on offspring emotion regulation and mother-
infant interaction patterns. In Study 4, following maternal CBT treatment for PPD, we
observed improvements in infant emotion regulatory capacity, assessed across
physiological and behavioural levels. Finally, in Study 5, we showed that intervening on
maternal PPD may also be capable of adaptively altering mother-infant physiological
synchrony patterns. Taken together, the results from the studies that comprise this thesis
highlight the importance of the prenatal and early postnatal period as a time during which
potentially modifiable risk factors can be identified and intervened upon to reduce the risk
of mental disorders in offspring across the lifespan.
Overall implications for the DOHaD hypothesis

DOHabD research has become a powerful influence on the development of global
initiatives striving to optimize the health of individuals, families and communities
(Penkler, Hanson, Biesma, & Muller, 2019). However, these large-scale initiatives have
generally focused on reducing risk for cardiovascular and metabolic diseases. Results
from the studies that comprise this thesis demonstrate that modifiable prenatal and early
postnatal risk factors adversely affect infant emotion regulation (and its underlying
physiology) and potentially increase risk for mental disorders later in life. This work also

shows that intervening on modifiable risk factors might have the potential to optimize
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offspring neurodevelopment and reduce the risk of mental disorders in the short and long
term. Therefore, these results address limitations of DOHaD research that have limited
the progress towards development and implementation of larger, public health
interventions that aim to optimize neurodevelopment to reduce the risk of mental
disorders across the lifespan.

Elucidating the role of modifiable risk factors

One of the most important limitations of DOHaD as it pertains to
neurodevelopment has been the inability to assess the impact of modifiable confounding
variables on offspring outcomes (Gage, Munafo, & Davey Smith, 2016). Indeed, most of
the evidence linking prenatal and early postnatal adversity to offspring
neurodevelopmental outcomes accumulated from large cohort studies that were not
designed to assess offspring outcomes related to psychopathology and or
neurodevelopment. Therefore, these cohorts often lack data on variables that may
confound the links between exposures such as maternal metabolic complications and
offspring neurodevelopmental outcomes. As a result, it is unclear whether maternal
metabolic conditions are causally related to adverse offspring neurodevelopment, or if
these conditions serve as markers for the actual causal factors (Van Lieshout, Taylor, &
Boyle, 2011). We defined a confounding variable as a variable linked to both the
exposure and outcome, but not on the causal pathway (Gage et al. 2016). We observed
that the associations between maternal prenatal metabolic complications and offspring
cognitive, emotional and behaviour problems were due to confounding variables,

particularly prenatal diet quality.
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Interventions designed to improve maternal diet and quality during pregnancy may be
more feasible than say, reducing maternal body mass index to the normal range before
pregnancy, especially since over half of all pregnancies in Canada are unplanned (Black
et al., 2015). In summary, this evidence provides a more complete picture of the
mechanisms involved in the associations between maternal prenatal metabolic
complications and offspring neurodevelopment. Further, this work suggests that overall
prenatal diet quality may be a more feasible, effective target for future interventions.

Perinatal interventions could reduce the risk for mental
disorders

Studies 4 and 5 further support the preventative potential of the DOHaD
hypothesis by showing that interventions designed to target PPD, a well-recognized risk
factor for offspring mental disorders, are capable of reorganizing infant
neurodevelopment and could reduce the risk for mental disorders later in life. By
observing adaptive changes in infant emotion regulatory capacity (Study 4) and in the
physiological systems essential to adaptive mother-infant interactions (Study 5), these
studies not only provide evidence on the malleability of emotion regulatory systems in
infancy, but also highlight our potential to interrupt the intergenerational transmission of
psychiatric risk from mother to offspring.

Mechanisms: Unhealthy maternal diet and offspring neurodevelopment

In the first three studies, we observed that prenatal diet quality appears to account
for significant variance in cognitive and behavioural problems in offspring. Research
from non-human animal models have shown that prenatal exposure to a high-fat, high-

210



Ph.D. —J. Krzeczkowski; McMaster University— Neuroscience

sugar diets results in altered development of regulatory systems in the brain, particularly
those that mediate satiety and reward sensitivity. Exposure to high-fat diets has been
shown to alter set-points within the arcuate and paraventricular nuclei of the
hypothalamus, resulting in a higher threshold for satiety and changes in the rewarding
effects of food intake (Barson, Morganstern, & Leibowitz, 2011; Bouret et al., 2008; Vogt
et al., 2014). Occurring in parallel to these changes, exposure to western style diets (e.g.,
diets high in saturated fats, salt and sugars) alters the development of the
mesocorticolimbic dopamine circuitry. Decreased dopamine D2 receptor availability,
decreased levels of tyrosine hydroxylase (the rate limiting enzyme in dopamine
production) and hypomethylation of the genes encoding the dopamine transporter (DAT)
in the ventral striatum, the nucleus accumbens and the medial and orbitofrontal cortex
have been observed (Naef, Moquin, Gratton, & Walker, 2013; Ong & Muhlhausler, 2011;
Vucetic, Kimmel, Totoki, Hollenbeck, & Reyes, 2010). These changes result in a
hypodopaminergic state and are thought to give rise to a phenotype that prefers
immediate rewards over delayed ones. This is thought to decrease the likelihood that an
individual will expend effort to obtain rewards as well as the ability to inhibit reward
seeking behaviour in the presence of hedonistic stimuli (Gatzke-Kopp, 2011). This altered
relationship with rewarding stimuli can lead to impulsive behaviors that can impair
functioning in developmentally appropriate challenges (e.g., sitting still in a classroom
setting, sharing with peers, waiting their turn) (Cole, Ram, & English, 2019). Therefore,

these changes in reward and satiety systems increase the risk for externalizing problems,
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poorer cognitive development. These changes may also play a role in the development of
internalizing problems, particularly if the individual’s problems with response inhibition
and delayed gratification lead to negative attention from parents and teachers, and
adversely affect their interactions with peers (Nigg, 2006). Further, due to the
hierarchical development of the brain, adverse development of the lower order
mesocorticolimbic and regulatory satiety systems may also affect the development of
higher order structures involved in regulating attentional biases and reward-based
decision making (Gatzke-Kopp, 2011; Nigg, 2006; Tottenham, 2019). Adverse
development of the lower order reward and satiety networks may override regulatory
areas such as the medial and orbitofrontal cortices, adversely affecting the balance
between prepotent drives and regulatory responses (Cole et al., 2019). Further,
dysregulated development of emotion regulatory regions, including ventromedial
prefrontal cortex, following prenatal exposure to high fat diets has also been observed
(Grissom, Herdt, Desilets, Lidsky-Everson, & Reyes, 2014). This may result in poorer
top-down emotion and behavioural regulation. In summary, exposure to unhealthy
prenatal diets appears to program multiple lower and higher order neural networks, which
may increase the risk for offspring emotion dysregulation and psychopathology.

The predictive adaptive response (PAR) provides an explanation for how and why
prenatal exposure to poor overall maternal diets (high in fats and sugars) alter the
development of reward, satiety and emotion regulatory systems. Prenatal exposure to

high-fat, high-sugar diets may signal to the fetus that the postnatal environment is rich in
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resources and energy-dense foods and hedonistic stimuli are plentiful and relatively easy
to obtain. Given the importance of consuming energy-dense food sources for survival in
paleolithic environments (Eaton & Konner, 1985), it is plausible that evolution would
have selected for neural systems that could be programmed by prenatal exposure to the
nutritional environment (Gatzke-Kopp, 2011). Therefore, prenatal exposure to high-fat,
high-sugar diets may program a ‘take things while you can’ phenotype that may have
increased the chances of survival to sexual maturity (Volkow & Baler, 2015). This
phenotype may have been an adaptive response to primitive resource rich environments.
However, in today’s society, optimal functioning requires the delay of gratification and
response inhibition. Therefore, this mismatch between the programmed phenotype and
environmental conditions may present as emotion regulatory problems and increase the
risk for later psychopathology.

Exposure to high-fat, high-sugar prenatal diets could also increase the risk of
damage to regulatory brain areas in the developing fetus. Indeed, intrauterine conditions
resulting from high-fat, high-sugar diets may be associated with elevated markers of
inflammation and oxidative stress, factors known to adversely affect multiple
neurodevelopmental processes (Graham et al., 2017). Further, adequate maternal intake of
particular nutrients is needed for fetal neurogenesis, synaptogenesis and the formation
neural networks (Georgieff, 2007). Therefore, exposure to high levels of fats and sugars,
as well as the potential deficiency of important micronutrients may also lead to adverse

development within regulatory systems in the developing brain.
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Mechanisms: Postpartum depression

In Studies 4 and 5, we observed improvements in infant emotion regulatory
capacity and mother infant interactions following maternal CBT treatment for PPD. In
Study 4, we observed adaptive changes in infant emotion regulation assessed across
physiological and behavioural levels. While the mechanisms underlying these changes are
not known, alterations in brain areas that serve as the foundation for approach/withdrawal
motivational tendencies and the acquisition of socioemotional skills in infancy are likely
candidates (Fox et al., 1995; Harmon-Jones & Gable, 2017; Quigley & Moore, 2018).
Changes in mothers following PPD treatment may adaptively alter infant amygdala
activity, the regulatory capacity of the medial prefrontal cortex and functional
connectivity between the amygdala and prefrontal cortex. This may enable infants to
exhibit more approach related behaviours within their social environment (particularly
towards the mother). This explanation is in line the observed switch from greater right, to
greater left frontal EEG asymmetry as well as increased resting-state parasympathetic
tone in infants following maternal treatment for PPD.

In Study 5, we report on a potential mechanism through which adaptive maternal
regulatory scaffolding is transmitted to infants to regulate distress in real time. Following
CBT treatment, mothers appear to be more effective at providing regulatory support to
their infants during distress. This may be mediated by alterations in maternal higher order
regulatory networks following treatment, which may enable mothers to simultaneously

regulate their own distress, accurately decipher infant cues, and to maintain appropriate
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behaviours to better regulate their infant during moments of distress (Laurent & Ablow,
2012; Moses-Kolko et al., 2010; Pawluski, Lonstein, & Fleming, 2017). Additionally,
following maternal CBT treatment, infants may also be more receptive to maternal
regulatory support.

Changes in infant neurodevelopment observed following maternal PPD treatment
may occur via a PAR, or by neural reorganization following damage to emotion
regulatory circuity. Indeed, infants deprived of sensitive and supportive caregivers exhibit
stronger coupling of the amygdala-medial prefrontal cortex (mPFC) circuit. In the context
of the PAR, the formation of this circuitry may occur to increase the offspring’s ability to
navigate their environments independent of the caregiver (Tottenham, 2015). However,
this also results in a greater adult-like retention of fear memories and elevated levels of
withdrawn behaviour (Callaghan, Sullivan, Howell, & Tottenham, 2014). In primitive
environments, this phenotype may increase chances of survival to sexual maturity in
offspring forced to ‘go it alone’; however, these alterations in the amygdala-mPFC
circuity are thought to play a significant role in the development of affective disorders
across the lifespan (Gabard-Durnam et al., 2018; Tottenham, 2019). Despite this
evidence, this circuitry remains plastic during the first year of life. Therefore, changes to
the infant’s socioemotional environment that may occur throughout the course of
maternal PPD treatment, may update and reorganize this circuitry. Indeed, due to the
protracted development of the infant prefrontal cortex, it is more effective for infants to

solicit regulatory support from their mother, rather than utilize metabolically demanding,
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primitive sympathetic systems to self-regulate (Tronick & Beeghly, 2011). Therefore,
inputs from more sensitive, supportive mothers may program reorganizations within this
circuitry in their infants.

Alterations in this neural circuitry before and after maternal CBT treatment may
also reflect damage, and subsequent recovery of these circuits. Indeed, in keeping with
experience-expectant theories of neurodevelopment, neural circuits that mediate emotion
regulatory capacity require environmental inputs for normal development (Greenough,
Black, & Wallace, 1987; Pine & Fox, 2015). When expected environmental conditions
are not experienced, this may result in damage to these neural circuits. Therefore,
unsupportive and inconsistent maternal behaviours characteristic of mothers with PPD
may result in damage to the development of emotion regulatory circuitry in their
offspring. However, positive changes to the infant’s socioemotional environment have
immense potential to reorganize these plastic neural networks, particularly during the first
year of life (Wakschlag et al., 2019). Taken together regardless of whether exposure to
PPD alters the infant brain via the PAR, damage to emotion regulatory circuitry, or a
combination of the two, the immense neuroplasticity of the infant brain in the first
postnatal year affords us with the opportunity modify risk factors (e.g., PPD) and
potentially optimize infant brain development to reduce the intergenerational transmission
of psychiatric risk.

Bringing the work together: Relations between perinatal depression and unhealthy
diet quality
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Why might both overall prenatal diet quality and PPD increase risk for outcomes
associated with adverse development of emotion regulation in offspring? While evidence
suggests that these two exposures can be considered as independent risk factors, there is
also evidence that these factors are interrelated and adversely affect overlapping
neurodevelopmental processes involved in emotion regulatory capacity in offspring
(Lucassen et al., 2013; Monk, Georgieff, & Osterholm, 2013). Indeed, depression has
been shown to increase the intake of unhealthy foods and dysregulate hormones involved
in nutrient absorption and metabolism (Kiecolt-Glaser, 2010). Additionally, an unhealthy
diet may play arole in elevated levels of depression (e.g., Sarris et al., 2015). Both factors
have been shown to exhibit adverse effects on offspring reward, cognitive, stress and
emotion regulation systems (Lucassen et al., 2013; Monk et al., 2013). Indeed, in two
large cohort studies, maternal perinatal unhealthy diet was associated with symptoms of
depression, and both were linked to elevated levels of emotion dysregulation and adverse
cognitive outcomes across childhood (Barker, Kirkham, Ng, & Jensen, 2013; Pina-
Camacho, Jensen, Gaysina, & Barker, 2015). Therefore, while often considered to be
independent of one another, perinatal depression and the early nutritional environment
might be interrelated. These associations might be important to consider when
investigating ways to improve offspring neurodevelopment at the population level.

Examining the common elements of prenatal diet quality and PPD: Exploring the
role of predictability

Investigating offspring outcomes following exposure to unhealthy diet and PPD in

a single thesis (two common exposures that may be interrelated but are generally
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investigated separately in the DOHaD literature) provides an opportunity to hypothesize
on whether there may be a certain characteristic common to both exposures that might
account for similar variance in offspring brain development. Most DOHaD studies
describe adverse environmental exposures according to their type, the timing and duration
of the exposure, and the intensity (e.g., the absolute level of ‘stress’) of the exposure.
However, | propose that adverse exposures can also be described in terms of their
predictability. | define predictability as the degree to which a given adverse exposure
varies in frequency over time, and how consistent or inconsistent these variations are.
Therefore, high predictability refers to a given adverse exposure that is frequent and
predictable/consistent over time, and low predictability refers to an exposure that is
frequent and unpredictable/inconsistent over time (e.g., Belsky, Schlomer, & Ellis, 2012;
Ellis, Boyce, Belsky, & Bakermans-kranenburg, 2011). | argue that both PPD and
unhealthy prenatal diets can vary in their degree of predictability (i.e., In two women with
the same level of PPD symptoms occurring at the same time in the postnatal period, one
mother’s emotions and behaviours may be more unpredictable/inconsistent relative to the
other mother. Additionally, dietary patterns in certain women may be more
‘unpredictable’ relative to patterns observed in other women). Considering this
predictability dimension of adverse exposures may enhance our ability to explain how
exposures affect neurodevelopment. Since the goal of this thesis is to address the
preventative potential of the DOHaD hypothesis, highlighting potential mechanisms not

previously considered in the DOHaD literature may provide new ways to interpret
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existing evidence and stimulate novel research questions aimed at moving us closer to
preventing the development of mental disorders.

This predictability component of exposures is not integrated into current
mechanisms underlying DOHaD (with few exceptions e.g., Ellison, 2005). However, the
importance of predictable signals in the prenatal and early postnatal periods is well
recognized in classic human development and neuroscience literature as well as in studies
investigating the development of stress physiology. Bowlby’s foundational research on
attachment states that sensitive mothers provide a safe and predictable base upon which
infants and children build trusting and affectionate relationships (Bowlby, 1969). Erik
Erikson postulated that the foundation for all later development requires feelings of
physical comfort and minimization of uncertainty (Erikson, 1959). Classic
neurophysiological experiments by Donald Hebb revealed that neural circuits strengthen
following exposure to repeated and consistent stimuli (Stanton, 1996). Finally, studies in
both humans and animal models often utilize an ‘unpredictable’ adverse stimulus to
examine the effects of stress on neurodevelopment (St-Cyr & McGowan, 2018). Taken
together, while the concept of predictability has not received much attention when
describing the effects of adverse exposures in the DOHaD literature, its importance has
long been recognized in other fields. The following sections briefly outline the
components of unhealthy prenatal diet and PPD, which might be considered

‘unpredictable’ and how accounting for this may stimulate the development of novel
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research questions to help us move closer to preventing the development of mental

disorders (See Figure 1).
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Figure 1: Proposed model that considers the type, timing, duration, intensity, and
predictability of exposures. Exposure type can be charted according to its timing,
duration, intensity, and predictability (PPD, and poor prenatal diet exposures are charted
in Figure 1). z-axis: Exposure timing. Indicates when and long the fetus or infant is
exposed to a given adverse condition. y-axis: Intensity (absolute levels) of stress.
Indicates the intensity of the exposure. Red indicates exposure to increasingly ‘toxic’
levels of stress. This axis also acknowledges stress-inoculation, which posits that
exposure to mild deviations is expected for optimal neurodevelopment. x-axis:
Predictability of exposure: Green indicates that the exposure is frequent and predictable.
Red indicates that the exposure is frequent and unpredictable. a) Exposure to PPD is
intense but relatively predictable (e.g., if the mother is consistently withdrawn) while
these infants are exposure to more predictable/consistent maternal emotions and
behaviours, elevated maternal withdrawn behaviours still increase risk for adverse
neurodevelopment and psychopathology. b) Exposure to PPD is intense and
unpredictable (e.g., if mother exhibits high levels of emotional lability). ¢) Maternal
prenatal diet is consistently unhealthy. d) Maternal prenatal diet is unhealthy and includes
irregular meal intake patterns and/or large fluctuations in fats and sugar intake between
meals.

Predictability dimension of prenatal diet quality
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Traditionally assessments of prenatal diet quality utilize indices of overall diet
quality (e.g., the Healthy Eating Index-2010) or statistical methods such as confirmatory
factor analysis using data from a food frequency questionnaire (Guenther et al., 2014;
Pina-Camacho et al., 2015). However, while these methods can assess the intensity of the
unhealthy diet exposure, they do not account for potential large fluctuations in intake of
saturated fats, salt and sugars between meals. Frequent exposure to these large
fluctuations may be considered unpredictable to the developing brain, and over time
adversely affect the developing brain’s ability to organize neural circuitry (Glynn &
Baram, 2019). Set-points critical to the establishment of homeostatic, stress and emotion
regulatory systems begin to form prenatally and require consistent environmental inputs
for normal development (Phillips, 2007; Schlotz & Phillips, 2009; Thayer & Sternberg,
2006). Further, evidence suggests that the frequency, irregularity, and clock-time (when
during the day) of when meals are consumed interact with circadian rhythms and effect
physiology (see Asher & Sassone-Corsi, 2015; Pot, Almoosawi, & Stephen, 2016 for
reviews). Studies have reported on links between meal irregularity and increased pro-
inflammatory cytokines, insulin resistance, hyperlipidemia and metabolic dysfunction
(Pot et al., 2016). Further, irregular maternal prenatal meal frequency patterns appear to
adversely affect offspring, increasing risk for preterm birth, macrosomia and the
development of offspring circadian systems (Ainscough et al., 2020; Canaple, Gréchez-
Cassiau, Delaunay, Dkhissi-Benyahya, & Samarut, 2018; Englund-Ogge et al., 2017). To

my knowledge, no studies have examined the links between irregular prenatal maternal
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meal patterns or large fluctuations in fats and sugars between meals, and offspring
emotion regulatory circuity. However, given the necessity of consistent prenatal signals
on infant brain development, combined with increasing prevalence of eating outside the
home, skipping or delaying meals, this may be an important factor to investigate in future
studies.

Predictability dimension of postpartum depression

While the valence and quality of maternal emotions and behaviors play a
significant role in the link between PPD exposure and adverse offspring outcomes, recent
studies have highlighted the importance of maternal predictability on offspring
neurodevelopment (Baram et al., 2012; Glynn & Baram, 2019). Indeed, fragmented,
unpredictable maternal emotions and behaviors adversely affect cognitive and emotional
development in offspring (Glynn & Baram, 2019; Howland et al., 2020; Molet et al.,
2016). The infant brain is an open dynamic system that gradually organizes sensory
information together into meaningful concepts. This process is critically dependent on the
predictability of maternal environmental signals (e.g., Grossmann, 2015). When infants
are able to create these ‘meanings’ from predictable and consistent environmental signals,
they develop more flexible emotion regulatory capacity and able to adaptively recover
from stressors or challenges (DiCorcia & Tronick, 2011; Tronick & Beeghly, 2011).
Conversely, when environmental inputs are unpredictable, it is more difficult for the
infant brain to detect and form connections between having their socioemotional and

homeostatic needs met and stimuli from the social environment (e.g., the presence and
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behaviours of a caregiver). Indeed, caregiver mood that swings rapidly between negative
and positive increases the likelihood that the infant will enter states of disequilibrium,
which undermine their ability to detect consistencies between caregiver behaviours and
having their homeostatic and socioemotional needs met. As a result, infants are at
increased risk for emotion regulatory problems (Atzil, Gao, Fradkin, & Barrett, 2018;
Tronick & Beeghly, 2011). This evidence suggests that neurodevelopment in infants
exposed to unpredictable, emotionally labile mothers with PPD might differ from infants
exposed to mothers with PDD who are more consistently withdrawn (e.g., Diego, Field,
Jones, & Hernandez-Reif, 2006). As a result, infant responses to maternal PPD treatment
might differ depending on changes in maternal predictability. Therefore, due to the
importance of predictable environmental signals for optimal offspring brain development,
investigating whether maternal PPD treatment can alter maternal predictability could be
an important objective of future studies.
Limitations

The findings presented in this thesis should be interpreted in the context of the
following limitations. Each of these studies used observational designs; therefore, causal
conclusions cannot be made from this work. Studies 1,2 and 3 were unable to examine
whether offspring outcomes were linked to the quality of the prenatal diet during
gestation alone, or throughout the woman’s life. Indeed, since women are born with a
finite number of oocytes, exposure to poor diet quality prior to pregnancy might also play

a role in her offspring’s neurodevelopment. The samples that comprise Studies 1, 2 and 3
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were well educated and of higher socioeconomic status. Therefore, it is important for
future studies to include a wider range of socioeconomic and educational backgrounds to
increase the generalizability of these findings. Studies 1,2 and 3 also did not have data on
maternal prenatal exercise behaviours; another modifiable risk factor known to play a role
in offspring neurodevelopment. Indeed, there may be other unmeasured confounding
variables that could have played a role in our findings (e.g., shared genetics, maternal
exercise).

For Studies 4 and 5, despite observing changes in two physiological networks
underlying emotion regulation and mother-infant interaction patterns, we were unable to
assess what brain areas might account for these changes. Indeed, frontal EEG asymmetry
assesses neurophysiological activity at the scalp and heart rate variability indexes the
functional integration of multiple neural networks involved in emotion regulation.
Additionally, while it would have been ideal to conduct a randomized controlled trial,
these studies took place in a setting where healthcare is universal; therefore, it would have
been unethical to withhold treatment from women with PPD. Therefore, also were unable
to include a depressed control group of women that did not receive CBT treatment.
However, we believe that including a depressed control group would not have provided
additional value for two reasons. First, the evidence linking adverse environmental
conditions to enduring alterations neurodevelopment across the lifespan is well
established (Krebs-Smith, Guenther, Subar, Kirkpatrick, & Dodd, 2010; McLaughlin,

Fox, Zeanah, & Nelson, 2011; Tottenham, 2019; van den Bergh et al., 2017). Indeed,
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experience-expectant neurodevelopment posits that environmental inputs exert strong
effects on the trajectory of neurodevelopment; therefore, our observed adaptive
neurodevelopmental changes in infants would only occur if treatment had positive effects
on the infant’s socioemotional environment (e.g., maternal emotions and behaviours, or
even her predictability) (Bock, Rether, Groger, Xie, & Braun, 2014; Cicchetti & Toth,
1998; Greenough et al., 1987). Second, the randomized controlled trials conducted in
institutionalized infants consistently show that infants removed from institutionalized care
exhibit improved socioemotional and behavioural functioning, relative to those that
remained institutionalized (Nelson, 2017; Nelson & Gabard-Durnam, 2020; Nelson,
Zeanah, & Fox, 2019). This evidence shows that only infants exposed to changed
environmental conditions exhibit improved neurodevelopment. Therefore, it would be
highly unlikely to observe significant adaptive neurophysiological changes (of medium to
large effect size) in infants, and in the interaction patterns between infants and mothers
with untreated clinical depression.
Future research

Future research should be conducted to further examine the preventative potential
of the DOHaD hypothesis. Critical steps forward could be made by i) advancing study
designs and statistics, ii) using a more diverse range of neurophysiological and statistical
methods to assess outcomes and offspring response to interventions and iii) by integrating

the concept of predictability into studies testing the preventative potential of DOHaD.
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First, researchers should replicate and extend upon the findings presented in this
thesis using more advanced study designs and statistical methods, including those that
allow for causal conclusions. For example, large cohort studies could elucidate the role of
variables of interest using directed acyclic graphs to operationally determine which
variables should be considered confounding variables and which may lie on the causal
pathway. Interventions studies that target maternal lifestyle factors could also be
investigated. Since neuroplasticity decreases with age, prenatal interventions have
tremendous potential to optimize offspring neurodevelopmental outcomes (e.g., Van
Lieshout & Krzeczkowski, 2016). Additionally, future studies examining the effects of
treating PPD on offspring neurodevelopment and mother-infant interactions could also
benefit from experimental designs. For example, studies could randomize women with
PPD treatments delivered by public health nurses or peers and assess the impact of these
interventions on offspring outcomes. In settings where randomization to ‘no-treatment’
conditions are unethical, future studies could randomize groups of women to different
treatment conditions (e.g., interpersonal psychotherapy, mindfulness based cognitive
behavioral therapy, treatment as usual in a clinical setting). This could further test the
preventative potential of the DOHaD hypothesis by assessing if changes to environmental
conditions via multiple pathways (different types of interventions) can alter the similar
emotion regulatory circuitry in infants.

Second, future studies should attempt to improve the methods used to assess
offspring outcomes. This involves moving beyond the general reliance on self and

informant report questionnaires. Future DOHaD research should consider integrating with
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the novel research domain criteria (RDoC) framework. The RDoC framework aims to
understand the dimensions of mental disorders in terms of dysfunction across certain
behavioural and physiological systems (Cuthbert & Insel, 2013). Therefore, integrating
this framework within DOHaD research could enable us to examine the effects of adverse
exposures on particular domains of functioning (e.g., negative or positive valence
systems, regulatory/arousal systems) and at multiple levels of analysis (e.g., genetic,
epigenetic, neurophysiological, behavioural levels). This approach may also provide us
with more precise ways to assess the effectiveness of interventions (e.g, rather than
examining if a prenatal maternal diet intervention improves scores on an informant
reported questionnaire that assesses child behaviour problems, we could examine whether
these interventions effect the development and functioning in offspring positive valence
systems, assessed across physiological, behavioural and informant reported levels).
Future studies should also utilize other neurophysiological analysis techniques to
elucidate the mechanisms that may account for changes in offspring emotion regulation
following treatment of maternal PPD. Indeed, dyadic hyperscanning techniques using
functional near infrared spectroscopy (fNIRS) would be an effective way to examine
activity within specific cortical areas that may play a role in the effects of maternal PPD
treatment on infant emotion regulation and mother-infant interactions. Finally, advanced
statistical techniques such as group-based trajectory modelling could be used to determine
whether certain sub-groups of infants respond differently depending on particular changes

in their mothers following PPD treatment.
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Lastly, it would be interesting to further investigate the concept of exposure
predictability on offspring neurodevelopment. Studies could consider exploring ways to
assess the timing and irregularity of maternal food intake patterns on offspring
neurodevelopment. This could enable us to potentially differentiate between the effects of
poor overall maternal diet quality and the randomness and unpredictability of maternal
food intake. Studies could also assess if prenatal and early postnatal interventions can
improve the predictability of the exposure (e.g., by examining if PPD treatment can
reduce maternal symptoms of depression and if maternal emotions and behaviours
become more predictable).

Finally, none of this evidence will make a substantial impact unless effective
knowledge translation plans are developed and implemented. Moving forward, it is
critical that DOHabD researchers effectively communicate their evidence not only in
research settings, but to health care providers and policy makers in order for this evidence
to have a lasting impact on individuals, families and communities.

Conclusion

Mental disorders affect one in five Canadians and have significant adverse effects
on an individual’s health and well-being across the lifespan. Optimal emotion regulatory
capacity is a critical component of mental health and its development in infancy and early
childhood depends heavily on prenatal and early postnatal environmental conditions. The
DOHabD hypothesis posits that adverse prenatal and early postnatal environmental

conditions results in increased risk for psychopathology across the lifespan. Therefore,
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unlocking the immense preventative potential of the DOHaD hypothesis is critical. The
work presented in this thesis highlights the importance of the prenatal and early postnatal
periods as a time during which important and potentially modifiable risk factors can be
identified and intervened upon to reduce the risk of psychiatric problems across the
lifespan. Efforts to elucidate the preventive potential of the DOHaD hypothesis could
have an immense public health impact may be our best chance to reduce the impact of, or

even prevent the development of mental disorders across the lifespan.
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Appendix

Chapter 2: Maternal Metabolic Complications in Pregnancy and Offspring Behavior
Problems at Two Years of Age (Study 1)

Supplemental table el: Study overview for Edmonton sub-cohort of CHILD

Prenatal Birth Post-natal
Q: Questionnaire ] 36 3 |6 |9 (1|2
P: Physiological Testing Recruitment wk H mo | Mo | mo | yr | yr
B: Biological Sample )
E: Environmental L S
assessment | L P PP |L
N I I H{H|H]|I
| N T O|O|O|N
c I A M| N| NI
C L E|E|E|C
Mother | Q: Health and Medications 4 v
Q: Environment v v | v v
Q: Nutrition® v v v
Q: Activity v
Q: Stress v v v
Q: Socio-economic status v v
Q: Delivery 4
Q: Sleep v
P: Skin Prick Testing v
B: Breast Milk v
Father Q: Health v
Q: Environment v
Q: Socio-economic status v v
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Q: Sleep v
P: Skin Prick Testing v

Infant Q: Health and Medications VIV VY|V
Q: Infection VIV V|V
Q: Activity vV v
Q: Solid Food Introduced? VIV v
Q: Pediatric Sleep Sl sy
Questionnaire
Q: Brief Infant Sleep Sl sy
Questionnaire
Q: CBCL" v

Q: BSID-1II°

P: Polysomnography
P: Skin Prick Testing
P: Height and Weight v

& Sleep and neurobehavioral measures

AN RN RN

® Child Behavioural Checklist

‘BSID-III: Bayley scale of infant development version IlI

Supplemental Table e2 Study inclusion and exclusion criteria for the CHILD study

Inclusion Criteria
1. Pregnant women aged 18 years and older
2. Residence in reasonable proximity to the study centre.
3. Able to read and speak English
4. Willing to provide informed consent
5. Willing to consent to cord blood collection by the study

6. Planning to give birth at the recruitment centre
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7. Infants born at or after 35.5 weeks
8. Must be able to provide a valid address and telephone number and names and phone

numbers of two alternate contact individuals

Exclusion Criteria
1. Children with major congenital abnormalities or respiratory distress syndrome (RDS)
2. Infants born before 35.5 weeks gestation
3. Expectation of moving away from a recruitment area within 1 year
4. Children of multiple births
5. Children resulting from in-vitro fertilization

6. Children who do not spend at least 80% of nights in the home index
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Supplemental Table e3 Unadjusted Associations between Maternal Metabolic Complications
during Pregnancy and CBCL 1% -5 Externalizing and Internalizing Problems

Predictors (B, 95-ClI) Externalizing Internalizing

BMI (Continuous) 0.14 (0.02; 0.27)* 0.10 (0.01; 0.20)*

BMI (Categorical)?

Normal-Overweight/Obese  1.34 (0.01; 2.69)* 1.24 (0.24; 2.23)*

& Normal (18.5-24.9) vs. Overweight/Obese (BMI >25).
* p<0.05

246



Ph.D. —J. Krzeczkowski; McMaster University— Neuroscience

Supplemental Table e4 Adjusted Associations between Maternal Metabolic
Complications during Pregnancy and CBCL 1% -5 Externalizing and

Internalizing Problems

Predictors (B, 95-ClI) Externalizing Internalizing
. 0.001 (-
BMI (Continuous) 0.05 (-0.06; 0.16)
0.07;0.07)
. 3.32 (5.7;
Smoking 1.52 (-5.21; 2.18)
0.74)
-0.07 (-0.14;
HEI total -0.19 (-0.28; -0.11)
0.01)
-0.39 (-
SES -0.46 (-0.85;-0.06)
0.73;-0.05)
) 0.12
Depression 0.18 (0.08;0.27)
(0.05;0.20)
) ) -0.09 (-0.18;
Breastfeeding duration -0.10 (-0.21; 0.01) 0.01)

BMI (Categorical)?

. 0.57 (-048;
Normal- Overweight/Obese -0.03 (-1.43; 1.50)
1.62)
) 3.06 (5.78;
Smoking 2.59 (-6.35; 1.18)
0.35)
-0.06 (-0.14;
HEI total -0.17 (-0.28;-0.07)
0.10)
-0.38 (-
SES -0.61 (-1.32;-0.19)
0.72;-0.04)
) 0.12 (0.05;
Depression 0.14 (0.03;0.25)
0.23)
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-0.09 (-0.18;
0.003)

Adjusted for SES, maternal smoking, maternal diet (measured by HEI total

Breastfeeding duration 0.13 (-0.25; 0.003)

score), maternal depression at 12 months postpartum and breastfeeding
duration.
dNormal (BM1=18.5-24.9) vs. Overweight/Obese (BMI >25).

Supplemental Table e5 Post-hoc analyses of semi-partial correlations

accounting for the associations between BMI, GDM and offspring behaviour

problems.
Model Semi-partial correlation coefficients
(rs, p-value)

BMI (continuous) Externalizing Internalizing
HEI-total -0.19(<0.01) -0.10 (0.075)
Empty calories*  -0.19 (<0.01) -0.11 (0.052)
Depression 0.14 (<0.05) 0.18 (<0.01)
SES -0.14 (<0.05) -0.13 (<0.05)
Smoking 0.08 (N.S.) 0.12 (<0.05)
Breastfeeding -0.11 (N.S)) -0.10 (N.S))
BMI 0.02 (N.S.) 0.04 (N.S.)

8 The HEI-2010 component that remained significant when added to the fully
adjusted model in place of HEI-total.
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Chapter 3: Neurodevelopment in 3—4 year old children exposed to maternal hyperglycemia

or adiposity in utero (Study 2)

Supplementary Table 1: Demographic comparisons between those with and without BMI and

hyperglycemia data

BMI? BMI Missing  Tested for Hyperglycemia
(n=757) (n=51) hyperglycemia  data missing
(n=594) (n=214)
Education (n,%)
High School or less 75 (9.9) 8 (15.7) 63 (10.6) 20 (9.4)
College Educated/ 680 (90.1) 43 (84.3) 530 (89.4) 193 (90.6)
University Degree
Marital Status
Married/Common 727 (96) 50 (98) 573 (96.5) 204 (95.3)
law 4 (0.7) 0 3(0.5) 1(0.5)
Divorced/Separated 25 (3.3) 1(2.0) 17 (3.0) 9(4.2)
Single
Maternal age (M. SD) 32.8(4.8) 32.0(4.8) 32.7 (4.8) 32.9 (4.8)
Household Income (n,%)
Less than 50 000 103 (13.6) 14 (27.5) 88 (14.8) 29 (13.6)
50 001-100 000 321 (42.4) 24 (47.1) 249 (41.9) 96 (44.9)
Greater than 100 333 (44.0) 13 (25.5) 257 (43.3) 89 (41.6)
000
Smoking (n,%)
Never 493 (65.1) 36 (70.6) 380 (64) 149 (69.6)
Former 201 (26.6) 11 (21.6) 160 (26.9) 52 (24.3)
Current/Quit in 63 (8.3) 4 (7.8) 54 (9.1) 13 (6.1)
pregnancy
Birth Country
Canada 622 (82.2) 39(76.5) 482 (81.1) 179 (83.6)
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Elsewhere 135(17.8) 12 (23.5) 112 (18.9) 35 (16.4)
HOME total (M,SD) 474 (4.3) 46.1 (4.0) 47.3 (4.4) 47.5 (4.0)
Depression (M,SD) 55 (4.2) 6.4(4.8) 5.6 (4.3) 53(4.1)
Stress (M,SD) 16.1 (4.6) 16.9 (4.9 16.2 (4.6) 16.1 (4.6)
Diet Quality (M,SD) 72.3(7.89) 70.6 (7.16) 71.8 (8.0) 73.5(7.3)
Breastfeeding (M, SD) 5.5 (2.1) 5.1 (2.1) 5.41 (2.3) 5.7 (1.6)
Presence of hyperglycemia
(n,%) 39 (7.1) 8 (17.3)
Infant Sex (n,%) 377 (49.8) 28 (54.9) 303 (47.7) 102 (47.7)
Male
Gestational Age (M,SD) 39.0 (1.7) 38.6 (2.4) 38.9 (1.7) 39.1(1.8)
Birth Weight (g) (M,SD) 3440.82 3459.55 3432.4 (537.8)  3469.1 (507.6)
(521.4) (649.1)

# Includes women with an underweight BMI (n=20) whom are not included in table 1.
Boldface= p<0.05
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Chapter 4: Maternal Pregnancy Diet Quality Is Directly Associated with Autonomic
Nervous System Function in 6-Month-Old Offspring

Supplementary Table 1: Characteristics of mother-infant dyads enrolled in MIREC vs. the

MIREC-ID (current study’s) sub-study sample. (MIREC n=1583, MIREC-ID n=400)

Original MIREC MIREC-ID sample | P
Cohort (n=1583) (n=400)
Diet Quality 71.948.7 72.2 184 0.5
Age 32.35.2 31.8+4.7 0.1
Marital Status n, (%)
Married/Common law | 1507 (95.2) 382 (95.2) 0.84
Divorced/Separated 7(0.4) 3(0.8)
Single 69 (4.4) 15 (3.8)
Household Income $* n,(%)
<50 000 276 (17.4) 71 (17.8) <0.01
50 001-100 000 600 (37.9) 186 (46.5)
>100 000 707 (44.7) 143 (35.8)
Education n, (%)
High School or less 230 (14.5) 50 (12.6) 0.31
College Educated/ 1353 (85.5) 348 (87.4)
University Degree
Country of Birth n,(%)
Canada 1263 (79.8) 349 (87.3) 0.01
Elsewhere 320 (20.2) 51 (12.7)
Smoking n,(%)
Never 937 (59.2) 265 (66.3) 0.01
Former 442 (27.9) 102 (25.5)
Current/Quit in pregnancy 204 (12.9) 33(8.3)
Pre-Pregnancy BMI (kg/m?)
n,(%)
Underweight 45 (3.1) 7(1.9 0.16
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Normal 896 (61.0) 210 (56.9)

Overweight 318 (21.7) 86 (23.3)

Obese 209 (14.2) 66 (17.9)
Birth weight, g 3385.7+625.0 3497.7 +497.4 <0.01
Gestational age (weeks) 38.2+4.1 39.2+1.4 <0.01
Male n, (%) 810 (53.4) 205 (51.2) 0.45

! Canadian Dollars

Supplementary Table 2: Description of procedures during which heart rate variability was

assessed

Task

Description

Anthropometric assessment

HRV was obtained during the final two
measurements of the anthropometric assessment.
This included the following measures: a) crown-
rump length assessment: a measurement of the
distance from the top of the head to the bottom
of the buttock, and b) digit length assessment:
measured in order to calculate ratio of index and

ring finger lengths

Tilt procedure

When the infant was in a calm state, belts were
fitted well to minimize infant movement. During
the tilt maneuver, the cradle was gently raised
and fixed to the angle of 60°, heads-up position
for 5 minutes. Then, the baby was placed in a
horizontal position for 5 minutes before moving
back to the heads-up position for 5 minutes. The
baby was then brought back to the horizontal

position and removed from the tilt device.

Arm Restraint

Before the infant arrived, the setting was

arranged in accordance with the diagram below.
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The mother was seated on a chair 3 feet on the
left of where the baby would be positioned
(baby’s right side). The baby was seated in a

Mother Baby
o 3 feet 2

RN

chair and the research nurse was kneeling in
front (slightly on the right side) of the baby. The
camera was positioned on the tripod at the
proper distance so that both the baby’s and the
mother’s bodies were captured on video. The
baby was allowed to play freely for 5 minutes,
then the baby’s arms were held for 2 minutes
gently by their side by the research assistant
(RN). Following this, the baby was then allowed

to play freely for 5 minutes
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Chapter 5: Changes in Psychophysiological and Behavioral Measures of Emotion
Regulation in Infants following Maternal Cognitive Behavioral Therapy for Postpartum
Depression

Methods

Electroencephalogram (EEG): EEG data were recorded using Netstation (Version 4.4.1). Infants
were fitted for a 128-electrode HydroCel sensor net, which was subsequently connected to an
Amp 300 DC-coupled amplifier (Phillips Inc [Formerly Electrogeodesics Incorporated], Eugene,
OR). Scalp impedances were kept below 50KOhms during acquisition. EEG signals were
digitized at 250Hz and referenced to Cz (vertex). In keeping with infant EEG research procedure,
eye electrodes had been removed from the nets (channels 125, 126,127,128) prior to recording.

Data were analyzed offline in Matlab using EEGlab (v14.0.0b) by a trained graduate
student blind to group status. The signal was band-passed filtered from 1 Hz (high pass) to30Hz
(low pass). Non-usable channels were removed via a visual inspection. Channels were replaced
using spherical spline interpolation. Sections of data contaminated by large artifacts were
removed by visual inspection. The data were re-referenced to an average reference then were
segmented into epochs of 2 seconds duration with 50% overlap. Data were further examined for
any remaining artifact (fluctuations) and removed from further analyses. At Visit 1, there were an
average of 68.9 (SD=28.4) artifact-free, usable EEG epochs and 77.7 (SD=39.9) at Visit 2. There
were no significant differences in the number of clean epochs between case and control infants at
either visit. A 100% hanning window function was applied to each epoch before undergoing a fast
Fourier transform to obtain the power spectrum.

Power within the “infant” alpha band (6 to 9Hz)! was extracted. To be consistent with the
majority of studies that examined the effects of PPD on infant frontal asymmetry®®, our frontal
asymmetry measure was calculated by subtracting the natural log-transformed alpha power at the
left frontal hemisphere (at site F3 [channel 24]) from the right frontal hemisphere (at F4 [channel
124]) [i.e., FAA=In(F4)-In(F3)].

Heart Rate Variability: Prior to recording, disposable pediatric ECG electrodes were placed on

the infant’s back. Electrocardiogram (ECG) data were recorded continuously (sampling rate

500Hz) using the Mindware 3000A mobile data acquisition unit (Mindware Technologies Ltd.
254



Ph.D. —J. Krzeczkowski; McMaster University— Neuroscience

Gahanna, OH), which transmitted data wirelessly to a laptop computer running Biolab (3.3.2)
acquisition software.

Mindware HRV 3.2.3 was used to inspect and analyze ECG data. Each 60 second epoch
of data were visually inspected for artifacts (large movements, software misidentifications of R-
wave peaks). Mis-identified or missing heartbeats were manually corrected as needed by a
graduate student blind to group status. Data were excluded from analysis if epochs had more 10%
of R-waves estimated or if >50% of the epoch was missing. For each cleaned 60 second epoch, a
fast Fourier transform was used to obtain power within high frequency band (for infants: 0.24

t01.04 Hz®), which is believed to reflect parasympathetic nervous system activity®.

Supplementary Table 1: Differences between those that competed the study vs. dyads that did not

complete both visit

Cases Controls

Completed | Did not | P Value | Completed | Didnot | P Value

Study complete Study complete
(n=40) study (n=40) study
(n=11) (n=6)
Infant age at visit 1, 5.6 (2.7) 6.3 0.42 5.9(2.6) 5.8 0.96
m (SD), months (3.17)

Infant sex, No. (%), 16.0 (40) 7.0(64) |0.20 16.0 (40) 2.0 (33) |>0.99

male

Total household

income® m(SD)

<49,999 8 (20) 2(20) | 0.94 5 (13) 2(33) 033
50,000- 10 (25) 3 (30) 11 (27) 2 (33)

79,999 22 (55) 6 (60) 24 (60) 2 (33)

>80,000

Maternal age, m(SD), | 32.4(4.2) 30.7(4.8) | 0.29 32.7(5.1) 34.8(4.6) | 0.45

years

Parity, No. (%),
Primiparous | 21(53) 7 (64) 0.48 22 (55) 2(33) 0.59
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Multiparous | 19 (47) 4 (36) 18 (45) 4 (66)
Marital Status, No.
(%),
Single 3(8) 0 (0) 0.17 2 (5) 0 (0) 0.70
Separated 1(2) 1(9 0(0) 0(0)
Common- 9(22) 5 (45) 8 (20) 3 (50)
law 26 (68) 5 (45) 30 (75) 3 (50)
Married
Education, No. (%),
High school | 5 (12) 1(9) 0.76 3(7.5) 1(17) 0.69
or less
College or 12 (30) 2 (18) 11 (27.5) 3(33)
certificate
program
University or | 23 (58) 8 (73) 26 (65.0) 2(17)
higher
Birthweight m(SD), | 3329.4 3276.2 0.72 3374.9 3206.8 | 0.54
grams (442.0) (346.78) (489.0) (950.0)
Gestational age 39.5(22) |38.2 0.078 39.2(1.1) 39.8 0.38
m(SD), weeks (2.5) (0.95)

aCanadian Dollars
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Sensitivity analyses: The impact of maternal medications on offspring emption regulation

Repeated measures ANOVAS were used to determine if infant emotion regulation
outcomes differed for women on medications vs. not on medications between Visit 1 and Visit 2.
There were no significant between-subjects effects on frontal EEG asymmetry [F(1,32)=0.07,
p=0.49]; heart rate variability [F(1,35)=0.06,p=0.72] and on orientation/regulation behaviors
reported on by mothers [F(1,37)=0.002,p=0.99] and partners [F(1,29)=0.03,p=0.69]. Therefore,
medication did not impact our results. Further, significant within-subjects effects on frontal EEG
asymmetry [F(1,32)=8.37, p=0.007]; high frequency heart rate variability [F(1,35)=10.3,p=0.003]
and on orientation/regulation behaviors reported on by mothers [F(1,37)=6.2,p=0.017] and
partners [F(1,29)=4.19,p=0.05] indicated that improvements were observed in infants regardless
of whether women were taking medication.

There were also no differences between women whom started medications within 1
month before the start of group vs. those on a stable medication regimen for >1 month on frontal
EEG asymmetry [F(1,18)=0.10,p=0.76]; high frequency heart rate variability
[F(1,19)=0.2,p=0.63] and on orientation/regulation behaviors reported on by mothers
[F(1,20)=0.2,p=0.89] and partners [F(1,15)=0.62,p=0.44]. Finally, no differences were observed
when the 5 women whom had to the dose of their medications during group were removed from
analysis. While no differences were observed, we acknowledge that we may not have had the

power to detect these differences.
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Chapter 6: Follow the leader. Elucidating the physiological mechanisms underlying
adaptive mother-infant regulation of infant distress

Supplementary Table 1: Differences between those with and without data clean data

Cases Controls
Complete No data p Complete No data (n=4)
data (n=26) (n=10) data (n=32)
Infant age 5.4(2.5) 6.3(2.9) 0.39 | 5.3(2.5) 8.8(2.1) 0.009
Infant sex
(n,%)
Male 11(42.3) 5(50.0) 0.72 | 12(37.5) 3(75.0) 0.30
Income
(n,%) 4(15.4) 2(20.0) 0.89 | 5(15.6) 1(25.0) 0.89
<49,999 7(26.9) 2(20.0) 8(25.0) 1(25.0)
50-79,999 15(57.7) 6(60.0) 19(59.4) 2(50.0)
>80,000
Marital
Status (n,%)
Single 0.58
Separate 2(7.7) 1(10.0) 0.57 | 2(6.3) 0
Common 1(3.8) 1(10.0) 0(0.0) 0
Law 6(23.1) 4(40.0) 5(15.6) 0
Married
17(65.5) 4(40.0) 25(78.1) 4(100.0)
Maternal
Education
(n,%)
High School | 1(3.8) 2(20.0) 0.14 | 1(3.1) 1(25.0) 0.19
or less
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College or | 9(34.6) 2(20.0) 8(25) 1(25.0)
Certificate
University | 16(61.5) 6(60.0) 23(71.9) 2(50.0)
or higher
Mother’s
age (m,SD) | 31.9(4.1) 33.7(4.2) 0.24 | 33.3(5.2) 30.7(4.2) 0.75
Parity (n,%)
Primiparous | 13(50.0) 5(50.0) 0.54 | 17(53.1) 3(75.0) 0.39
multiparous 15(47) 1(25.0)
13(50.0) 5(50.0)
Mother’s
birth
country 24(92.3) 12(85.7) 0.72 | 26(81.2) 7(77.7) 0.51
(n,%) 2(7.6) 1(7.1) 6(18.8) 2(22.2)
Canada
Elsewhere
Gestational | 39.6(2.45) 38.5(2.4) 0.18 | 39.2(0.82) 39.9(1.25) 0.09
age (m,SD)
Birthweight | 3386.9(526.6) | 3319.9(350.7) | 0.67 | 3336.5(463.6) | 3434.7(674.4) | 0.63
(9) (m,SD)
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