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Chapter 1. General Introduction

The general goal of the current thesis is to uncover unknown cross sectional and
longitudinal links between nutrition and behaviour from early life until adolescence.
This goal is reached through three aims that are explained in this first section. In the
second section, the theory behind these aims is elaborated on in more detail.

Executive functions (EF) are cognitive processes that allow for planning, monitoring,
and executing goal-directed behaviours (Diamond, 2013). As such, EF are important
for many aspects of life. The current thesis focuses on EF in general as well as on
a specific aspect of EF, namely inhibitory control (IC). IC represents the ability to
suppress impulsive behaviour and is an integral part of EF and cognition (Diamond,
2013). The development of EF and IC starts and progresses rapidly in the early ages
(Diamond, 2013). Especially in toddlerhood, EF and IC are important behavioural
indicators of future problem behaviour and poor developmental outcomes (i.e., ex-
ternalizing behavioural problems and attention deficit hyperactivity disorder (ADHD)
related problems, accounting for 23% of the variance) (Gagne et al., 2011). The fac-
tors influencing EF and IC are not yet fully identified. However, nutrition may play a
pivotal role in the inter-individual variability of EF and IC (see review by Costello et al.
(2020)). Specifically, because early life is shown to be a vulnerable and susceptible life
phase for predicting future health (Robertson et al., 2019), early life nutrition is a vital
factor when researching predictors for cognitive outcomes (Moody et al., 2017; Prado
and Dewey, 2014). Therefore, the first aim of this dissertation was to investigate the
relations between breastfeeding factors and later child EF and IC.

But how could nutrition be related to the development of EF and IC? The microbiota-
gut-brain axis, the bi-directional communication route between the microbiota in the
gut and the brain, is considered an important biological mechanism for explaining
the relations between nutrition, the brain, and behavioural development (Cryan and
O’Mahony, 2011; Cryan et al., 2019). Gut microbiota are affected by nutritional intake

and can therefore vary from day-to-day (Oriach et al., 2016; Vandeputte et al., 2021).
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Chapter 1. General Introduction

Furthermore, the gut microbiota and the brain are able to communicate through dif-
ferent pathways, such as the vagal nerve, impacting brain activity (Cryan et al., 2019).
Subsequently, altered brain activity is linked to altered behaviour (Chye et al., 2021).
As both the gut microbiota and the brain develop rapidly in early life (de Weerth,
2017; Rice and Barone, 2000; Wang et al., 2018), a possible interplay early in life is
suggested (Robertson et al., 2019). The second aim was therefore to investigate early
life gut microbiota associations with toddler EF and IC.

Next to examining healthy (early life) nutrition as predictor of EF and IC, healthy
nutrition also plays an important role in the development of the immune system, muscle
growth, and neurodevelopment, as well as prevention of non-communicable diseases,
etc. (Norris et al., 2022). It is therefore important to investigate the determinants of
dietary intake. One developmental stage in which healthy nutritional behaviours are at
risk is adolescence (Limbers et al., 2021; World Health Organization, 2005). Parents
are an important predictor of a range of child developmental outcomes (Albanese et al.,
2019; Delvecchio et al., 2020; Khozaei and Carbon, 2022). Therefore, the third aim of
this thesis was to investigate the role of maternal caregiving behaviour on adolescent
IC and healthy nutritional behaviours. The following paragraphs explain this thesis’
aims in more detail. Box 1 shows the aims of the current thesis, and Figure 1.1 shows

the overview of this thesis including the research aims and chapters.

/ Box 1 \

Research aims

Aim 1: investigate the relations between breastfeeding fac-
tors and toddler executive functions and inhibitory control.

Aim 2: investigate early life gut microbiota associations
with toddler executive functions and inhibitory control.

Aim 3: investigate the role of maternal caregiving behaviour on
\ adolescent inhibitory control and healthy nutritional behaviours. J
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Chapter 1. General Introduction

Executive functions and inhibitory control

Executive functions (EF) can be divided into several constructs: working memory,
cognitive flexibility, and inhibitory control (IC) (Diamond, 2013). Working memory is
the ability to remember information and mentally work with it, cognitive flexibility is the
ability to maintain information and switch perspectives towards it, and IC is the ability
that helps us control our impulses in order to make rational decisions (American Psy-
chological Association, 2023). Working memory and cognitive flexibility both require
IC, making IC a vital adaptive human ability that is an integral part of higher-order
EF (Diamond, 2013). IC helps us consider consequences of our actions and dominates
impulsive urges that satisfy short term rewards, thereby protecting us against harm
and stimulating behavioural patterns that allow for long term larger rewards (Allom
et al., 2015; Cappelli et al., 2019; Li et al., 2022). For example, one can refrain from
eating in the absence of hunger to maintain a healthy weight. Higher levels of EF
and IC around preschool age and early school years are associated with positive future
outcomes including higher academic performance (Cortés Pascual et al., 2019), higher
socioemotional competence (Ayduk et al., 2000; Duckworth et al., 2013; Eisenberg
et al., 2007; Munakata and Michaelson, 2021; Shoda et al., 1990), and better general
health (Robson et al., 2020). Contrarily, uncontrolled impulsivity could manifest into
psychopathology such as ADHD, and internalizing and externalizing problems (Gagne
et al., 2011, 2019; Lipszyc and Schachar, 2010). Taken together, EF and IC predict
many health outcomes making it important to investigate the development of these
cognitive functions.

The development of EF and IC starts in the first few years (Best and Miller, 2010;
Garon et al., 2008; Swingler et al., 2011), making the period from early life to tod-
dlerhood a crucial age to investigate. Early life factors that predict EF and IC have

received attention from researchers. Various factors seem to predict EF and IC, includ-
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Chapter 1. General Introduction

ing genetics, epigenetics, and nutrition (Coda and Graff, 2020; Costello et al., 2020).
Specifically nutrition, and especially early life nutrition, may play an essential role in

the development of EF and IC (Costello et al., 2020).

Early life nutrition

Early life refers to the first 1000 days from the moment of conception, and is
known as a vulnerable and susceptible life phase which is subject to external factors that
could impact many developmental processes with long-lasting effects (Robertson et al.,
2019). Importantly, the brain develops most rapidly in the first 1000 days of life (Moore,
2016). As early life nutrition provides the building blocks for the development and
refinement of the brain (Prado and Dewey, 2014), early life nutrition is an important

topic of interest for investigating future brain and behavioural outcomes.

Breastfeeding duration

For many infants, breastfeeding is the primary nutrition during the first period after
birth (Theurich et al., 2019). The World Health Organization recommends exclusive
breastfeeding for the first six months after birth, and continued breastfeeding until
two years of age or beyond for optimal child development (World Health Organization,
2017). Indeed, different breastfeeding parameters, such as initiation and duration, have
been related to fewer illnesses, lower risk of obesity, higher diet quality (Pattison et al.,
2019; Ventura, 2017), and possibly improved child cognition and behaviour (Hou et al.,
2021; Lucas, 2005; Moody et al., 2017; Prado and Dewey, 2014; Victora et al., 2016).
However, research on breastfeeding and toddler EF and IC has been scarce, with diver-
gent results (Belfort et al., 2016; Julvez et al., 2007; Lopez et al., 2021). Therefore, the
first aim was to investigate the relations between early life nutritional factors and later
child EF and IC. Specifically, in Chapter 2, the duration of breastfeeding was investi-

gated in relation to EF and IC. In addition, there is evidence that early life nutrition
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Chapter 1. General Introduction

predicts toddler diet quality (Ventura, 2017), and diet quality may relate to IC (Cohen
et al., 2016). Hence, we also investigated whether toddler diet quality mediated the

relation between breastfeeding duration and toddler EF and IC.

Breast milk content

Next to discovering links between breastfeeding duration and toddler EF and IC, the
constituents of human milk are also of interest. This is underpinned by the Lactocrine
Programming hypothesis, which is the theory that non-nutritive bioactive components
in milk contribute to the infants’ developmental trajectory with long-term consequences
in adulthood (Bartol et al., 2008; Hinde et al., 2013). Human milk contains multiple
solid components which provide the infant with building blocks to develop properly,
such as hormones, microbiota, growth factors, and nutrients (Kim and Yi, 2020). Evi-
dence is accumulating that non-nutritive milk constituents predict cognitive outcomes
(de Weerth et al., 2022). One of the most abundant solid components in human milk
are human milk oligosaccharides (HMOs) (Bode, 2012). Interestingly, HMOs serve as
nutrition for the intestinal gut microbiota rather than for the infant (Bode, 2015).
HMO composition changes throughout lactation, and differs greatly between women
(Borewicz et al., 2020; Soyyilmaz et al., 2021; Thum et al., 2021). Animal studies
have confirmed a causal association between specific HMOs and animal cognition
(Docq et al., 2020). However, this relation has been less well established in humans.
Hence, in Chapter 3, we investigated relations between HMO exposure in early life (at
two, six, and 12 weeks of age) and toddler EF and IC. The microbiota-gut-brain axis is
hypothesized to be central to understanding nutrition-behaviour associations and will

be explained in the next paragraph.
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Chapter 1. General Introduction

Microbiota-gut-brain axis

A bi-directional communication route exists between the gastrointestinal tract and
the brain, also known as the gut-brain axis (Dinan and Cryan, 2017). There are several
pathways through which this communication takes place, including immunological,
endocrine, and neurological pathways (Cryan et al., 2019; Cryan and Dinan, 2012).
Indeed, studies show that the psychological state (e.g., stress) can affect digestive
function (e.g., gut permeability), and reversely, that the digestive function drives the
psychological state (Borre et al., 2014; Collins, 2001; Cryan and Dinan, 2012). In
addition to this, another important key regulator in this bi-directional communication
route was discovered, namely the gut microbiota.

The gut microbiota are a community of microorganisms, including bacteria and
fungi, that are present in the gut (Thursby and Juge, 2017). The gut microbiota live
in symbiosis with the host by fermenting dietary fibres, and endogenous intestinal
mucus, resulting in production of substrates that impact host phenotype, fitness, and
health (Liu et al., 2022). Just like the brain, the gut microbiota also develop rapidly
in the first 1000 days of life (de Weerth, 2017; Wang et al., 2018). Infants are born
with virtually sterile intestines, with the birth mode importantly affecting the initial
gut microbiota colonisation (Korpela, 2021). Vaginally born infants have similar gut
microbiota composition to their mother's vaginal microbiota (i.e., high abundance
of Bifidobacteria, Bacteroides, and Lactobacillus), while infants born via C-section
have a gut microbiota composition similar to the mother's skin and environment they
were born in (i.e., high abundance of Staphylococcus, Streptococcus, and Clostridium)
(Coelho et al., 2021). After birth, many environmental factors will influence how the
gut microbiota colonisation proceeds. Examples are the living environment, antibiotics
use, medication, genetics, and nutrition (Wen and Duffy, 2017).

As part of the microbiota-gut-brain axis, the microbiota are an important regu-
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Chapter 1. General Introduction

lator between the gut and the brain (Cryan et al., 2019). Gut microbiota produce
metabolites, and neurotransmitters that affect the pathways involved in the interac-
tion between the gut and brain (Cryan et al., 2019; Gacias et al., 2016), see Figure 1.2.
Mechanistic explanations for how the gut microbiota can affect the brain and behaviour
are derived from rodent studies, as causal relations are difficult to determine in humans.
Robust causal results from rodent studies were found for specific bacteria in relation
to social behaviour and anxiety (Cowan et al., 2016; Li et al., 2018; Sgritta et al.,
2019; Tabouy et al., 2018). As a result, the microbiota-gut-brain axis is considered
an important biological mechanism contributing to brain and behavioural development
(Cryan and O’'Mahony, 2011; Cryan et al., 2019; Dinan and Cryan, 2015). Specifically,
because early life has been shown to be a critical developmental phase where the brain
develops rapidly (Moore, 2016), the focus on early life gut microbiota development in
relation to brain and cognition has been receiving increasing attention.

Several studies investigated the relations between gut microbiota and cognitive
outcomes, but results have been divergent so far (Aatsinki et al., 2020; Carlson et al.,
2017; Rothenberg et al., 2021; Streit et al., 2021; Tamana et al., 2021). Because nutri-
tion affects the composition of the gut microbiota, nutrition may be able to indirectly
affect brain and behaviour through the microbiota-gut-brain axis. Thus, to discover
how nutrition, such as breastfeeding duration and HMOs, predicts behaviour, we in-
vestigated a potential underlying mechanism behind the relations between nutrition
and cognitive and behavioural outcomes (aim 2). Specifically, in Chapter 4, we inves-
tigated whether gut microbiota composition at ages two, six, and 12 weeks, and one

and three years, relates to toddler EF, IC, and problem behaviour.
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Figure 1.2. Schematic view of the microbiota gut brain axis, and the pathways involved
(based on Cryan et al. (2019)). Some icons are obtained from thenounproject.com (Maxim
Kulikov, Peter van Driel).

Adolescent nutrition and its predictors

Nutrition plays an important role in brain development. However, nutrition is also
involved in many other bodily processes that stimulate development of the immune sys-
tem, muscle growth, and neurodevelopment, as well as prevention of non-communicable
diseases, etc. (Das et al., 2017; Norris et al., 2022). It is therefore extremely valuable
to determine how healthy dietary habits are established. Especially, adolescence is a
developmental phase where the risk for unhealthy nutritional behaviours is increased
(Limbers et al., 2021; World Health Organization, 2005). Moreover, dietary habits
during adolescence are shown to last until adulthood, with profound psychological and
physical implications (Movassagh et al., 2017). Despite knowing this, the possible fac-

tors involved in the development and variability of adolescent nutritional behaviours
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are under-investigated.

One of the important factors predicting healthy adolescent nutritional behaviours
may be maternal caregiving quality, as it is closely related to child development and
health. Caregiving quality is characterised by how sensitively, responsively, and con-
sistently the mother attends to the needs of her child (Layzer and Goodson, 2006).
Studies have shown that higher maternal caregiving quality is related to better child
and adolescent behaviour, like educational performance and psychosocial development
(Guyon-Harris et al., 2021; Raby et al., 2015; Scherer et al., 2019; Sroufe et al., 2010).
However, it is unclear whether maternal caregiving quality predicts adolescent nutri-
tional behaviours, though there is some evidence suggesting that caregiving quality
independently relates to toddler and child diet quality (see reviews by Hughes and
Papaioannou (2018) and Sleddens et al. (2011)). Whether this relation holds in ado-
lescence is unclear as studies have shown inconsistent results, either finding positive
relations between higher parental caregiving quality and higher intake of healthy foods,
and lower intake of unhealthy foods (Kim, 2007; Kim et al., 2008; Kremers et al., 2003;
Lytle et al., 2003; Pearson et al., 2010; Zietz et al., 2022), or null results (Kim, 2007;
Kim et al., 2008; Vereecken et al., 2009).

If maternal caregiving quality were indeed to predict adolescent nutritional be-
haviours, the mechanism that would underlie this potential association is as yet unclear.
A candidate mechanism may be adolescent IC. Indeed, many studies have shown that
caregiving quality, both in the short and long term, is of major importance for child self-
regulation and IC (Bernier et al., 2010; Bosquet Enlow et al., 2019; Bravo et al., 2023;
Brophy-Herb et al., 2012; Frick et al., 2019a,b; Geeraerts et al., 2021; Jennings et al.,
2008; Kochanska et al., 2000; Kok et al., 2013; Spinrad et al., 2012; von Suchodoletz
et al., 2011; Vrijhof et al., 2020; Wu et al., 2022). To our knowledge, only one study
was performed at adolescent age, and found that higher maternal caregiving quality at

child age seven years predicted less over-inhibition in adolescence (van der Voort et al.,
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2014). In addition, some studies have found that high levels of adolescent inhibitory
control contribute to making healthier food choices during adolescence, subsequently
improving adolescents' diet quality (Ames et al., 2014; Byrne et al., 2021). Hence, in
Chapter 5 (aim 3), we investigated whether maternal caregiving quality throughout
childhood, from child age of five weeks to 14 years, predicted adolescent diet quality
and emotional eating behaviour, and whether adolescent inhibitory control mediated

this relation.

Studies involved in this thesis

All aims of this thesis were addressed in healthy Dutch children, from birth till 14

years of age, and their parents. To investigate the three research aims of the current

thesis, data from the BINGO and BIBO studies were used.

BINGO study

The BINGO study, Dutch acronym for Biological Influences on Baby's Health and
Development (in Dutch: Biologische INvloeden op baby’s Gezondheid en Ontwikkeling),
is a prospective longitudinal study that included and followed 88 pregnant mothers,
57 partners, and their children from pregnancy until the child was three years old (for
details, see Hechler et al. (2018), and https://dpblab.org/projects/bingo). The main
purpose of the BINGO study was to investigate the relations between prenatal and
early postnatal factors on the psychobiological development of the child.

In the current thesis, data from multiple assessments within the three postnatal
years were used. At two, six, and 12 weeks, maternal milk samples and child stool
samples were collected for determination of human milk oligosaccharides and gut mi-
crobiota composition, respectively. In addition, child stool samples were collected at
one and three years of age. Furthermore, mothers prospectively reported whether and

how (i.e., exclusively, or partially) they were breastfeeding in the first three postnatal
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years. At three years of age, mothers digitally reported their child’s nutritional intake
for three random days (two weekdays, and one weekend day). Furthermore, both par-
ents filled in questionnaires about their child's EF and IC. In addition, child IC was

assessed with six behavioural tasks.

BIBO study

The BIBO study, Dutch acronym for Basal Influences on Baby Development (in
Dutch: Basale Invioeden op de Baby Ontwikkeling), is an ongoing prospective lon-
gitudinal study that included and followed 193 healthy mothers and their healthy
children from pregnancy onwards (for details, see Beijers et al. (2010, 2013), and
https://dpblab.org/projects/bibo). The main purpose of the BIBO study is to investi-
gate the relations between prenatal and early life environment on the psychobiological
development of children.

In the current thesis, data from multiple assessments within the 14 postnatal years
were used. At the age of five weeks, 12 months, 2.5 years, 10 years, and 14 years,
mothers and their children performed different age-appropriate naturalistic interaction
tasks from which quality of maternal caregiving behaviour was observed (Beijers et al.,
2020). Furthermore, at age 14 years, adolescents reported their habitual nutritional
intake and emotional eating behaviour, online and on paper, respectively. Lastly, also
at age 14, adolescent inhibitory control was assessed with three behavioural tasks

during a home visit and an online maternal report.

Thesis outline

This thesis consists of four empirical observational studies that are presented in four
chapters (Chapter 2-5). Chapter 2 is the study on breastfeeding duration in relation
to toddler EF and IC, including diet quality as a mediator. Chapter 3 is the study on

mother milk constituents, namely HMOs, in relation to toddler EF and IC. Chapter 4
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is the study on gut microbiota composition in relation to toddler EF and IC, as well as
problem behaviour. Chapter 5 is the study on maternal caregiving quality throughout
childhood in relation to adolescent diet quality and emotional eating behaviour, and
the potential mediating role of adolescent inhibitory control in these relations. Chapter
6 contains a general discussion, and a conclusion. Chapter 7 contains supplementary
materials of Chapter 2-5. Chapter 8 contains the appendices of this thesis. Figure 1.1
shows the overview of this thesis including the research aims and chapters.

This thesis contributes to the understanding of how nutrition plays a role in cogni-
tion, and how nutrition is shaped through maternal caregiving. Increasing this body of
literature aids in the possible future development of interventions to improve toddler

and adolescent cognition and nutritional behaviours.
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Chapter 2. Breastfeeding, Toddler Diet Quality and Inhibitory Control

Abstract

Inhibitory control is the ability to control impulsive behaviour. It is associated with a
range of mental and physical health outcomes, including attention deficit hyperactivity
disorder and substance dependence. Breastfeeding and healthy dietary patterns have
been associated with better executive functions, of which inhibitory control is part.
Additionally, breastfeeding has been associated with healthy dietary patterns. Following
our preregistration in the Open Science Framework, we investigated the associations
between breastfeeding history and inhibitory control at preschool age, with habitual diet
quality as a potential mediating factor. A total of 72 families from a longitudinal study
participated at child age three. Breastfeeding questionnaires were administered at two,
six, and 12 weeks, and at 12 and 36 months. Six inhibitory control tasks were performed
during a home visit, and questionnaires were filled in by both parents. Diet quality at age
three was assessed via three unannounced 24-h recalls. Structural equation modelling
was performed in R. This study did not provide evidence that breastfeeding history is
associated with inhibitory control in three-year-old children. Furthermore, diet quality
at age three did not mediate the link between breastfeeding history and inhibitory
control. Previous studies have investigated broader aspects of inhibitory control, such
as executive functions, and used different methods to assess nutritional intake, which
might explain our differential findings. Our findings contribute to the growing literature
on associations between nutrition and behaviour. Future replications with larger and

more diverse preschool samples are recommended.
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Introduction

Inhibitory control is the ability to control impulsive behaviour (American Psycho-
logical Association, 2019), and is an integral part of higher-order executive functioning
(EF) (Diamond, 2013). Inhibitory control has been shown to predict a range of health,
wealth, and public safety outcomes including physical health, substance dependence,
personal finances, and criminal offending outcomes (Moffitt et al., 2011). Furthermore,
studies have associated poor inhibitory control with psychopathology, such as atten-
tion deficit hyperactivity disorder (ADHD), and child internalizing and externalizing
problems (Gagne et al., 2011, 2019; Lipszyc and Schachar, 2010). Several factors have
been associated with higher levels of inhibitory control, including high socioeconomic
status, high parenting quality, and genetic factors (Cheng et al., 2018; Engelhardt
et al., 2015; St. John et al., 2019). Nutrition has also been associated with inhibitory
control, though its exact role remains unclear (Egbert et al., 2019). One biological
pathway hypothesized to be involved in the association between breastfeeding, diet,
and inhibitory control is the microbiota-gut-brain axis, which is a bidirectional com-
munication route between bacteria in the gut and the brain (Cryan et al., 2019). Gut
microbiota are in constant interplay with diet; thus it is possible that the gut microbiota
moderate the effects of diet on the brain and potentially affect behaviour (Cryan et al.,
2019; Vernocchi et al., 2020). As inhibitory control develops quickly early in life, early
life nutrition might be especially important. This paper investigated the associations
between breastfeeding history, habitual diet, and preschoolers’ inhibitory control.

After birth, breast milk is often the first source of nutrition for infants. A con-
tinuously increasing body of research shows that early life nutrition shapes the brain,
hence affecting its function throughout development, and having major lifelong effects
on cognition and behaviour (Georgieff et al., 2015). Thus, breastfeeding plays an im-

portant role in health and early development (Duijts et al., 2009; Victora et al., 2016).
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For example, Bar et al. (2016) reviewed studies investigating benefits of breastfeeding
in relation to cognitive development, and ADHD in preschool and school-age children.
They found that children who were breastfed longer than six months had better cog-
nitive outcomes compared to children who were breastfed for shorter times (Bar et al.,
2016). Furthermore, a meta-analysis concluded that breastfeeding may reduce the risk
of ADHD in 3- to 17-year-old children (Zeng et al., 2018). However, while one prospec-
tive longitudinal study including 500 preschoolers found that EF (assessed by validated
questionnaires) was better when they were breastfed longer (Julvez et al., 2007), an-
other prospective longitudinal study including 180 children found no relation between
breastfeeding and EF (assessed with cognitive tests) in 6- to 7-year-old children (Belfort
et al., 2016). Additionally, a recent cross sectional study by Lopez et al. (2021) also
found no evidence for an association between breastfeeding and executive functioning
(assessed with cognitive tests) in 9,116 9-10-year-old children (Lopez et al., 2021). To
our knowledge, no study has specifically examined associations between breastfeeding
history and inhibitory control in three-year-olds.

The association between habitual diet and child EF, including inhibitory control,
is equivocal (see review by Egbert et al. (2019)). For example, the two cross-sectional
studies by Levitan et al. (2014) (n=193) and Pieper and Laugero (2013) (n=29)
performed in preschool-aged children, who assessed spontaneous food choices in an
experimental setting, found no relation between inhibitory control and calories or pro-
tein consumed. Note however, that Levitan et al. (2014) found that higher intake of
sugars was associated with worse inhibitory control in preschoolers. Additionally, a re-
view by Cohen and colleagues (2016) including 21 studies, showed positive associations
between overall higher diet quality and executive functioning in studies examining the
effects of long term diet on executive functioning in children aged 5-17 years (Cohen
et al., 2016). Intake of fruits, vegetables, fish, and whole grain products were associated

with improved executive functions, while higher intake of snacks and sugar-sweetened
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beverages were associated with worse executive functions (Cohen et al., 2016). As the
development of problem behaviour typically starts around preschool age, and behaviour
problems at this early stage increase the risk for poor developmental outcomes (Gagne
et al., 2011), it is important to investigate the early determinants of preschoolers’
inhibitory control.

While breastfeeding might play a role in the development of child inhibitory con-
trol, its role has only been investigated in relation to ADHD and EF, to our knowledge.
Moreover, the role of habitual diet predicting preschoolers’ inhibitory control received
little attention. Since breastfeeding is predictive of better diet quality (Ventura, 2017),
and better diet quality is suggested to be related to higher levels of EF, it is possible
that the relation between breastfeeding and inhibitory control is (partially) mediated
by habitual diet quality. Therefore, our goal was to investigate whether breastfeed-
ing history (i.e., exclusive breastfeeding duration and breastfeeding cessation age) is
predictive of inhibitory control at age three years, and if this association is (partially)
mediated by habitual diet quality. As most previous studies investigated EF (Belfort
et al., 2016; Hayatbakhsh et al., 2012; Julvez et al., 2007), for comparability purposes,

this study investigated EF as a secondary outcome.

Materials and methods

Participants

This study is part of the ongoing longitudinal BINGO study investigating early pre-
dictors of child development. Participants were healthy children living in the Nether-
lands, whose parents were recruited during pregnancy in 2014/2015. Prenatal exclusion
criteria were: excessive alcohol use, drug use, health problems or pregnancy compli-
cations, and insufficient knowledge of the Dutch language. At baseline, 88 pregnant

women joined the BINGO study. Postnatal exclusion criteria were: complications dur-
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ing pregnancy (after initial contact), gestational age at birth <37 weeks, birth weight
<2500 grams, 5-minute Apgar score <7, and congenital malformations. After postna-
tal exclusion, 77 mothers were followed up (Hechler et al., 2018). At the 36-month
measurement round (2017/2018), 76 families were contacted, as one drop-out oc-
curred during the previous measurement rounds. Six families did not participate due
to time constraints, and one family dropped out due to personal reasons. Two families
could not be contacted. There were no differences in parental demographics between
participating and non-participating families. In total, 67 families participated. In 54
families (81%), both parents participated, and in 13 families (19%), only mothers par-
ticipated. Four families were too busy to participate in a home visit and only filled
in questionnaires. See Figure 2.1 for the flow chart of the BINGO study, leading to
participants of the current paper. The BINGO study was approved by the Ethical Com-
mittee of the Faculty of Social Sciences of Radboud University [ECSW2014-1003-189
and amendment: ECSW-2018-034]. The current study was preregistered on the Open

Science Framework: https://osf.io/5mgnf and amendment: https://osf.io/35tg6.

Data collection procedure

Information on exclusive breastfeeding duration (no additional solids or formula
feeding next to breastfeeding) and breastfeeding cessation age (age when child stopped
receiving breastfeeding) was collected via maternal questionnaires at two, six, and 12
weeks, and at 12 and 36 months of age. At 36 months, a home visit took place in
either the morning or afternoon. Children were fed before the home visit took place.
The home visit consisted of: two inhibitory control tasks (Snack Delay and Flanker),
saliva collection, prosocial task, mother-child interaction tasks, two inhibitory control
tasks (Whisper and Bear Dragon), saliva collection, partner-child interaction tasks,
prosocial task, and two inhibitory control tasks (Gift Wrap and Gift Delay). Only the

inhibitory control tasks are part of the current study. Distractions, such as siblings,
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Prenatal (baseline)
(n—=88)

Excluded

* Preterm delivery (n=1)

* Infant brain damage (n=1)
v *  Withdrawal (n=5)

* Non-breastfeeding (n=4)

A 4

Postnatal
(n=77)

.| Non-participating reasons
* Personal reasons (n=1)

Age 36 months
Contacted families
(n=76)

Non-participating reasons
| = Time constraints (n=6)
|+ Personal reasons (n=1)
* Loss to follow up (n=2)

Participating families

(n=67)
/ \
Mothers and partners Mothers only
(n=54) (n=13)
Home visit Home visit Questionnaires
(n=54) (n=9) only (n=4)

Figure 2.1. Flow chart of participating families.

doorbells ringing, or other factors were handled by the parent who was available (i.e.,
not performing a task with the child), or the student assistant who joined every home
visit. Tasks were video recorded and afterwards rated by two trained observers. Ad-
ditionally, mothers and partners independently filled in digital questionnaires about
their child's and their own inhibitory control and EF. Lastly, parents received three
unannounced online 24 hour (24-h) recalls before the home visit to assess their child's
habitual nutritional intake. If parents had missed a 24-h recall, a recall was performed

during the home visit, or was sent after the home visit.
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Measures
Breastfeeding history

At age two, six, and 12 weeks, mothers were asked if they exclusively breastfed
the child. Water intake during exclusive breastfeeding was not asked. Note that in
the Netherlands it is very uncommon to give exclusively breastfeeding infants water.
At age 12 months, mothers reported their child’s feeding history: (1) are you breast-
feeding? (yes or no; if no, breastfeeding cessation age was asked), (2) age of formula
introduction, (3) age of solids introduction (i.e., fruits, vegetables, porridge). At age
36 months, mothers were again asked about the child’s breastfeeding history and to
describe the child’s solid food intake. To accurately determine breastfeeding history,
the breastfeeding data from the 36-months measurement follow-up was compared to
that of the previous assessments. If data between the time points were conflicting (e.g.,
three months of breastfeeding reported at 12 weeks versus two months of breastfeeding
reported at 36 months), the data with the shortest recall time were used, as retrospec-
tive data are more susceptible to recall bias (Horta and Victora, 2013). Breastfeeding
cessation age correlated significantly with exclusive breastfeeding duration (r=0.64,
p<0.001). In line with earlier studies (Belfort et al., 2016; Julvez et al., 2007), the

main analyses were run separately for both variables.

Diet quality

Three online 24-h food intake recalls, using Compl-eat™ (Meijboom et al., 2017),
were used to measure children’s nutritional intake. Mothers were asked to report the
dietary intake of their child from the previous day on two unannounced random week-
days and one unannounced random weekend day. Scores were given to each 24-h recall
according to a diet quality score for preschool children (Voortman et al., 2015). The

diet quality score is determined by the intake and amount of 10 dietary food groups
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(see Table 2.1). A score between 0 and 1 was given to each food group. The ratio of
the reported intake and the cut off level was calculated (scores were truncated at 1).
For example, vegetable intake of 80 g per day was assigned a score of 0.8 (80/100
g/d). This was reverse-scored for intake of candy and snacks, and sugar-sweetened
beverages. Scores for the 10 food groups were summed to create a diet quality score
for each 24-h recall, and subsequently averaged to determine the overall diet quality

score. A higher score corresponds with higher diet quality.

Table 2.1. Food groups and cut off levels.

Food Group Cut-off Level
Vegetables =100 g/d
Fruit =150 g/d
Bread and cereals =70 g/d
Rice, pasta, potatoes, and legumes =70 g/d
Dairy =350 g/d
Meat, eggs, and meat substitutes =35 g/d
Fish =15 g/d
Oils and fats =25 g/d
Candy and snacks <20 g/d
Sugar-sweetened beverages <100 g/d

Cut off levels are determined by Voortman et al. (2015); g/d: grams per day.

Inhibitory control tasks

Behavioural tasks were chosen according to five categories of inhibitory control
classified by Anderson and Reidy (2012): Delay of gratification (i.e., resist direct temp-
tation to receive a bigger reward after the delay), Verbal inhibition (i.e., inhibit verbal
responses), Go/No-go (i.e., perform certain behaviour after being shown a stimulus
and to inhibit that behaviour after being shown a different stimulus), Motoric inhibi-
tion (i.e., learn response sets that conflict with an established behaviour) and Impulse
control (i.e., inhibit an instinctive response).

Snack Delay (Beijers et al., 2013; Kochanska et al., 1996). To measure delay
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of gratification, Snack Delay was used. Children were asked to put their hands on a
placemat. Then, a self-chosen snack was placed at the top-center of the mat, and was
covered with a transparent cup. Children were instructed to take the snack after the
experimenter rang a bell. After a maximum of three practice trials, three consecutive
trials were conducted with delays for ringing the bell of 20, 30, and 50 seconds, respec-
tively. Children’s waiting behaviour was coded every five seconds with a score ranging
from 0 to 4 (0 = eats snack before the bell rings; 1 = touches/grasps snack before
the bell rings; 2 = touches/grasps cup before the bell rings; 3 = waits for the bell
to ring without hands on the placemat; 4 = waits for the bell to ring with hands on
the placemat), and summed. Due to insufficient variation (no child ate the snack or
touched the cup), this task was excluded from analyses.

Flanker (Eriksen and Eriksen, 1974). Flanker was used to measure motoric inhibi-
tion. The Flanker task showed excellent test-retest reliability and excellent convergent
validity in preschool aged children (Zelazo et al., 2013). Children were asked to point
in the same direction of where a centrally located target fish was swimming towards,
ignoring the presence of interfering stimuli (i.e., flanking fish oriented in the same or
opposite directions). After four practice trials, children were presented seven congruent
trials and three incongruent trials. Accuracy in the incongruent trials was scored be-
tween 0 and 3 (0 = pointing in the wrong direction; 1 = first pointing correctly, then
pointing in the wrong direction; 2 = first pointing wrongly, then pointing in the cor-
rect direction; 3 = pointing in the correct direction), and averaged. Out of 63 children
tested, 49 passed the practice trial.

Whisper (Beijers et al., 2013; Kochanska et al., 1996). To measure verbal inhibi-
tion, Whisper was used. After two practice trials, children were asked to whisper the
names of 12 presented animal pictures. Responses were coded 0 to 2 for every picture
(0 = shout; 1 = normal or mixed tone; 2 = whisper), and averaged.

Bear Dragon (Kochanska et al., 1996; Reed et al., 1984). To measure go/no-go,
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Bear Dragon was used. The experimenter introduced a “nice” bear puppet (using a soft,
high-pitched voice) and a “naughty” dragon puppet (using a gruff, low-pitched voice).
Children were told to obey the bear's commands and ignore the dragon’'s commands.
After a maximum of three practice trials, 10 test trials followed. Child behaviour was
scored per dragon command, ranging from 0 to 2 (0 = obeying the dragon’s com-
mand; 1 = corrected movement to the dragon’'s command; 2 = ignoring the dragon's
command), and averaged. Due to the low number of children that passed the practice
trials (n=31), this task was excluded from the analyses. This low number is similar to
a study by Kloo and Sodian (2017), where more than 50% of the preschoolers failed
the practice trials.

Gift Wrap (Beijers et al., 2013; Kochanska et al., 1996). To measure motoric
inhibition, Gift Wrap was used. Children were asked to cover their eyes with their hands
and not peek while their gift, in front of them, was being wrapped for one minute.
Children’s waiting behaviour was coded every five seconds with a score ranging from
0 to 3 (0 = watches wrapping/gift; 1 = peeks; 2 = looks away from wrapping/gift; 3
= closed eyes and/or hands in front of the eyes), and averaged. One child was unable
to follow instructions for this task.

Gift Delay (Kochanska et al., 1996). To measure impulse control, Gift Delay was
used. Children were asked to not touch and unwrap the present, placed in front of the
child, while the examiner left the room for one-and-a-half minutes. Latency (measured
in seconds) until touching the present was used as a measure of impulse control. A

higher score indicated better inhibitory control.

Reliability of coding

Recordings were observed by two observers independently. A codebook was made
to set the rules for coding. The first five recordings were coded by both observers

independently and immediately checked for agreement. Disagreements were discussed
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and adjusted in the codebook. Thereafter, the observers continued and only discussed
recordings in case of insecurities. To determine inter-rater reliability, 30 out of 63
recordings were scored by both observers. Reliability was quantified by the Intraclass
Correlation Coefficient (ICC) relying on absolute agreement. The ICC's for the in-
hibitory control tasks were good, ranging from r=0.84 to r=0.96 (p<0.001): 0.95 for
the Flanker, 0.86 for the Whisper, 0.96 for the Bear Dragon, 0.88 for the Gift Wrap,
and 0.84 for the Gift Delay.

Parental questionnaires on inhibitory control and executive runctioning

ECBQ (Putnam et al., 2006). The Early Child Behavior Questionnaire (ECBQ)
is a 107-item questionnaire of child temperament that was filled in by mothers only.
The ECBQ contains a 6-item inhibition subscale, scored on a 7-point scale. A higher
score indicates better inhibitory control. Because the Cronbach’s alpha was 0.59 for
the inhibition subscale, this subscale was removed from further analyses.

BRIEF-P (Sherman and Brooks, 2010). The Behavior Rating Inventory of Ex-
ecutive Function-Preschool Version (BRIEF-P) is a 63-item questionnaire of EF in
preschool age, and contains a 16-item inhibition subscale, scored on a 3-point scale.
As higher scores indicate worse EF and inhibitory control, and to align with our other
inhibition and EF measures, the outcome of the BRIEF-P was reverse-coded. Con-
sequently, higher scores on the BRIEF-P indicated better inhibitory control and EF.
The Cronbach’s alphas were good for the inhibition subscale and the total EF score
(mothers: @=0.89 and @=0.94, respectively, and partners: «=0.84 and a=0.96, re-
spectively).

REEF (Nilsen et al., 2017). The Ratings of Everyday Executive Functioning (REEF)
is a 77-item questionnaire of EF in preschool age, using a 4-point scale. The REEF
contains an inhibition subscale, but usage of separate subscales appeared unreliable

(Nilsen et al., 2017). Therefore, only the total EF score was calculated. A higher score
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indicates better EF. The Cronbach’s alpha was 0.96 for mothers and 0.95 for partners.

Confounding

The following confounding variables were taken into account: maternal educational
level (ranging from 1, primary education, to 8, university education) (Ardila et al., 2005;
Kao et al., 2018), child gender (1 = boy, 2 = girl), and parental inhibitory control (Kao
et al., 2018). For this last confounder, parental inhibitory control was assessed with
the Behavior Rating Inventory of Executive Function-Adult (BRIEF-A) (Roth et al.,
2005; Stewart et al., 2018). The BRIEF-A is a 75-item self-report questionnaire of EF
in adults, and contains an eight-item inhibition subscale, scored on a 3-point scale. We
reverse-coded the BRIEF-A outcome for interpretation purposes, so that higher scores
indicate better inhibitory control and EF. The Cronbach’s alphas for the inhibition
subscale were insufficient for mothers (@=0.57) and partners (@=0.54). Therefore,
the parental total score of the BRIEF-A was used as a confounder (Cronbach’s alpha:
0.96 for mothers, and 0.93 for partners). To preserve power, confounding variables
were only included if they significantly correlated with the independent variables or the

outcome variables (Jager et al., 2008).

Statistical analyses

Descriptive analyses and normality analyses were computed. As not all variables
were normally distributed, robust estimators were used in our main analyses. Further-
more, the data were inspected for outliers. Two variables contained one outlier each
(breastfeeding cessation age, and the maternal BRIEF-P), and were subsequently win-
sorized (Blaine and Fisher, 2018). Results were similar with and without winsorizing.
Pearson and Spearman correlations were performed to correlate (non-)normally dis-
tributed variables. Sample size could not be adjusted due to the longitudinal nature of

our study. According to Fritz and MacKinnon (2007), with a power of 0.8, our study
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was able to detect medium to large mediation effects (8 =0.39 and § =0.59). Robust

estimators were used to account for small sample size (Tabachnick and Fidell, 2014).

Missing data

The following 24-h recall data were missing: day one (n=1), day two (n=6), and day
three (n=12). Missing 24-h recall data were imputed by means of expected maximiza-
tion to allow for calculation of the average diet quality score. The following behavioural
data were missing: Whisper (n=4), Flanker (n=18, of which 15 were missing because
children did not pass the practice trial), Gift Wrap (n=5), and Gift Delay (n=4). The
following maternal questionnaire data were missing: REEF (n=1). The following part-
ner questionnaire data were missing: REEF (n=16), BRIEF-P (n=15), and BRIEF-A
(n=21) (of which 15 of each questionnaire were missing because partners did not join
this study from the start). The LittleMCAR test from the BaylorEdPsych package indi-
cated that data were missing completely at random (}2=272.547, p=0.445). Missing
data were accounted for by means of Full Information Maximum Likelihood (FIML) in

the analyses.

Latent variable and composite score creation

Latent variable. Latent variables were computed when the following assumptions
were met: Kaiser-Meyer-Olkin (KMO)>0.6 (Cerny and Kaiser, 1977), Bartlett’s test
of sphericity p<0.05 (Bartlett, 1951), and linear independency p>0.00001.

Composite score. Since we assume that the different inhibitory control tasks mea-
sure different forms of the same overarching construct, “lumping” was preferred over
“splitting”. Therefore, and following our preregistration, if a latent variable could not
be created due to violations of the assumptions, a composite score was made using

Z-SCores.
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Main analyses

Structural Equation Modelling (SEM) was employed using the Lavaan package
(Rosseel, 2012). SEM has several advantages over standard regression models such as
allowing for multiple independent variables to be added in one model and handling
missing data (Gunzler et al., 2013). The models were adjusted based on corresponding
modification indices. For each modification, the covariance with the highest modifica-
tion index was included in the previous model if it was theoretically logical. Models
were adjusted handling the goodness of fit indices: Comparative Fit Index (CFI1)>0.95,
Root Mean Square Error of Approximation (RMSEA)<0.05, Standardized Root Mean
Square Residual (SRMR)<0.05, and a non-significant 2 (p>0.05) (Tabachnick and
Fidell, 2014). Bias-corrected confidence intervals were obtained by use of bootstrap-
ping, as this it is recommended to check bootstrapped confidence intervals as well as
significance when drawing conclusions (Feng et al., 2020).

To test whether breastfeeding history was predictive of inhibitory control, and if
diet quality at age three mediated this association, four SEM models were run (see
Figure 2.2 for a general path diagram illustrating our SEM models). For the first
two models, we tested if exclusive breastfeeding duration (model 1) and breastfeeding
cessation age (model 2) were predictive of observed inhibitory control determined by
behavioural tests. In model 3 and 4, reported inhibitory control (BRIEF-P inhibition

subscale) was used as the outcome measure.

Comparability analyses

For comparability purposes, we investigated whether exclusive breastfeeding dura-
tion (model 5) and breastfeeding cessation age (model 6) were related to EF at age
three years, determined by a latent score of the BRIEF-P and the REEF. Because mod-
els 5 and 6 could not be fitted in the SEM model, an additional four models (models

7 to 10) were tested. We tested if exclusive breastfeeding duration (model 7) and
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Diet quality

Breastfeeding Inhibitory control

Figure 2.2. General path diagram of the SEM models.

breastfeeding cessation age (model 8) were predictive of reported EF determined by
the BRIEF-P composite score, and whether exclusive breastfeeding duration (model 9)
and breastfeeding cessation age (model 10) were predictive of reported EF determined
by the REEF composite score. In model 5 to 10, the mediating role of diet quality at

age three was also assessed.

Exploratory analyses

Exploratorily, we tested if exclusive breastfeeding duration and breastfeeding cessa-
tion age were predictive of individual inhibitory control tasks, and whether diet quality
at age three mediated these associations. Furthermore, we investigated the mediating
role of three different food groups (vegetable, fruit, and snacks and candy) in the
association between exclusive breastfeeding duration and breastfeeding cessation age,
and inhibitory control and EF. Fish was not investigated because of low variation of

fish intake.
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Results

Preliminary analyses
Descriptives

Table 2.2 presents descriptive statistics of the study population. The study popula-
tion is mostly highly educated. Scores on questionnaires were similar between mothers
and partners for the BRIEF-P and the REEF. Average diet quality score was a 3.9,
which is similar to the diet quality score from a previous study in Dutch children
between 12-28 months (i.e., 4.1; Voortman et al. (2015)).

Table 2.3 shows correlations between the study variables. Longer duration of ex-
clusive breastfeeding is significantly correlated with age of breastfeeding cessation
(r=0.638, p<0.001), and with better diet quality at age three (r=0.321, p=0.009).
Scores of the inhibitory control subscale from the BRIEF-P correlated significantly be-
tween mother and partner (r=0.415, p=0.002). There were no significant correlations
between behavioural tasks. Supplementary Table 7.1 shows the correlations between

mother and partner reports.
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Table 2.2. Characteristics of the study population.

Mean £+ SD Range n
Maternal characteristics
Age (years) 344 + 37 28-44 67
Educational level 65
Low 0%
Middle 13.8%
High 86.2%
Partner characteristics
Gender 51
Man 96.1%
Woman 3.9%
Age (years) 358 +4.1 28-50 51
Educational level® 48
Low 4.2%
Middle 16.6%
High 79.2%
Child characteristics
Gender 67
Boy 47.8%
Girl 52.2%
Child birth weight (grams) 3531.8 + 420.0 2570-4445 63
Child gestational age (weeks) 39.8 + 1.6 35.6-42.1 67
Child age (months) 377 +12 36-47 67
Study variables
Breastfeeding
Exclusive breastfeeding
duration (months) 35£19 o7
Breastfeeding cessation 95+ 80 67
age (months)
Diet quality 39+ 11
Behavioural tests
Flanker 1.2 +£07 49
Whisper 1.8 +£0.3 63
Gift Wrap 21+0.9 62
Gift Delay (seconds) 779 £275 63
Questionnaires Mother Partner E)Mother) ?Partner)
BRIEF-P inhibitory 231+ 5.8 28+46 67 52
control subscale
BRIEF-P 94.6 +£ 15.6 924 +£18.0 67 52
REEF 147.8 + 33.1 146.6 £ 28.8 66 51

SD: Standard deviation; “: assessed during pregnancy.
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Latent variable and composite score creation

For the main analyses. Assumption testing for latent variable creation was per-
formed for the behavioural tasks: Flanker, Whisper, Gift Wrap, and Gift Delay. KMO
values ranged between 0.41 and 0.55. Bartlett’s test did not reach significance, and
determination testing yielded p=0.934. Because KMO values and Bartlett's test did
not meet the cut off values, a latent variable for the behavioural tasks was not created.
Instead, a composite score was made by averaging z-scores of the inhibitory control
tasks. An average score was calculated only if maximally one test score was missing.
In total, four children had more than one test score missing.

Next, we performed assumption testing for the BRIEF-P inhibition subscale filled
in by mother and partner. KMO values were 0.5 for maternal and partner reports.
Bartlett's test reached significance, and determinant testing yielded results p>0.0001.
Because KMO values were lower than 0.6, a latent variable was not created. Instead,
a composite score was made for the BRIEF-P inhibitory control score by averaging
parental scores.

For the comparability analyses. To define reported EF for the comparability
analyses, assumption testing for latent variable creation was performed from the four
EF questionnaires (BRIEF-P and the REEF, filled in by mother and partner). KMO
values were: BRIEF-P of mother: 0.59, and partner: 0.62, REEF of mother: 0.62,
and partner: 0.61. Bartlett's test reached significance (p<0.001), and the data was
linearly independent (p=0.488). The KMO value for the maternal BRIEF-P was 0.59,
indicating borderline acceptable sampling adequacy. However, because the KMO value
for the other three questionnaires was acceptable, and creating a latent variable was
preferred over a composite score, we created a latent variable from the four parental
EF questionnaires. Nonetheless, the models with the latent variable for EF could not

be fitted (models 5 and 6). Therefore, assumption testing for latent variable creation
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was performed to combine mother and partner scores of the BRIEF-P, and to combine
mother and partner scores of the REEF. The KMO value was 0.5 for all questionnaires,
Bartlett's test reached significance for all analyses, and data were linearly independent
(p>0.0001). Because the KMO values were lower than 0.6, latent variables were not
created. Instead, composite scores of mother and partner questionnaires were made
for the BRIEF-P and the REEF, which were used as outcome measures (models 7 to
10). Goodness of fit measures showed an adequate fit for models utilizing the BRIEF-P
composite score as outcome variable (models 7 and 8), but not for models utilizing

the REEF composite score as outcome variable (models 9 and 10).

Confounders

Maternal educational level correlated significantly with breastfeeding cessation age
(r=0.290, p=0.019), and was added as a confounder in the models where breast-
feeding cessation age was used as predictor. The BRIEF-A positively correlated with
the BRIEF-P inhibition subscale (r=0.351, p=0.004) and the BRIEF-P total question-
naire (r=0.437, p<0.001), and negatively correlated with observed inhibitory control
(r=-0.250, p=0.048). The BRIEF-A was added to the model as a confounder when
the BRIEF-P inhibition subscale, BRIEF-P total questionnaire, and observed inhibitory
control were used as outcome variable. An overview of all correlations with potential
confounding variables, including correlations with exploratory outcome measures, is

shown in the Supplementary Materials in Table 7.2.

Main analyses

Goodness of fit measures showed an adequate fit of final models 1 through 4. Pa-
rameter estimates and bootstrapped confidence intervals per model are shown in Table
2.4, Exclusive breastfeeding duration (model 1) and breastfeeding cessation age (model

2) did not predict observed inhibitory control. However, longer exclusive breastfeeding
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duration was associated with better diet quality at age three (=0.173, 95% Cl [0.035,
0.310]). Next, exclusive breastfeeding duration (model 3) and breastfeeding cessation
age (model 4) did not predict reported inhibitory control. Additionally, no significant
mediation effect of diet quality score was found for models 1 to 4. Furthermore, better
parental EF was associated with low levels of observed child inhibitory control at age
three (=-0.009, 95% Cl [-0.017, -0.001]). Contrarily, better parental EF was associ-
ated with high levels of child inhibitory control reported by both parents at age three
(=0.091, 95% CI [0.034, 0.148)).

Comparability analyses

Results showed that exclusive breastfeeding duration (model 7) and breastfeed-
ing cessation age (model 8) were not predictive of EF as reported by the BRIEF-P.
Diet quality had no mediating effect in both models. Parameter estimates and their

respective confidence intervals are shown in the Supplementary Materials in Table 7.3.

Exploratory analyses

Breastfeeding cessation age was significantly associated with the Flanker task
(8=0.026, 95% CI [0.003, 0.048]). No other significant relations were found between
breastfeeding history and the behavioural tasks. Parameter estimates and bootstrapped
confidence intervals are shown in Supplementary Table 7.4. With respect to the food
groups (vegetable, fruit, and snacks and candy), because all exploratory models could
not be fitted using the latent variable for EF, the BRIEF-P composite score and the
REEF composite score were used as outcome variables in separate models. No signifi-
cant mediation effects of food groups were found (see Supplementary Materials Tables

7.5 and 7.6 for the parameter estimates).
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Table 2.4. Parameter estimates and bootstrapped confidence intervals for Model 1, 2, 3, and

4.

B SE Lower ClI  Upper CI

Regression paths
Observed inhibitory control (composite)
Exclusive breastfeeding duration
Diet quality score
Parental executive functioning
Diet quality score
Exclusive breastfeeding duration
Mediation effect
Total effect

Regression paths
Observed inhibitory control (composite)
Breastfeeding cessation age
Diet quality score
Parental executive functioning
Maternal education
Diet quality score
Breastfeeding cessation age
Mediation effect
Total effect

Regression paths
Reported inhibitory control
Exclusive breastfeeding duration
Diet quality score
Parental executive functioning
Diet quality score
Exclusive breastfeeding duration
Mediation effect
Total effect

Regression paths

Reported inhibitory control
Breastfeeding cessation age
Diet quality score
Parental executive functioning

Model 1: Exclusive breastfeeding dura-
tion — Diet quality score — Observed
inhibitory control

-0.016 0.035  -0.085 0.052
0.065 0.066  -0.063 0.194
-0.009 0.004 -0.017 0.000
0.173*  0.070  0.035 0.311
0.011 0.012  -0.013 0.035
-0.013 0.033  -0.078 0.051

Model 2: Breastfeeding cessation age
— Diet quality score — Observed
inhibitory control

0.008 0.011  -0.013 0.029
0.024 0.057  -0.088 0.136
-0.009* 0.004 -0.017 -0.001
0.089 0.048  -0.004 0.182
0.024 0.016  -0.008 0.055
0.001 0.001  -0.002 0.003
0.088 0.047  -0.003 0.180

Model 3: Exclusive breastfeeding dura-
tion — Diet quality score — Reported
inhibitory control

0.296 0.339 -0.368 0.961
-0.167 0.469  -1.086 0.751
0.086** 0.030  0.028 0.144
0.172*  0.070  0.035 0.310
-0.029 0.0832 -0.190 0.132
0.354 0.309  -0.252 0.959

Model 4: Breastfeeding cessation age
— Diet quality score — Reported
inhibitory control

0.114 0.070  -0.024 0.252
-0.125 0.443  -0.992 0.743
0.091** 0.029 0.034 0.148
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Table 2.4 (continued).

Maternal educational level -0.052 0.389  -0.815 0.711
Diet quality score

Breastfeeding cessation age 0.024 0.016  -0.008 0.055
Mediation effect -0.003 0.011  -0.025 0.019
Total effect 0.150 0.369 -0.573 0.873

MLR estimator used to calculate parameter estimates, bootstrapping used to calculate
bias-corrected confidence intervals. Model 1: y?(3) =0.919, p=0.338; CFI=1.000, RM-
SEA=0.000, SRMR=0.029, n=66. Model 2: y2?(4)=1.804, p=0.614; CFI=1.000, RM-
SEA=0.000, SRMR=0.045, n=66. Model 3: x2(3)=0.996, p=0.307; CFI=0.996, RM-
SEA=0.026, SRMR=0.031, n=67. Model 4: x2(4)=1.779, p=0.619; CFI=1.000, RM-
SEA=0.000, SRMR=0.044, n=67. *p<0.05. ¥**p<0.01.

Discussion

This study did not provide evidence that breastfeeding history (i.e., exclusive breast-
feeding duration and breastfeeding cessation age) is associated with inhibitory control
and EF in three-year-old children. Furthermore, diet quality at age three was not as-
sociated with inhibitory control and EF in three-year-old children, and as such did
not mediate a link between these child outcomes and breastfeeding history. Longer
exclusive breastfeeding duration, but not breastfeeding cessation age, was predictive of
higher diet quality at age three.

Contrary to our hypotheses, breastfeeding history did not predict inhibitory control
or EF in three-year-olds. These results are in line with the results from Belfort et al.
(2016), and Lopez et al. (2021), who also found no evidence for an association between
breastfeeding and executive functioning. Contrarily, Julvez et al. (2007) found that
breastfeeding was associated with high levels of observed EF in a sample of 500 4-
year-old children. The observational tasks used in Julvez et al.’s (2007) study focused
on other aspects of EF, such as working memory and attention, rather than inhibitory
control specifically. Although we did not find an association between breastfeeding

history and inhibitory control or the more general measures of EF, it remains possible
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that breastfeeding history is related to other specific aspects of EF.

Another explanation for our null-results regarding breastfeeding history might be
that small amounts of breastfeeding are already beneficial for developing inhibitory
control. Of the 500 mothers in Julvez et al.’s (2007) study, 196 breastfed their infants
for less than 12 weeks. As our sample contained many mothers breastfeeding for a long
period, and few mothers breastfeeding for less than 12 weeks (n=7) or not breastfeeding
(n=5), future studies investigating inhibitory control in a sample with more variation
in breastfeeding duration may help shed light on these differences in results.

No evidence was found that habitual diet quality predicted inhibitory control and
EF, or mediated the relation between breastfeeding history and these outcomes. Re-
search on habitual diet has been performed more often in older children (6-18 year)
in relation to ADHD and EF (Del-Ponte et al., 2019; Egbert et al., 2019). Moreover,
of the two studies that assessed nutritional intake in relation to inhibitory control in
preschool-aged children, one found that higher intake of sugars was associated with
worse inhibitory control (Levitan et al., 2014), while the other found no association
between nutritional intake and inhibitory control (Pieper and Laugero, 2013). Both
these studies assessed spontaneous food choices in an experimental setting, while our
study is the first to study habitual diet and inhibitory control in preschool age. This
makes comparisons difficult and stresses the need for further studies in preschool-aged
children, preferably replication studies using the same measurement methods to assess
dietary intake, inhibitory control, and EF.

It might also be possible that the effects of breastfeeding and diet quality are
different between children due to moderating effects by individual differences. One
such factor that could moderate the association between diet and child outcomes, that
has recently been receiving attention, is the gut microbiota. The gut microbiota are
a collection of bacteria, archaea, and eukarya colonizing the gastrointestinal tract of

the human (Thursby and Juge, 2017). Recent studies showed that individuals with
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ADHD -who have lower levels of inhibitory control- have different bacteria present
in their gut compared to individuals without ADHD (Bull-Larsen and Mohajeri, 2019;
Szopinska-Tokov et al., 2020). Since gut microbiota are in constant interplay with diet,
it is possible that the gut microbiota moderate the effects of diet on the brain (Cryan
et al., 2019; Vernocchi et al., 2020). As gut microbiota composition differs between
three-year-old children (Stewart et al., 2018), it may affect the way nutrition impacts
brain development in individual children (Oriach et al., 2016).

Furthermore, our results indicated that longer exclusive breastfeeding duration is
predictive of better diet quality at preschool age. This is consistent with Ventura's
(2017) review which included studies investigating food groups and showed that longer
exclusive and total breastfeeding duration is associated with higher intake of vegetables
and fruits in young children, contributing to better diet quality (Ventura, 2017). Note,
however, that we did not find an association between breastfeeding cessation age
and diet quality. Potentially, exclusive breastfeeding duration is a better indicator of
maternal investment in the quality of offspring nutrition than breastfeeding cessation
age. Because high diet quality is also associated with different child outcomes, including
improved physical, school, and emotional functioning, and psychosocial quality of life
(Wu et al., 2019), we recommend future studies to consider the role of diet quality
when studying relations between breastfeeding and child outcomes.

Lastly, we found that the behavioural tasks in our study did not correlate. Previ-
ous studies also found no consistent correlations between multiple inhibitory control
tasks (Beijers et al., 2013; Carlson and Wang, 2007). Following the categorization of
Anderson and Reidy (2012), who divided inhibitory control into motoric inhibition,
verbal inhibition, impulse control, go/no-go, and delay of gratification, we deliberately
choose our tasks to measure each of these components. Though this might explain the
absence of correlations to some part, if all components tap onto the same overarching

construct, some correlations would have been expected. The question arises whether
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the four tasks that we used accurately measure inhibitory control, and how other fac-
tors play a role, such as age, attention, and cognitive functioning (Aatsinki et al., 2020;
Friedman and Miyake, 2004). Therefore, we encourage future research to reinvestigate
tasks to be able to accurately measure inhibitory control in preschool aged children.

Our study has several strengths including the longitudinal nature, covering the pe-
riod from pregnancy and birth until three years and allowing for frequent maternal
reports on breastfeeding status, the assessment of inhibitory control using multiple be-
havioural tasks and reports by mother and partner, and the assessment of habitual diet
with three 24-h recalls (i.e., considered the least biased self-report instrument; Thomp-
son and Subar (2017)). The current study also has limitations. The generalizability of
our findings is limited by our mostly highly educated sample and low variation in breast-
feeding duration. Furthermore, the relatively small sample size reduced our statistical
power. We preserved power by using composite scores and performing exploratory anal-
yses for individual scores, but replications in larger and more varied study populations
are highly recommended.

To conclude, no evidence was found for a relation between breastfeeding history and
inhibitory control or EF, and no evidence was found for a mediating effect of diet quality.
Nonetheless, we found that longer exclusive breastfeeding duration predicted better diet
quality at age three, which is similar to previous literature. The fact that we found no
evidence for the expected association between breastfeeding history, habitual diet, and
inhibitory control/EF, is not equivalent to confirming the null hypothesis, especially
considering our study limitations. Given our results and the inconclusive nature of
previous literature, as well as the role of low inhibitory control in psychopathology
and child behaviour problems, we recommend future studies to continue investigating

nutrition and inhibitory control in the toddler to preschool ages.
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Chapter 3. Human Milk Oligosaccharides and Toddler Executive Functions

Abstract

Human milk oligosaccharides (HMOs) are one of the most abundant solid com-
ponents in a mother's milk. Animal studies have confirmed a link between early life
exposure to HMOs and better cognitive outcomes in the offspring. Human studies on
HMOs and associations with later child cognition are scarce. In this preregistered lon-
gitudinal study, we investigated whether human milk 2'-fucosyllactose, 3'-sialyllactose,
6'-sialyllactose, grouped fucosylated HMOs, and grouped sialylated HMOs, assessed
during the first 12 postnatal weeks, are associated with better child executive func-
tions at age three years. At infant age two, six, and 12 weeks, a sample of human
milk was collected by mothers who were exclusively (n=45) or partially breastfeed-
ing (n=18). HMO composition was analysed by use of porous graphitized carbon-ultra
high-performance liquid chromatography—mass spectrometry. Executive functions were
assessed at age three years with two executive function questionnaires independently
filled in by mothers and their partners, and four behavioural tasks. Multiple regression
analyses were performed in R. Results indicated that concentrations of 2'-fucosyllactose
and grouped fucosylated HMOs were associated with better executive functions, while
concentrations of grouped sialylated HMOs were associated with worse executive func-
tions at age three years. Future studies on HMOs that sample frequently during the first
months of life and experimental HMO administration studies in exclusively formula-fed
infants can further reveal associations with child cognitive development and uncover

potential causality and sensitive periods.
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Introduction

Human milk is considered the best nutrition for the infant because of its benefi-
cial effects on child development and on maternal and child health (de Weerth et al.,
2022). For example, human milk is shown to protect against infections during infancy
and metabolic diseases in later life (Victora et al., 2016). Moreover, breastfeeding
parameters, such as the initiation and duration of breastfeeding, have been related
to improved child neurodevelopment and cognition (Hou et al., 2021; Victora et al.,
2016). Increasing evidence also shows that not only breastfeeding parameters, but also
specific constituents of human milk, are related to child behavioural and cognitive
outcomes (for a review see de Weerth et al. (2022)). This concept of human milk
determining the trajectory of development with long-term consequences for the pheno-
type, is also known as Lactocrine Programming (Bartol et al., 2008, 2017; Liu et al.,
2014). Human milk oligosaccharides (HMOs) are the most abundant solid component
in human milk after lipids and lactose (Bode, 2012). With respect to Lactocrine Pro-
gramming, HMOs are of interest because of their potential beneficial effects on child
neurodevelopment (Bode, 2012; Wang, 2012). However, to date, the few studies that
investigated HMOs' associations with child cognition focused on general cognition and
language, and reached until the age of 24 months (Berger et al., 2020b; Cho et al.,
2021; Jorgensen et al., 2021; Oliveros et al., 2021). The current study extends these
first findings by investigating, in a healthy community sample, the longitudinal associa-
tions between HMOs in the first weeks of life and executive functions, which represent
higher cognitive abilities, at child age three years.

HMOs are complex carbohydrates made up of various combinations of five monosac-
charides (i.e., galactose, glucose, N-acetylglucosamine, fucose, and sialic acid). Based
on combinations of these monosaccharides, HMOs can be divided in three groups: neu-

tral core HMOs (containing only glucose, galactose, and N-acetylglucosamine residues),
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fucosylated HMOs (containing a lactose or neutral core backbone, with one or more
fucose units), and sialylated HMOs (containing a lactose or neutral core backbone with
one or more sialic acid units) (Tonon et al., 2019). The HMO structure determines the
HMO function and influence on the body (Bode and Jantscher-Krenn, 2012). Women
can secrete about 200 different structures of HMOs, though 10 individual HMOs make
up over 70% of the total HMO concentration (Soyyilmaz et al., 2021). While HMO
composition remains mainly constant during the day and week, HMO composition does
change throughout lactation and varies greatly between women (Borewicz et al., 2020;
Soyyilmaz et al., 2021; Thum et al., 2021). One of the most important factors explain-
ing variance in milk HMO composition is secretor status. Secretor status is controlled
by the FUT2 gene and refers to the presence or absence of water-soluble ABO blood
group antigens in a person’s bodily fluids, including breast milk. People who secrete
these antigens in their bodily fluids are referred to as secretors, while people who do
not are termed non-secretors. Maternal secretor status has been shown to affect lev-
els of HMOs with fucose-containing structures (Thurl et al., 2017). Mothers who are
secretor-negative usually produce none, or very low levels of 2'-fucosyllactose (2'FL),
as opposed to secretor-positive mothers (Thurl et al., 2017).

Because the most important function of HMOs is to provide nutrients to specific
gut bacteria, the microbiota-gut-brain axis is a likely pathway through which HMOs can
ultimately exert effects on brain and behaviour. Rodent and human studies have shown
that the microorganisms in our gut, or gut microbiota, are able to communicate with
the brain via the microbiota-gut-brain axis, which is the bi-directional communication
route between the gut microbiota and the brain (Cryan et al., 2019; de Weerth, 2017).
Mainly Bifidobacteria benefit from HMOs, for example Bifidobacterium longum sub-
species infantis uses HMOs as metabolic substrates (Bode, 2015; Totten et al., 2012;
Underwood et al., 2014). The exact mechanism of how Bifidobacteria can subsequently

affect brain development is still unclear. However, Bifidobacteria are able to produce

66



Chapter 3. Human Milk Oligosaccharides and Toddler Executive Functions

short chain fatty acids, which are able to cross the blood brain barrier and exert positive
effects on the brain (Dalile et al., 2019). This proposed mechanism may hence explain
associations between HMOs and cognitive development. HMOs have been causally re-
lated to long term cognition in animal studies (for a review on HMO administration
in animal studies, see Docq et al. (2020)). For example, 2'FL administered at early
ages (in combination with other components or HMOs) until the end of the exper-
iment (postnatal day 33), contributed to improved memory performance and faster
learning speed in adult pigs, compared to control pigs (Fleming et al., 2020a,b). Fur-
thermore, sialylated HMOs, mainly 3'-sialyllactose (3'SL) and 6'-sialyllactose (6'SL),
administered at an early age until the end of the experiment (postnatal day 19 and 35)
contributed to better performance of rats and piglets in memory and learning tasks in
adolescence and older adulthood, compared to control animals (Obelitz-Ryom et al.,
2019; Wang et al., 2007). In addition, Oliveros et al. (2016, 2018) administered 2'FL
and 6'SL in rats in early life only and found an association with better performance on
learning tasks in adulthood. These positive effects of early life HMO administration on
memory and learning in adulthood indicate that HMO consumption in early life can
exert lifelong effects on the cognition of mammals.

Mechanisms have been explored for several HMOs. The HMO 2'FL is known for its
specific stimulation of the growth of Bifidobacteria in the gut (Berger et al., 2020a).
Additionally, in rat brains, 2'FL induced long-term potentiation (LTP) which is involved
in learning and memory (Krug et al., 1994; Matthies et al., 1996; Vazquez et al., 2015).
Next to that, deprivation of 6'SL affected cognitive functions, as seen by reduced
expression of important genes in the prefrontal cortex, a brain region that mediates
executive functions and memory (Hauser et al., 2021). Lastly, sialic acid has been
suggested to play a key role in neurodevelopment during the early postnatal stages, as
it provides the building blocks for brain gangliosides (Wang, 2009), which have been

related to neurophysiological outcomes, such as memory formation (Schnaar et al.,
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2014; Wang, 2009, 2012).

To our knowledge, no studies on the effects of HMO supplementation on cog-
nition have been performed in humans. However, observational human studies are
emerging that investigate longitudinal relations between HMOs, cognition, and related
constructs. One study found that 2'FL concentrations in milk samples collected at one
month postpartum were associated with better cognitive development at 24 months of
age, as measured with the Bayley Scales of Infant and Toddler Development (Berger
et al., 2020b). Another longitudinal human study found a positive association between
6'SL and better cognitive development scores at 18 months of age, also measured with
the Bayley Scales (Oliveros et al., 2021). In addition, Cho et al. (2021) found posi-
tive links between 3'SL concentration and a composite of cognition at multiple ages
(language in particular) in human infants (Cho et al., 2021). Lastly, a large study in
Malawi participants found a positive link between grouped fucosylated and grouped
sialylated HMO concentrations in mothers milk collected at six months postpartum,
and language at child age 18 months (Jorgensen et al., 2021). To sum, most human
studies assessed HMO concentrations only at one time point or at older ages (i.e., six
months). Because HMO composition changes over lactation, and early life is known
to be a sensitive period for future child development, multiple samples in early life are
required to obtain a more reliable picture of an infant’s exposure to HMOs during the
first months of life and its association with later child cognitive development.

This prospective, longitudinal study investigated, in a healthy Dutch community
sample, the associations between HMOs measured at infant age two, six, and 12
weeks, and executive functions, at child age three years. As inhibitory control is an
important aspect of executive functions and essential for child mental health develop-
ment (Cook et al., 2019; Montroy et al., 2016), we also included behavioural measures
of inhibitory control. The study was preregistered on the Open Science Framework

(https://osf.io/h4ztw). Based on the literature mentioned above, we selected specific
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HMOs (2'FL, 3'SL, and 6'SL) and composed two HMO groups (fucosylated-, and
sialylated HMOs) for our study. We hypothesized that 2'FL, 3'SL, 6'SL, grouped fu-
cosylated HMOs, and grouped sialylated HMOs would be positively associated with
better executive functions and inhibitory control. With the goal of expanding our knowl-
edge on HMOs, we exploratorily investigated associations between child cognition and
21 other HMOs: 3'-fucosyllactose (3-FL), difucosyllactose (DFL), di-/tri-fucosyllacto-
N-hexaose (DF-/TF-LNH), four different isomers of fucosyllacto-N-hexaose (F-LNH),
isofucosyl-Lacto-N-hexaose | (IF-LNH-1), lacto-N-difucohexaose | (LNDFH-I), lacto-N-
difucosylhexaose Il (LNDFH-I1), lacto-N-fucopentaose | (LNFP-I), lacto-N-fucopentaose
II (LNFP-II), lacto-N-fucopentaose Il (LNFP-I11), lacto-N-fucopentaose V (LNFP-V),
lacto-N-tetraose (LNT) and lacto-N-neotetraose (LNnT) combined, lacto-N-hexaose
(LNH), lacto-N-neohexaose (LNnH), para-lacto-N-hexaose (pLNH), sialyllacto-N-tetraose-
a (LSTa), sialyllacto-N-tetraose-b (LSTb), sialyllacto-N-tetraose-c (LSTc), and three
more HMO groups: non-fucosylated and non-sialylated HMOs, mono-fucosylated HMOs,

and di- and tri-fucosylated HMOs.

Materials and methods

Participants

This study is part of the longitudinal BINGO study investigating early prenatal
and postpartum predictors of child development (Hechler et al., 2018, 2019). Partic-
ipants were parents and their children recruited in the Netherlands during pregnancy
in 2014/2015 (n==88). Postnatal exclusion criteria were pregnancy complications, birth
weight <2500 g, gestational age at birth <37 weeks, 5-min Apgar score <7, and con-
genital malformations (Hechler et al., 2018). After birth, eleven participating families
were excluded, either because inclusion criteria were not met, or because of withdrawal

due to personal circumstances. After one drop-out during the first postnatal year, 76
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families were contacted at the 36-month measurement round (2017/2018) and 67
agreed to participate (see participant flowchart in Figure 3.1). Of these 67 partici-
pants, four mothers did not breastfeed during the first postnatal weeks and thus did
not provide milk samples, resulting in a total number of 63 participants for the current
study. All the analyses were first performed on data of exclusively breastfed children
during the first 12 postnatal weeks (n=45, including two infants who received one
formula feeding a week), to avoid potential effects of formula feeding on behaviour.
Subsequently, the analyses were repeated with the whole group of infants (n=63),
correcting for percentage breastfeeding (see HMOs section).

The BINGO study was independently reviewed by the Ethics Committee of Social
Sciences (ECSW) of Radboud University, and no formal objection to this research was
made [ECSW2014-1003-189 and amendment: ECSW-2018-034]. The current study

was preregistered on the Open Science Framework: https://osf.io/h4ztw.

Procedure

Mothers collected milk samples at two, six, and 12 weeks after delivery. Mothers
collected these samples (approximately 20 mL) into sterile collection cups by hand
expression, in the morning, before feeding the infant. Mothers were asked to wash their
hands before collection. In case breast pads or cream had been used, mothers were asked
to also wash their breasts before collection. The three mothers who collected milk via a
pump were asked to first boil the parts that come into contact with the milk. Samples
were stored in the participant’s freezer before they were collected with a portable freezer
when the infant was around 12-14 weeks. The samples were subsequently stored at -
80°C at the Radboud University, and afterwards delivered to the lab of Food Chemistry
of Wageningen University for HMO content analysis.

At three years of age, mothers and their partners independently filled in online

questionnaires about their child's executive functioning. In addition, home visits took
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Prenatal (baseline)
Excluded (n=88)

* Preterm delivery (n=1)

* Infant brain damage (n=1)
*  Withdrawal (n=5)

* Non-breastfeeding (n=4) Age 12 months
(n=77)

Drop out reasons
* Personal reasons (n=1)

Age 36 months
Contacted families
(n=76)

Drop out reasons
* Personal reasons (n=1)
* Loss to follow up (n=2)

Non-participating reasons
* Time constraints (n=6)

Participating families
(n=67)
/\
Mothers and partners Mothers only
(n=54) (n=13)

N

Home visit Home visit Questionnaires
(n=54) (m=9) only (n=4)

Figure 3.1. Flowchart of participant follow-up. Drop outs are shown on the left side of the
flowchart. Participants who skipped the assessment round are shown on the right side of the
flowchart.

place where child inhibitory control was assessed by a trained examiner through six
inhibitory control tasks. For more information on the procedure and content of the

visit, see Willemsen et al. (2021).

HMOs

The HMOs were extracted, purified by solid phase extraction, and quantified by
using porous graphitized carbon-ultra high-performance liquid chromatography - mass
spectrometry (PGC-UPLC-MS) and high performance anion exchange chromatography
with pulsed amperometric detection (HPAEC-PAD) (Gu et al., 2021a). The following
24 different HMO structures were determined: 2'FL, 3-FL, 3'SL, 6'SL, DF-TF-LNH,
DFL, four different isomers of F-LNH, IF-LNH-I, LNDFH-1, LNDFH-II, LNFP-I, LNFP-
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I, LNFP-I1I, LNFP-V, LNH, LNnH, pLNH, LNT and LNnT combined, LSTa, LSTb,
LSTc (see also Borewicz et al. (2020) and Gu et al. (2021b) for other analyses with
these data).

The group of fucosylated HMOs consisted of: 2'FL, 3-FL, LNFP-I, LNFP-II, LNFP-
111, LNFP-V, four isomers of F-LNH, IF-LNH-I, LNDFH-I, LNDFH-II, DFL, and DF-TF-
LNH. The group of sialylated HMOs consisted of 3'SL, 6'SL, LSTa, LSTb and LSTc.
The group of non-fucosylated and non-sialylated HMOs consist of: LNT and LNnT
combined, LNH, LNnH, and pLNH. The group of mono-fucosylated HMOs consists
of: 2'FL, 3-FL, LNFP-III, LNFP-II, LNFP-I, LNFP-V, four different isomers of F-LNH,
and IF-LNH-I. The di- and tri-fucosylated HMOs consist of: LNDFH-I, LNDFH-II, DFL,
and DF-TF-LNH. The identification of different LNH isomers was not possible as the
pure substances for identifying LNH isomers were not commercially available during
the time of wet analyses. However, identification of LNH isomers was achieved based
on mass-to-charge ratios of peaks and was then compared to retention times in the
literature. This allowed for relative comparisons between the HMOs.

Due to naturally occurring differences in milk dilutions, HMO concentrations were
corrected for sample-to-sample variability by normalizing readout values for each time
point separately using the Probabilistic Quotient Normalization (PQN) method in R,
as performed by Borewicz et al. (2020). Furthermore, corrections for estimated daily
milk intake were based on previous literature (480g, 580g, and 630g at weeks two,
six, and 12, respectively) (Institute of Medicine (US). Subcommittee on Nutrition
during Lactation and United States. Health Resources and Services Administration,
1991). The resulting variables were used as such for the exclusive breastfeeding group
(n=45). For the total group (n=63), in which also mothers were included who were
partially breastfeeding, these corrected values were further adjusted for the proportion
of human milk feedings. E.g., if the infant at 12 weeks received 30% formula and

70% human milk, the corrected HMO concentrations at that time point were further
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adjusted by multiplying by 0.7.
Executive functions

Two questionnaires were used to measure child executive functioning. The Behavior
Rating Inventory of Executive Function-Preschool Version (BRIEF-P) is a commonly
used executive functions questionnaire that measures general child executive functions
and does not differentiate between different situations. The Ratings of Everyday Exec-
utive Functioning (REEF) is less commonly used and rates child executive functions in
different situations (e.g., executive functions around friends, during grocery shopping,
or in the community). Because of their different assessment methods, and because pre-
vious literature showed different outcomes between the two questionnaires (Willemsen
et al., 2021), we included both in our research.

The BRIEF-P (Sherman and Brooks, 2010) is a 63-item questionnaire that assesses
preschool aged executive functioning, using a 3-point scale (answer options: ‘Never’,
‘Sometimes’, ‘Often’). Example items are: ‘Overreacts to small problems’ and ‘Is easily
overwhelmed or overstimulated by typical daily activities'. Higher scores indicate worse
executive functioning. To align with our other executive functioning and inhibition
measures, the outcome of the BRIEF-P was reverse-coded. Consequently, higher scores
on the BRIEF-P indicated better executive functioning. The Cronbach’s alpha was 0.94
for mothers, and 0.96 for partners.

The REEF (Nilsen et al., 2017) is a 77-item questionnaire that assesses preschool
age executive functions, using a 4-point scale (answer options: ‘Is not able’, ‘Never or
almost never’, ‘Sometimes’, ‘Always or almost always’). This questionnaire assesses the
child’s behaviour in eight different scenarios, namely: how the child plays games, how
the child plays games with others, how the child interacts with others, around the house,
in the community, out shopping, story time, and general skills and behaviours. Example

items are: ‘Plays "Hide and Go Seek” without cheating (e.g., does not peek when
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counting)' and ‘Waits to pay for items without complaint’. A higher score indicates
better executive functioning. The Cronbach’s alpha was 0.96 for mothers and 0.95 for
partners.

As some partner reports were missing (n=14 for the BRIEF-P and n=15 for the
REEF), and they correlated significantly with maternal reports (r=0.51 for the BRIEF-
P and r=0.30 for the REEF), maternal reports were used in the main analyses. Partner

reports of the BRIEF-P and the REEF were used as sensitivity measures.

Inhibitory control tasks

Behavioural tasks were chosen according to five categories of inhibitory control
classified by Anderson and Reidy (2012): Motor inhibition (i.e., inhibit motor behaviour
at specific moments after learning it), Verbal inhibition (i.e., inhibit verbal responses),
Impulse control (i.e., inhibit an instinctive response), Delay of gratification (i.e., resist
direct temptation to receive a larger reward after the delay) and Go/No-go (i.e., perform
certain behaviour after being shown a stimulus and to inhibit that behaviour after being
shown a different stimulus). A higher score on the tasks indicates better inhibitory
control.

The Flanker task (Eriksen and Eriksen, 1974) was used to measure motor inhibi-
tion. Children were asked to point in the same direction of where a centrally located
target fish was swimming towards, ignoring the presence of interfering stimuli (i.e.,
flanking fish oriented in the same or opposite directions). Children who passed the
four practice trials, were presented another 10 trials of which three were incongruent
trials. Accuracy of the incongruent trials was scored between 0 and 3 (O=pointing in
the wrong direction; 1=first pointing in the correct direction, then pointing wrongly;
2=first pointing in the wrong direction, then pointing correctly; 3=pointing in the
correct direction), and subsequently averaged. Forty-nine out of 63 children passed the

practice trial.
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The Whisper task (Beijers et al., 2013; Kochanska et al., 1996) was used to
measure verbal inhibition. Children who passed the two practice trials, were asked to
whisper the names of another 12 animal pictures. Answers were coded 0 to 2 for every
picture (O=shout; 1=normal or mixed tone; 2=whisper), and averaged. All children
passed the practice trial.

The Gift Wrap task (Beijers et al., 2013; Kochanska et al., 1996) was used to
measure motor inhibition. Before the gift in front of them was wrapped, the children
were asked to cover their eyes with their hands and not peek. Wrapping lasted for one
minute. Children's waiting behaviour was coded every five seconds with a score ranging
from 0 to 3 (O=watches wrapping/gift; 1=peeks; 2=looks away from wrapping/gift;
3=closed eyes and/or hands in front of the eyes), and averaged. One child did not
understand the task and was therefore excluded from the analysis.

The Gift Delay task (Kochanska et al., 1996) was used to measure impulse control.
Children were asked to refrain from touching and unwrapping the present, placed in
front of the child, when the examiner left the room for one-and-a-half minute. Impulse
control was measured as latency (measured in seconds) until touching the present.

Due to insufficient variation and low number of children that passed the practice
trials in the Snack Delay task (to measure delay of gratification) (Beijers et al., 2013;
Kochanska et al., 1996), and the Bear Dragon task (to measure go/no-go) (Kochanska
et al., 1996; Reed et al., 1984), respectively, these tasks were excluded from the analyses

(Willemsen et al., 2021).

Scoring of inhibitory control tasks

Video recordings of the inhibitory control tasks were observed and scored inde-
pendently by two observers. The first five recordings were scored by both observers
independently and checked for agreement. Disagreements were discussed and adjusted

in the scoring book. Thereafter, the observers only discussed recordings in case of un-
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certainties. Thirty out of 63 recordings were scored by both observers to determine
inter-rater reliability. Reliability was quantified by the Intraclass Correlation Coefficient
(ICC) relying on absolute agreement. The ICC's for the inhibitory control tasks were
good: 0.95 for the Flanker, 0.86 for the Whisper, 0.88 for the Gift Wrap, and 0.84 for
the Gift Delay. Because the tasks measured different forms of inhibitory control as part
of the same overarching construct, “lumping” was preferred over “splitting”. Following
Willemsen et al. (2021), a composite score was created for the inhibitory control tasks
by averaging the z-scores. Note that a latent variable could not be created due to

violations of the assumptions (Willemsen et al., 2021).

Confounders

Potential confounding variables were based on previous literature and plotted in
a directed acyclic graph (DAG) (see Figure 3.2 for the DAG) (Cinelli et al., 2022),
to determine their inclusion in the main analysis. Based on the DAG, the following
confounding variables were considered for the main analyses: gestational age at birth
(Han et al., 2021; Yang et al., 2010), maternal educational level (ranging from 1,
primary education, to 8, university education) (Ardila et al., 2005; Kao et al., 2018),
and executive functioning of the parent(s) (Kao et al., 2018). For this last confounder,
parental executive functioning was assessed with the Behavior Rating Inventory of
Executive Function-Adult (BRIEF-A) (Roth et al., 2005). The BRIEF-A is a 75-item
self-report questionnaire of executive functioning in adults, scored on a 3-point scale.
We reverse-coded the BRIEF-A outcome for interpretation purposes, so that higher
scores indicate better executive functioning. The Cronbach's alphas were good for
mothers (@=0.96), and partners (@=0.93). Similar to the BRIEF-P, some partner
reports were missing (n=20), and they correlated significantly with maternal reports
(r=0.54). Therefore, only maternal reports were used as confounder and partner reports

of the BRIEF-A were used as sensitivity measures. These potential confounders were
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correlated with the executive functions and inhibitory control variables to determine
their inclusion as confounders in the analyses. Other potential confounders that were
considered but eventually excluded based on the DAG were: maternal age (Han et al.,
2021), secretor status (Thurl et al., 2017), mode of delivery (Ahlqvist et al., 2021;
Samuel et al., 2019), and parity (Samuel et al., 2019). While low infant birthweight has
been associated with HMO composition and cognitive functioning (Cheng et al., 2014;
Hack et al., 1995), the current study only included infants with healthy birthweight;
therefore, infant birthweight was not included as confounder. Moreover, breastfeeding
duration had previously been assessed in the same cohort with the same outcome
variables (i.e., BRIEF-P, REEF, Whisper, Flanker, Gift Wrap, and Gift Delay), and no
significant associations were found between breastfeeding duration and these outcomes
(Willemsen et al., 2021). Hence, breastfeeding duration was not included as confounder.
The following potential confounders were not considered in the DAG, as no data had

been collected: gestational weight gain and maternal body mass index (Han et al.,

2021).

Missing data

Excluding the sum variables derived from the original data (e.g., grouped fucosy-
lated HMOs are the sum of specific individual HMOs), 9% of the data were missing.
The following milk data was missing: one sample at two weeks and one sample at six
weeks. Additional missing milk data was due to some mothers not breastfeeding and
therefore unable to provide a sample (two samples at two weeks, four samples at six
weeks, and nine samples at 12 weeks). The following questionnaire data were missing:
for mothers, REEF (n=1) and BRIEF-A (n=1), and for partners, BRIEF-P (n=14),
REEF (n=15), and BRIEF-A (n=20) (of which 14 of each questionnaire were missing
because these partners did not join this study at baseline). The following behavioural

data were missing: Whisper (n=4), Gift Wrap (n=4), Gift Delay (n=4), and Flanker
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Gestational
Age

Toddler Executive
Functions

Human Milk
Oligosaccharides

Maternal
Executive
Functions
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Figure 3.2. Directed Acyclic Graph for determining confounders. Blue colours represent the
predictor and outcome variable. Orange represents the potential confounder related to both
the predictor and the outcome, and yellow represents the potential confounder related to the
outcome variable.

(n=18, of which 15 were missing because children did not pass the practice trial). The
LittleMCAR test from the ‘BaylorEdPsych’ package indicated that data were missing
completely at random (y2=153.173, p=0.549). Missing data were imputed by means of
multiple imputation according to van Buuren and Groothuis-Oudshoorn (2011) using
the ‘mice’ package. Data was imputed 20 times and analyses were thus run 20 times.
Results of these analyses were pooled using the pool function of the ‘mice' package,

which averages the estimates of the 20 analyses.

Statistical analyses

All analyses were performed in R version 4.0.2. A 95% confidence interval that
does not contain a 0, and a p-value of <0.05, were considered statistically significant.
Variables were checked for normality, and the following were not normally distributed:
2'FL (at two, six, and 12 weeks), 3'SL (at two, six, and 12 weeks), 6'SL (at two, six,

and 12 weeks), grouped fucosylated HMOs (at six and 12 weeks), grouped sialylated
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HMOs (at two, six, and 12 weeks), inhibitory control composite score, gestational age,
partner executive functions, and maternal educational level. Pearson and Spearman
correlations were performed to correlate normally and non-normally distributed vari-
ables, respectively. Furthermore, the area under the curve (AUC) with respect to the
ground was calculated for the HMOs of the three milk assessment time points to create
one variable that reflects infant exposure to HMOs during the first 12 postnatal weeks
(Pruessner et al., 2003).

Next, the data used for the final analyses were inspected for outliers. The following
variables contained outliers: the AUC of 3'SL (two outliers), the AUC of 6'SL (two
outliers), BRIEF-P filled in by the mother (one outlier), and inhibitory control com-
posite score (one outlier). The outliers were winsorized (Blaine, 2018). Results of the
analyses were similar with and without winsorizing (i.e., including the outliers).

For the main analyses, multiple regression analyses were performed to assess the as-
sociation between the HMOs (i.e., 2'FL, 3'SL, 6'SL, grouped fucosylated, and grouped
sialylated HMOs) and the outcome variables (i.e., executive functions as assessed by
the BRIEF-P, REEF, and the inhibitory control composite score). Six models were
run, two per outcome variable. The three separate HMOs (2'FL, 3'SL, and 6'SL) were
added to three models as predictors of the outcome variables. Because the two HMO
groups (fucosylated and sialylated HMOs) are partly derived from the separate HMOs
in the first three models, we analysed the HMOs separately. The two HMO groups
were added to the three models as predictors for the three outcome variables. These
six models were run twice, once including data of exclusively breastfed infants, and
once including data of partially breastfed infants.

Sample size could not be adjusted due to the longitudinal nature of our study.
We determined the power of our analyses depending on the effect size and sample
size, using G*Power. According to Cohen’s (1988) guidelines for multiple regression

analyses 2=0.02, f2=0.15, and f>=0.35 represent small, medium, and large effect sizes,
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respectively (Cohen, 1988). We entered an alpha error probability of 0.05, and six
predictors (i.e., the three individual HMOs, and the three confounders) for the model
with individual HMOs. Five predictors were entered for the model with grouped HMOs.
When including exclusively breastfed infants only (n=45), our power is 0.15, 0.72, and
0.97 for detecting small, medium, and large effect sizes, respectively. When including
partially breastfed infants (n=63), our power is 0.20, 0.86, and >0.99, for detecting
small, medium, and large effect sizes, respectively. Log likelihood tests were performed
to check which model fits the data best. Models including the confounders fit signif-
icantly better than models without confounders. Hence only results from the models

with the confounders were interpreted for the results.

Exploratory analyses

Clinically relevant executive function problems. Multivariate logistic regres-
sion analysis was performed to assess the differences between the group of children
who scored above the (sub)clinical cut-off of the BRIEF-P (i.e., indicating that these
children experience clinically relevant executive function problems), and a group of
children without such problems (Sherman and Brooks, 2010). Seventeen participants
scored above the subclinical cut off of the BRIEF-P (i.e., a t-score of 60 or higher).
For the high-low comparison analyses, a contrast group was made by taking the 19
participants who scored the best on executive functions of the BRIEF-P (i.e., t-score
of 48 or lower). The dummy outcome variable was being in the group with low exec-
utive functions (0) or in the group with high executive functions (1). The predictors
were the AUCs of the separate HMOs (2'FL, 3'SL, and 6'SL). The same analyses were
performed with the AUCs of the HMO groups as predictors (fucosylated and sialylated
HMOs). Note that the BRIEF-P was the only outcome measure in which clinical cut-off
values are available.

Individual HMOs and individual time points. To investigate the effects of other
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HMOs on executive functions and inhibitory control, we added all HMOs from all
time points to a random forest model. In total, 24 HMOs (2'FL, 3-FL, 3'SL, 6'SL,
DF-TF-LNH, DFL, four different isomers of F-LNH, IF-LNH-I, LNDFH-I, LNDFH-II,
LNFP-I, LNFP-II, LNFP-11I, LNFP-V, LNH, LNnH, pLNH, LNT and LNnT combined,
LSTa, LSTb, LSTc) were added to a Random Forest model to assess which HMO had
the highest predictive value for the BRIEF-P, the REEF, and the inhibitory control
composite. We ran the same analyses for the five HMO groups (grouped fucosylated
HMOs, grouped sialylated HMOs, grouped non-fucosylated and grouped non-sialylated
HMOs, grouped mono fucosylated HMOs, and grouped di- and tri-fucosylated HMOs).
One random forest model was run per outcome variable. Thus, three models were run
for the exploration of separate HMOs and three models were run for the exploration
of HMO groups. The ‘randomForest’ package was used to run the random forest
analyses. We fitted a random forest models using the ‘Tuneranger' package (Wright
and Ziegler, 2017). After that, the HMOs and HMO groups from all time points were
added separately to a random forest model to assess which HMO at what time point
had the most predictive value for the BRIEF-P, the REEF, and the inhibitory control

composite (e.g., all HMOs at age 2 weeks were added in one model with the BRIEF-P).

Results

Descriptives of study population characteristics and study vari-
ables

Table 3.1 shows the descriptive statistics of the study population. Table 3.2 shows
the descriptives of the measured variables including the percentages of exclusive breast-
feeding mothers, the measured concentrations of the main HMOs and HMO groups

of interest, and the scores on executive functions and inhibitory control tasks. Differ-

ences in concentrations over time were tested with a One-Way ANOVA test. Figure
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3.3 shows the significant changes in HMO concentration over time. Concentrations
of 6'SL, grouped fucosylated HMOs, and grouped sialylated HMOs decreased signifi-
cantly over time. Concentrations of 2'FL significantly differed between two weeks and
12 weeks, but not for six weeks. Concentrations of 3'SL at two weeks significantly
differed from concentrations at six and 12 weeks. However, concentrations of 3'SL at
six weeks did not differ from concentrations at 12 weeks. After adjustment for esti-
mated daily intake, 6'SL and grouped sialylated HMOs decreased significantly over
time. Estimated intake of 2'FL, 3'SL, and grouped fucosylated HMOs did not change
significantly over time. Scores on the BRIEF-P, the REEF, and the BRIEF-A did not

differ significantly between mother and partner.

Table 3.1. Study population characteristics.

Characteristics % n
Child sex

Girl 49.2 31

Boy 50.8 32
Maternal educational level

Low 0 0

Middle 14.5 9

High 85.5 53

Missing 1.6 1

Age (£SD) n

Gestational age (weeks) 39.8 (£1.6) 63
Child age (months) 376 (£1.1) 63
Maternal age (years)* 34.5 (£3.6) 63
Partner age (years)! 35.9 (+4.1) 47

tAges at child age three years (date of the home visit).
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Table 3.2. Descriptive statistics of measured variables: breastfeeding, HMO levels, executive

functions, and inhibitory control.

% n
Exclusive breastfeeding (2 weeks) 86 54
Exclusive breastfeeding (6 weeks) 89 56
Exclusive breastfeeding (12 weeks) 78 49
Mean n  Estimated daily n
HMO levels concentration intake for exclusively
(g/L) (£SD)? breastfed infants
(g) (D)’
2'FL 2 weeks 0.95 (£0.52)7 60 0.45 (+0.24) 43
2'FL 6 weeks 0.82 (£0.41)*Y 58 0.47 (+0.24) 44
2'FL 12 weeks 0.67 (£0.35)® 54 0.41 (40.23) 45
3'SL 2 weeks 0.18 (£0.03) 60 0.08 (£0.01) 43
3'SL 6 weeks 0.17 (£0.01)? 58 0.10 (£0.01) 44
3'SL 12 weeks 0.16 (£0.02)? 54 0.10 (<0.01) 45
6'SL 2 weeks 0.38 (£0.09)* 60 0.18 (+0.04) 43
6'SL 6 weeks 0.18 (£0.02)> 58 0.11 (+£0.01) 44
6'SL 12 weeks 0.07 (£0.02)° 54 0.04 (+0.01) 45
Fucosylated HMOs 2 weeks 4.84 (£0.46) 60 2.31 (+0.18) 43
Fucosylated HMOs 6 weeks 431 (£0.32)Y 58 2.49 (£0.19) 44
Fucosylated HMOs 12 weeks 3.88 (£0.42)° 54 2.45(+0.29) 45
Sialylated HMOs 2 weeks 1.10 (£0.19) 60 0.52 (+0.07) 43
Sialylated HMOs 6 weeks 0.66 (+£0.06)” 57 0.38 (+0.04) 44
Sialylated HMOs 12 weeks 0.43 (£0.06)°¢ 54 0.27 (£0.03) 45
Behaviour Score (£SD) n
Executive functions Questionnaires
BRIEF-P mother 95.0 (£15.8) 63
BRIEF-P partner 97.4 (£18.1) 49
REEF mother 146.4 (£32.6) 62
REEF partner 144.9 (£28.0) 48
BRIEF-A mother 108.2 (£19.7) 62
BRIEF-A partner 108.3 (£16.0) 43
Inhibitory control tasks
Flanker 1.3 (£0.7) 45
Whisper 1.8 (£0.3) 59
Gift Wrap 2.1 (£0.9) 59
Gift Delay (seconds) 77.0 (£28.2) 59

1 Adjusted for sample to sample variability (with probabilistic quotient normalization). 2 Ad-
justed for and daily intake volumes of 480g, 580g, and 630g at weeks two, six, and 12,
respectively, based on previous literature (Institute of Medicine (US). Subcommittee on Nu-
trition during Lactation and United States. Health Resources and Services Administration,
1991). % ¢ indicate significant differences (p<0.05) between time points (i.e., * differs from

b and ¢, but not from “).
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Correlations
Correlations between executive function and inhibitory control measures

Correlations between executive function questionnaires and inhibitory control tasks
are shown in Table 3.3. The BRIEF-P and the REEF correlated significantly for mothers
(r=0.38), but not for partners. Both the BRIEF-P and the REEF correlated between
mother and partner (r=0.51 and r=0.30, respectively). The BRIEF-A (reflecting par-
ent’s executive functions) and the BRIEF-P (reflecting toddler's executive functions)
correlated significantly for mother and for partner (r=0.34 and r=0.50, respectively).
In addition, the inhibitory control tasks did not intercorrelate. Better performance on
the Gift Wrap and the Gift Delay correlated positively with better executive functions

as measured by the REEF filled in by the mother (r=0.29 and r=0.37, respectively).

Correlations between main HMOs of interest and behavioural measures

Next, correlations between the concentrations of HMOs of main interest are shown
in Table 3.4. Concentrations of 2'FL correlated significantly between two and 12 weeks
(r=0.30). All concentrations of 2'FL correlated significantly with concentrations of
grouped fucosylated HMOs at all time points (r ranging from 0.29 to 0.85), except
for 2'FL at six weeks and grouped fucosylated HMOs at 12 weeks. Furthermore, 3'SL,
6'SL, and grouped sialylated HMOs correlated negatively over time (r ranging from
-0.27 to -0.64). After removal of outliers in these measures, the correlations remained
mostly similar.

Correlations between the predictor and outcome variables used in the main models
(i.e., AUC of the HMOs, maternal reports of executive functions, and inhibitory control
composite) are shown in Table 3.5. Only the AUC of grouped sialylated HMOs was
negatively correlated with the BRIEF-P (r=-0.31). No other HMOs were significantly

correlated with the executive function and inhibitory control measures.
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Table 3.5. Correlations between maternal reports on executive functions, inhibitory control
composite, and the AUCs of the HMOs (adjusted for sample to sample variability, percentage
breastfeeding, and estimated daily intake).

BRIEF-P REEF Inhibitory control
by mother by mother composite

AUC of 2'FL 0.00 0.16 0.04

AUC of 3'SL 0.20 -0.12 -0.06

AUC of 6'SL 0.14 -0.16 -0.13

AUC of Fucosylated HMOs -0.17 0.21 0.14

AUC of Sialylated HMOs -0.31* 0.03 -0.09

Notes: Correlations are based on imputed data (n=63). HMOs mentioned in this table are
the AUCs of the HMOs in grams consumed at 2, 6, and 12 weeks; the BRIEF-P is reverse
coded to correspond with the other executive functions and inhibition measures (i.e., higher
BRIEF-P scores indicate better executive functions). *p<0.05.

Correlations between potential confounding variables and executive functions

measures

Potential confounding variables were determined beforehand by the use of the DAG
(as mentioned in the confounder section) and subsequently correlated with the outcome
variables (see Table 3.6). Only the BRIEF-A correlated significantly with the BRIEF-P
(r=0.30) and the inhibitory control composite score (r=0.32). Hence, gestational age
and maternal educational level were excluded from the main analysis, and the BRIEF-A
was used as confounding factor for the analyses with the BRIEF-P and the inhibitory

control composite score.
Main analyses
Analyses with exclusively breastfed infants only

Table 3.7 shows an overview of the multiple regression analyses, as performed in the
exclusively breastfed group. Better executive functioning, as measured with the REEF,
was associated with more 2'FL (f:5.21, 95%Cl:0.84 - 9.57) and grouped fucosylated
HMO's (B:3.43, 95%Cl:0.30 - 6.56). These results indicate that higher consumption

of human milk concentrations of 2'FL and grouped fucosylated HMOs during infancy,
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Table 3.6. Correlations between executive function measures and potential confounding vari-
ables.

BRIEF-P  REEF Inhibitory  Gestational ~Mother BRIEF-A
Mother Mother  control age educational  Mother
composite level

BRIEF-P Mother -

REEF Mother 0.33%* -

Inhibitory control composite  0.07 0.34%*

Gestational age -0.01 -0.07 -0.05 -

Mother educational level -0.04 0.18 0.17 -0.02 -

BRIEF-A Mother 0.30%* -0.07 0.32* 0.07 0 -

Note: Correlations are based on imputed data (n=63). The BRIEF-P is reverse coded to
correspond with the other executive functions and inhibition measures (i.e., higher BRIEF-P
scores indicate better executive functions).*p<0.05, **p<0.01.

are associated with higher executive functions at age three years. No other significant
associations were found for the BRIEF-P, the REEF, and inhibitory control. Results

were no different with and without winsorizing.

Analyses including partially breastfed infants

The same analyses were also performed including data of partially breastfed in-
fants (see Supplementary Table 7.7). The positive association between 2'FL and the
REEF found in the exclusive breastfed group was now marginally significant (p=0.06).
Additionally, higher levels of sialylated HMOs were associated with worse executive
functions, as measured with the BRIEF-P. No other significant results were found, and

results were no different with and without winsorizing.
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Table 3.7. Associations between HMOs and executive functions (BRIEF-P and REEF) and
inhibitory control (exclusively breastfed infants).

Effect Estimate (95% Cl) Standard error  p-value
BRIEF-P Model 1
Intercept 147.65 (47.08 - 248.21)**  49.76 0.005
2'FL -0.34 (-2.07 - 1.40) 0.86 0.70
6'SL -39.22 (-85.79 - 7.35) 23.04 0.10
3'SL -29.15 (-118.13 - 59.83) 44.03 0.51
BRIEF-A 0.15 (-0.048 - 0.35) 0.10 0.13
BRIEF-P Model 2
Intercept 108.24 (22.69 - 193.78)*  42.36 0.015
Fucosylated HMOs -0.18 (-1.45 - 1.08) 0.63 0.77
Sialylated HMOs -7.88 (-28.30 - 12.53) 10.11 0.44
BRIEF-A 0.18 (-0.02 - 0.38) 0.10 0.08
REEF Model 1
Intercept 264.44 (33.40 - 495.48)*  114.40 0.03
2'FL 5.21 (0.84 - 9.57)* 2.16 0.02
6'SL -14.33 (-131.61 - 102.96)  58.08 0.81
3'SL -138.79 (-360.91 - 83.34)  109.99 0.21
REEF Model 2
Intercept 122.34 (-76.57 - 321.26)  98.57 0.22
Fucosylated HMOs 3.43 (0.30 - 6.56)* 1.55 0.03
Sialylated HMOs -15.75 (-66.45 - 34.95) 25.12 0.53
Inhibitory control Model 1
Intercept 1.31 (-2.53 - 5.15) 1.90 0.49
2'FL 0.01 (-0.05 - 0.08) 0.03 0.70
6'SL -0.37 (-2.15 - 1.41) 0.88 0.68
3'SL 0.10 (-3.29 - 3.50) 1.68 0.95
BRIEF-A -0.01 (-0.02 - -0.002)* 0.004 0.02
Inhibitory control Model 2
Intercept 2.24 (-0.82 - 5.30) 1.52 0.15
Fucosylated HMOs 0.02 (-0.02 - 0.07) 0.02 0.27
Sialylated HMOs -0.47 (-1.20 - 0.26) 0.36 0.20
BRIEF-A -0.01 (-0.02 - -0.002)* 0.004 0.01

Note that analyses were performed on exclusively breastfed infants only, n=45. The REEF
models did not include confounders as none of the potential confounders correlated with
the REEF. The BRIEF-P is reverse coded to correspond with the other executive functions
and inhibition measures (i.e., higher BRIEF-P scores indicate better executive functions). All
HMOs and HMO groups mentioned in this table are presented as the Area Under the Curve.
*p<0.05, ¥**p<0.01.
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Exploratory analyses
Clinically relevant executive function problems

Multiple logistic regression analyses were performed to check the differences be-
tween children with high and low executive functions (Table 3.8). No significant results
were found. Results were the same with and without winsorizing. The results including

partially breastfed infants were also non-significant (see Supplementary Table 7.8).

Table 3.8. Multiple logistic regression results of the relation between the HMOs and HMO
groups, and the BRIEF-P (exclusively breastfed infants).

Effect Estimate (95% Cl) Standard error  p-value
BRIEF-P Model 1
Intercept 19.90 (-10.91 - 61.23)  17.45 0.27
2'FL -0.03 (-0.63 - 0.47) 0.26 0.91
6'SL -10.36 (-26.00 - 1.86)  6.80 0.15
3'SL -12.84 (-44.72 - 11.80) 13.73 0.36
BRIEF-A 0.03 (-0.02 - 0.10) 0.03 0.29
BRIEF-P Model 2
Intercept 1.68 (-22.06 —24.82) 11.53 0.89
Fucosylated HMOs  -0.04 (-0.42 - 0.27) 0.16 0.79
Sialylated HMOs -1.16 (-7.71 - 5.07) 3.14 0.72
BRIEF-A 0.03 (-0.01 - 0.09) 0.02 0.18

Note that the analyses were performed on exclusively breastfed infants only, n=45. All HMOs
and HMO groups mentioned in this table are presented as the Area Under the Curve. BRIEF-
P coded as: 1, representing the high executive functions group and 0, representing the low
executive functions group. Hence, positive values indicate a positive association between
higher levels of HMOs and high executive functions.

Individual HMOs and individual time points

All HMOs were added to a random forest model using the data of the children that
had been exclusively breastfed during the milk sampling period. All models with the
BRIEF-P and REEF vyielded a high Mean of Squared Residuals (MSR) (ranging from
163 to 212 for the BRIEF-P and from 1025 to 1371 for the REEF) and a negative %

variance explained, also after tuning the models. While the models for the inhibitory
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control composite yielded a low MSR, these models also explained negative variance.
Because the model fits for all random forest models could not be improved, indicating
that the HMOs we selected were unsuitable for predicting our outcomes, the results
of the random forest models were not interpreted. Similar results were found after
including data from partially breastfed infants.

To still be able to exploratorily inspect the HMOs at separate time points, we ran
multiple regression analyses with the separate HMOs predicting the outcome measures,
and corrected for multiple testing by dividing the alpha by the number of predictors in
the model (Mundfrom et al., 2006). The HMOs at separate time points were not able
to significantly predict the outcomes. These results were identical after including the

partially breastfed infants.

Discussion

The goal of this study was to investigate links between human milk HMO concen-
trations during the first 12 postpartum weeks, and executive functions and inhibitory
control at three years of age. The analyses performed in the group of exclusive breast-
fed infants during the 12-week milk sampling period provided evidence that higher milk
concentrations of 2'FL and grouped fucosylated HMOs during the first 12 postnatal
weeks were associated with better executive functions at age three, as measured with
the REEF questionnaire. When partially breastfed infants were added to the analyses,
similar results for 2'FL were produced and a negative association between grouped sia-
lylated HMOs and executive functions, as measured with the BRIEF-P questionnaire,
appeared. No associations were found with 3'SL, 6'SL, and the inhibitory control com-
posite score. The results from our random forest models with HMOs measured at single
time points could not be interpreted due to poor model fits.

We found evidence for an association between higher levels of 2'FL in the first 12

weeks and better executive functions at age three years. This finding seems robust as it
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appeared in the analyses with and without including partially breastfed infants. Results
of animal studies are also in line with 2'FL leading to better cognition (for a review, see
Docq et al. (2020)). Early life administration of 2'FL enhanced long term potentiation
(LTP, involved in memory and learning) in rats, improved recognition memory in pigs,
and improved performance in operant learning paradigms in mice (Fleming et al.,
2020a; Oliveros et al., 2016; Vazquez et al., 2016). Moreover, our results are consistent
with two human studies that found an association between 2'FL at one month and
better motoric development at six months (Oliveros et al., 2021), and between 2'FL
at one month and better cognition at 24 months (Berger et al., 2020b). Interestingly,
Berger et al. (2020b) also measured 2'FL concentrations at six months and did not
find an association with cognition. Likewise, Jorgensen et al. (2021) also did not find a
link between 2'FL at six months and child cognition or executive functions. As such, it
might be speculated from these and our findings that early life exposure of 2'FL might
be especially important for later cognitive development. It should also be noted that
some human studies did not find an association between 2'FL and better cognitive
outcomes. Cho et al. (2021) found no evidence for a link between 2'FL concentration
(measured at different times for individual infants between ages two to 25 months)
and cognition (assessed at ages between two to 25 months). A potential underlying
mechanism associating 2'FL with later cognition is the gut microbiota. Indeed, Vazquez
et al. (2015) found that 2'FL ingestion in rodents improved learning ability and LTP
enhancement, but only when the connection of the vagus nerve was intact (Vazquez
et al.,, 2016). Ingestion of 2'FL may have stimulated production of low molecular
components by the gut microbiota, possibly improving executive functions. Reversely,
the gut bacteria can alter the integrity of 2'FL (Kuntz et al., 2019), causing 2'FL to
reach the brain in a different form. Different forms of 2'FL can exert different effects
on LTP in the brain (Vazquez et al., 2016). In addition, fucosyllactose are utilised by

Bifidobacteria promoting their growth, which may result in positive effects on the brain
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(Matsuki et al., 2016; Ojima et al., 2022; Sakanaka et al., 2019). For future studies,
it is therefore suggested to include the gut microbiota when investigating the role of
HMOs on cognitive outcomes. Also, because HMO levels decrease over time, and both
Jorgensen et al. (2021) and Berger et al. (2020b) found no evidence for a relation
between future cognition and 2'FL at six months, future sufficiently powered human
studies should consider multiple milk samples over a longer period of time to identify
sensitive periods for 2'FL concentrations to impact the developing brain.

Our findings also showed that higher concentrations of grouped fucosylated HMOs
were present in human milk of children with higher levels of executive functions. Jor-
gensen et al. (2021) found a positive link between grouped fucosylated HMOs at six
months and language, but not executive functions, at age 18 months. Moreover, as
more human studies investigating fucosylated HMOs as a group are lacking, and the
animal studies on grouped fucosylated HMOs and cognition are scarce, we can only
cautiously speculate that grouped fucosylated HMOs may exert positive effects on cog-
nition. Most HMO research to date focused on specific, individual fucosylated HMO's,
including 2'FL. For this reason and given our positive findings, future studies may
consider also investigating fucosylated HMOs as a group, next to individual HMOs, as
the structure of fucosylated HMOs indicate that their physiological functions may be
similar (Bode, 2012). More mechanistic studies are also necessary to investigate how
grouped fucosylated HMOs might improve cognitive outcomes.

Contrary to our hypothesis, and only in the analyses with the partially breastfed
infants included, higher concentrations of grouped sialylated HMOs in mother’s milk
predicted worse executive functions in 3-year-old children, as measured with the BRIEF-
P. Only Jorgensen et al. (2021) investigated grouped sialylated HMOs in humans
and found higher levels of grouped sialylated HMOs to be associated with improved
language performance at 18 months. Note that our positive associations between 2'FL

and grouped fucosylated HMOs and executive functions were obtained with the REEF
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questionnaire. Hence, these apparent discrepancies in our results might be explained
by the fact that the BRIEF-P assesses child executive functions more in general, while
the REEF assesses child behaviour in specific everyday situations. The design of these
questionnaires may also explain why paternal BRIEF-P and REEF did not correlate, as
in traditional households (like often is the case in the Netherlands (Sociaal en Cultureel
Planbureau and Roeters, 2019)), fathers, compared to mothers, spend less time with
their children. Fathers may thus have a better view on their child's general executive
functions as compared to their child's executive functions in specific daily situations.
This could explain why the BRIEF-P was more strongly correlated between parents,
compared to the REEF. The BRIEF-P may therefore be a more robust measure of
executive functions in general, while the REEF might be more suitable for caregivers
who spend more time with their children in different situations. Although the BRIEF-P
has been used more often, the use of the newer REEF has been rising.

Our results on grouped sialylated HMOs and worse executive functions was only
found when partially breastfed infants were included in the analyses. Because partially
breastfed infants by definition consume fewer HMOs than exclusively breastfed infants,
we cannot exclude the possibility that these associations between grouped sialylated
HMOs and worse executive functions that were only found in the partially breastfed
infants may be a chance finding. Additionally, our main analyses were performed on
the exclusively breastfed group to correct for potential noise that formula feeding may
cause. Some formula feeding includes galactooligosaccharides and fructooligosaccha-
rides (also known as GOS and FOS) which mimic the effects that HMOs have on
gut bacteria (Borewicz et al., 2019; Liu et al., 2017), and hence potentially on the
brain (Bode, 2015; Totten et al., 2012; Underwood et al., 2014). For this reason, and
because the findings differed for the exclusive breastfed versus any breastfed group, we
refrain from further interpreting these results.

Furthermore, we found no evidence for a relation between 3'SL concentrations
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and executive functions, nor for a relation between 6'SL concentrations and executive
functions. Previous results on these HMOs are mixed. Two human studies and one
animal study found a positive association with 3'SL and better future cognitive out-
comes (Cho et al., 2021; Jorgensen et al., 2021; Pisa et al., 2021), while one human
and one animal study found no evidence for an association between 3'SL and future
cognition (Berger et al., 2020b; Fleming et al., 2018). Regarding 6'SL, one human
study found an association between higher concentrations of 6'SL at one month and
better cognition (Oliveros et al., 2021), while another found an association between
higher concentrations of 6'SL and a smaller change in infant head circumference be-
tween 6-18 months (Jorgensen et al., 2021). Finally, two studies found no evidence
for a link between 6'SL and cognition at age 24 months (Berger et al., 2020b; Cho
et al., 2021). In piglets, ingestion of 3'SL and 6'SL are related to an increase in sialic
acid concentration in the cerebellum and the hippocampus, as well as an expanded
hippocampus (Jacobi et al., 2016; Mudd et al., 2017). Whether this mechanism is
associated with better executive functions is still unclear. Nonetheless, it is premature
to draw conclusions regarding individual sialylated HMOs, as results in human stud-
ies are inconsistent, likely due to the different methodology used and ages assessed.
Sufficiently powered replication studies are necessary to obtain clarity on if, how, and
when sialylated HMOs are associated with child cognition. Curiously, the correlations
between all sialylated HMOs (including grouped sialylated HMOs) were negative over
time, meaning that higher levels of sialylated HMOs at one time point were correlated
with lower levels of sialylated HMOs at another time point. This finding was robust,
since removal of outliers did not change these correlations. It is difficult to speculate
why these correlations are negative over the first 12 postnatal weeks. How sialylated
HMOs develop over time thus requires more research. Future studies in this topic may
benefit from adding different time-variant factors, such as maternal diet, or maternal

condition and recovery after delivery (Han et al., 2021).
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Our study has several strengths. To our knowledge, this study is the first to assess
HMO concentrations at three time points early in life and relate these concentrations to
cognitive outcomes in toddlerhood. The multiple time points allowed us to investigate
HMO concentrations during a critical and sensitive period in life (Martorell, 2017).
Second, we used two different types of questionnaires, filled in by mothers and their
partners, and several behavioural tasks, to provide a more robust view on child executive
functions. A good addition to these measures would be to use eye-tracking (Hodel
et al., 2017) or MRI scans (Copeland et al., 2021) for more fine-grained assessments
(de Weerth et al., 2022). Our study also has its limitations. The individual milk volume
consumption was not measured. This resulted in our estimating HMO exposure based
on mean daily intakes known from the literature which is less accurate. Although
tedious, future research may benefit from instructing mothers to weigh their infant
before and after each feeding to obtain a more precise estimate of their daily milk
consumption (Haase et al., 2009; Rankin et al., 2016). Next, the generalizability of
our results is limited by our mostly highly educated sample. Lastly, our relatively small
sample size reduced our statistical power. However, we preserved our power as much as
possible by reducing the number of statistical tests performed, by calculating the AUC
of the three HMO measures, by creating a composite score of the observed inhibitory
control test scores, and by using partner scores as sensitivity measures.

Despite knowing the beneficial effects of human milk, it is currently one of the
most under-investigated biological systems in life sciences (de Weerth et al., 2022).
Specifically, human studies investigating HMOs in relation to cognitive outcomes in
early childhood are scarce. We found evidence for an association between 2'FL and
grouped fucosylated HMOs during the first 12 postnatal weeks and better child exec-
utive functions at age three. In the future, larger replication studies should consider
collecting multiple mothers’ milk samples in early life and extending these findings to

later ages as well. Additionally, studies may benefit from including the gut microbiota
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in their analyses to be able to investigate the mechanisms underlying HMO associations
with child neurodevelopment. Studies should also investigate the effects of HMOs on
the development of vulnerable groups who require tailored nutrition but do not always
have access to human milk (e.g., preterm born infants). Such studies would aid in the
determination of sensitive periods in which HMOs may exert the largest positive effects

on cognition and executive functions.
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Abstract

Early life is a sensitive period when microbiota-gut-brain interactions may have
important impact on development. However, evidence from longitudinal studies on
low-risk populations is lacking. This study investigated the associations of the gut
microbiota in the first three years of life (two, six, and 12 weeks, and one and three
years) with problem behaviour and executive functions in n=64 three-year-old children.
Higher relative abundance of Streptococcus at the age of two weeks, as well as its
trajectory over time (including ages two, six, and 12 weeks, and one and three years),
was related to worse executive functions. Higher relative abundance of [Ruminococcus]
torques group at the age of three years, as well as its trajectory from one to three years,
was associated with less internalizing behaviour. Besides, several robust age-specific
associations were identified: higher relative abundance of Bifidobacterium (age three
years) was associated with more internalizing and externalizing issues; higher relative
abundance of Blautia (age three years) was linked to less internalizing behaviour; and
increased relative abundance of an unidentified Enterobacteriaceae genus (age two
weeks) was related to more externalizing behaviour. Our findings provide important
longitudinal evidence that early life gut microbiota may be linked to behavioural and

cognitive development in low-risk children.
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Introduction

The human gut harbors a great number of microorganisms, of which bacteria are
an essential part. These microorganisms are collectively termed the ‘gut microbiota’
(Thursby and Juge, 2017). Not only has the gut microbiota been involved in many
health outcomes, such as obesity, type 2 diabetes, and irritable bowel syndrome (Vos
et al., 2022), it has also been linked to mental health (Cryan et al., 2019). Accumulating
evidence from animal and adult human studies has uncovered several key bidirectional
communication pathways between the gut microbiota and brain functioning, named
the microbiota-gut-brain axis (MGBA) (Cryan et al., 2019). Remarkably, the MGBA
is not only functional in adults, but starts playing an equally or even more important
role at early ages with regard to child behaviour and cognition (Cryan et al., 2019).
Both the gut microbiota and the brain develop at a breathtaking pace during early
life, however, only few studies investigated associations between the gut microbiota
and behaviour in such sensitive periods. Therefore, this study aimed to investigate
the relations of the gut microbiota in the first three years of life with child problem
behaviour and executive functions at the age of three years.

The bidirectional interactions of the MGBA occur through intricately innervated
and highly adaptable neuronal pathways, and extremely delicate and difficult-to-measure
molecular communication systems (Cryan et al., 2019; de Weerth, 2017). For instance,
short chain fatty acids (SCFAs), mainly being produced through dietary fiber fermen-
tation by the gut microbiota, likely affect the brain via the vagus nerve, immunity, and
the endocrine system (Dalile et al., 2019). Furthermore, specific microbial taxa can
generate y-aminobutyric acid (GABA), which is the main inhibitory neurotransmitter
of the central nervous system and regulates many physiological functions (Mazzoli
and Pessione, 2016; Silva et al., 2020). The symporter that mediates the uptake of

microbiota-derived GABA is present through the gastrointestinal tract, suggesting that
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luminal GABA is able to cross the gut barrier and influence extra-gut targets. Although
remaining controversial, recent studies suggest the permeability of the blood-brain bar-
rier to GABA, implying its direct impact on the central nervous system (Mazzoli and
Pessione, 2016). Besides, GABA receptors are widely expressed in enteric neurons and
immune cells, indicating the role of GABA in regulating the gut-to-brain signaling and
neuroinflammation (Auteri et al., 2015; Hyland and Cryan, 2010). Such pathways along
the MGBA may partially explain how the gut microbiota impacts mental health.

The colonization of the gut by microorganisms mostly commences soon after birth
and continues in the following years. The general consensus is that the gut microbiota
develops into an adult-like configuration around the age of three years (Derrien et al.,
2019), while some studies suggested that this step towards maturation may take longer
than previously thought (Ou et al., 2022, 2023a). Gut microbial disturbances during
the early dynamic and sensitive colonization period can result in subsequent health
problems, such as developing allergies and obesity (Zhuang et al., 2019). This is ex-
plained by the early life programming theory, that refers to long lasting changes and
disruptions as a consequence of environmental exposures at a young age (Tarry-Adkins
and Ozanne, 2011). In early life, the brain experiences numerous quick developments
in neuronal proliferation, migration, differentiation, synaptogenesis, myelination, and
apoptosis (Rice and Barone, 2000), largely impacting brain functioning, cognition, and
behaviour (Erus et al., 2015). Simultaneously, the microbiota is becoming established
in the gut of infants and young children (de Weerth, 2017; Wang et al., 2018). Thus,
alterations of the gut microbiota in early life may exert considerable effects on the
development of the brain. Indeed, there is compelling evidence from animal studies
supporting such a hypothesis (Clarke et al., 2014; Leclercq et al., 2017; O'Mahony
et al., 2014; Stilling et al., 2015). This marks early life a sensitive time window to
obtain and maintain microbiota composition that will promote normal physical and

mental development. However, we know little about early-life gut microbiota in asso-
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ciation with child behaviour and cognition. Specifically, how the gut microbiota and
brain functioning, in particular host behaviour, are interconnected in low-risk com-
munity infants and children (i.e., generally healthy and neurotypically developing) is
underexplored. Knowledge on these associations, particularly when uncovered by com-
prehensive longitudinal studies, can provide insight into the typical early development
of the gut microbiota in relation to child behaviour and cognition.

First studies have found evidence for associations between the gut microbiota and
child behaviour and cognition. Regarding behaviour, Loughman et al. (2020) reported
that increased relative abundances of taxa belonging to the genus Prevotella at one
year of age were associated with less internalizing behaviour at age two (i.e., prob-
lem behaviour affecting internal psychological conditions, characterized by withdrawal,
anxiety, and emotional problems (Achenbach, 1966)) (Loughman et al., 2020). In our
previous study, we found that the rise of Prevotella 9 in middle childhood was related
to more externalizing behaviour at age ten (i.e., problem behaviour exhibited in the
external environment, including features like impulsivity, aggression, and hyperactivity
(Achenbach, 1966)) (Ou et al., 2022). Besides, Laue et al. (2022) observed a nega-
tive relation between Streptococcus peroris and internalizing behaviour in girls before
school age, and a positive association between Lachnospiraceae species and external-
izing behaviour in both genders (Laue et al., 2022). Furthermore, Lachnospiraceae
species and Veillonella were linked to more internalizing behaviour in preschoolers; in-
terestingly, Veillonella was positively related to externalizing behaviour as well (van de
Wouw et al., 2021). Additionally, increased alpha diversity was observed in preschool
children with less internalizing behaviour (Laue et al., 2022; van de Wouw et al., 2021).

Four other studies have found an underlying link between infant gut microbiota and
child cognition (Aatsinki et al., 2020; Carlson et al., 2017; Rothenberg et al., 2021;
Streit et al., 2021; Tamana et al., 2021). Cognition is fundamental for the development

of executive functions, including higher-level cognitive processes like inhibitory control
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(Diamond, 2013). Specifically, a cross-sectional study found more Enterobacteriaceae
species in relation to worse cognition at age 45 months (Streit et al., 2021). Longitudi-
nal research reflected that high relative abundances of Bacteroides at age one year were
related to better cognition at age two (Carlson et al., 2017; Tamana et al., 2021). Fur-
thermore, Faecalibacterium at one year of age was associated with reduced cognitive
functions at age two (Carlson et al., 2017). Additionally, a lower relative abundance
of Bifidobacterium and a higher relative abundance of Clostridium at two-and-a-half
months were linked to increased attention at eight months (Aatsinki et al., 2020).
Moreover, (Rothenberg et al., 2021) found that children with better cognition showed
enriched Faecalibacterium, Sutterella, and Clostridium cluster XIVa at age three years.
Finally, high alpha diversity at age one year was reported in two-year-old children with
worse cognition (Carlson et al., 2017).

To conclude, a number of associations have been observed between the gut mi-
crobiota and problem behaviour and cognition in early life, but findings are variable
and inconsistent across studies, mainly due to different methodologies used regard-
ing microbiota analyses, genomics, epidemiology, and statistics. Furthermore, most of
the previous studies have assessed problem behaviour and cognition by using only one
questionnaire of a single reporter. In the current longitudinal study in a community
sample of children, we investigated the gut microbiota in relation to problem behaviour
(i.e., internalizing and externalizing behaviour) and executive functions (i.e., advanced
cognitive abilities, including inhibitory control (Diamond, 2013)) using questionnaires
of multiple reporters and behavioural tasks. We had the following two hypotheses: (1)
relative abundances and alpha diversity (i.e., Chaol, Shannon, and phylogenetic di-
versity) of the gut microbiota at age three years are associated with reported problem
behaviour and executive functions at the same age; (2) relative abundances and alpha
diversity of the gut microbiota at early ages (i.e., two, six, and 12 weeks, and one year)

are associated with reported problem behaviour and executive functions at age three.
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We investigated these hypotheses in three ways: (1) as the gut microbiota is highly
dynamic in early life, its composition at different ages may be differently associated with
problem behaviour and executive functions later in life. For this reason, we analyzed the
overall gut microbiota composition in relation to preschool-aged cognitive measures in
an age-specific manner; (2) for the same reason, relations regarding a single taxon and
an alpha diversity index were analyzed in an age-specific manner; (3) based on the age-
specific analyses, we explored the trajectories of taxa and alpha diversity parameters
in association with mental outcomes over the whole study period. Figure 4.1 shows
the workflow of our analyses. Considering that most published findings were at the
genus level, we performed our analyses at the same taxonomic level. However, given
the paucity of studies on these relations at such early ages, we did not hypothesise

specific associations between microbial taxa and mental outcomes.
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Materials and methods

Participants

The current study is part of the longitudinal Dutch study named BINGO where
early factors associated with child development were investigated. Participants were
healthy children and their parents living in the Netherlands. Detailed in- and exclusion
criteria are described in a previous publication (Hechler et al., 2018). At baseline, 88
pregnant women were recruited in the Arnhem-Nijmegen region for the BINGO study;
96% were born in the Netherlands. Postnatal exclusion criteria included: complications
during pregnancy, gestational age at birth < 37 weeks, birth weight < 2500 g, 5-min
Apgar score < 7, and congenital malformations. Seventy-seven mothers were followed
up after postnatal exclusion. At three years of child age, 76 families were approached
(one drop-out occurred during the previous measurement rounds). Among them, two
families could not be contacted, six families did not participate due to time constraints,
and one family dropped out due to personal reasons. Parental demographics did not
differ significantly between participating and non-participating families. This resulted
in a final sample of 67 families. Of them, 64 families participated in home visits when
their children reached age three, and the other three families were unable to join home
visits but filled out questionnaires in this assessment round. Both parents participated

in 54 families (81%, 54/67), and only mothers participated in 13 families (19%, 13/67).

Ethics

The BINGO study was independently reviewed by the Ethics Committee of Social
Sciences of Radboud University, and no formal objection to this research was made
[ECSW2014-1003-189 and amendment: ECSW-2018-034]. The current study was
preregistered on the Open Science Framework: https://osf.io/vwgef with amendment:

https://osf.io/nyeb4.
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Data collection procedure

Collection of child stool samples was done at the ages of two, six, and 12 weeks,
and one and three years. Stool samples were stored in the participant’s freezer (-20°C)
until they were collected with a portable freezer. The stool samples were stored at -
80°C at Radboud University prior to being processed at the Laboratory of Microbiology
at Wageningen University & Research. Home visits took place when the child turned
three years old. Prior to the home visit, mothers and their partners independently filled
in digital questionnaires about their child’s problem behaviour and executive functions.
During the home visit, the child performed inhibitory control tasks. Tasks were video
recorded and afterwards rated by two trained observers. Observers were trained by use

of a coding manual specific to each task.

Measures

Gut microbiota composition

Stool samples were collected with a polystyrene 10 mL stool container. Total DNA was
extracted from 0.01-0.15 g of stool sample with 300 pL of Stool Transport and Recovery
Buffer by double bead-beating steps as previously described (Gu et al., 2018). The vari-
able V4 region of prokaryotic 16S ribosomal RNA (rRNA) genes was then amplified by
PCR in duplicate reactions, by using primers 515F-n (5'-GTGCCAGCMGCCGCGGTAA)
and 806R-n (5'-GGACTACHVGGGTWTCTAAT) (Gu et al., 2018). The 16S rRNA
gene sequencing was completed on the Illumina HiSeq platform by Eurofins Genomics

Germany GmbH.
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Behavioural measures
Parental questionnaires

Mothers and their partners filled in all questionnaires mentioned below. However,
because fewer partners completed the questionnaires, we used partner reports for sen-
sitivity analyses to validate the maternal reports by calculating Kendall correlations
between both. The non-parametric Kendall method was chosen due to its better per-
formance in handling non-normally distributed data and tied values (Kendall, 1945).
Maternal reports were used as the final measure of reported problem behaviour and
executive functions. To assess child problem behaviour, the Child Behavior Checklist
(CBCL, 103 items) for ages of one-and-a-half to five years (Achenbach and Ruffle,
2000) and the Strengths and Difficulties Questionnaire (SDQ, 25 items) (Goodman,
1997) were used. The CBCL and the SDQ include internalizing and externalizing sub-
scales, consisting of items scored on a three-point Likert scale. The SDQ can detect
problem behaviour as accurately as the CBCL does (Goodman and Scott, 1999). Raw
scores for both questionnaires were used as outcome measure in order to compare and
possibly aggregate the measures. However, given that the Kendall correlations on the
same subscales of the CBCL and the SDQ were lower than 0.5 (Supplementary Table
7.9), we included both instruments separately in the analyses. In both instruments,
higher scores on subscales indicate more problem behaviour. To evaluate child execu-
tive functions, the Behavior Rating Inventory of Executive Function —preschool version
(BRIEF-P, 63 items) questionnaire for preschoolers (Sherman and Brooks, 2010) and
the Ratings of Everyday Executive Functions (REEF, 77 items) (Nilsen et al., 2017)
were used. The BRIEF-P and the REEF are scored on three- and four-point scales,
respectively. A higher score on the BRIEF-P indicates worse executive functions, while
a higher score on the REEF indicates better executive functions. The BRIEF-P is a

commonly used questionnaire that measures general executive functions and does not
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differentiate between different situations. The REEF rates executive functions in dif-
ferent situations (e.g., executive functions around friends, during grocery shopping, or
in the community) and determines an average score. Raw scores for both question-
naires were used as outcome measure in order to compare and possibly aggregate the
measures. However, Kendall correlations between the BRIEF-P and the REEF were
lower than 0.5 (Supplementary Table 7.9), hence both instruments were included in
the analyses. Parental questionnaires were considered acceptable and reliable based
on their wtotal (ranged between 0.65-0.94) or Cronbach’s a values (ranged between

0.83-0.96) (Supplementary Table 7.10) (Revelle and Condon, 2019).

Inhibitory control tasks

Six different behavioural tasks with good reliability (i.e., Flanker, Whisper, Gift
Wrap, Gift Delay, Snack Delay, and Bear Dragon) were performed to measure in-
hibitory control as previously stated in detail (Willemsen et al., 2021). Observer relia-
bility was determined by the Intraclass Correlation Coefficient (ICC) relying on absolute
agreement. The ICC’s for the inhibitory control tasks ranged from r=0.84 to r=0.96
(p<0.001). Snack Delay and Bear Dragon were excluded from the analyses due to
insufficient variation and low number of children that passed the practice trials, re-
spectively. The other four tasks were included in our study. Higher scores on these

tasks indicate better inhibitory control.
Statistical analyses
Pre-processing of sequence data

Sequence data were processed via NG-Tax 2.0 with default settings (Poncheewin
et al., 2020; Ramiro-Garcia et al., 2016), with SILVA SSU 16S rRNA gene reference
database (version 132) (Quast et al., 2012). The raw amplicon sequence variant (ASV)

count data were used to calculate alpha diversity by the ‘ape’ (Paradis et al., 2020)
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and the ‘picante’ (Kembel, 2020) packages. Then, ASV count data were glommed at

the genus level prior to analyses.

Gut microbiota composition and development over the first three years of life

For descriptive purposes, we first delineated gut microbiota composition and de-
velopment in the first three years after birth (including all samples at the age of
two, six, and 12 weeks, and one and three years). We compared differences in al-
pha diversity indices, including Chaol, Shannon, and phylogenetic diversity, between
ages using Wilcoxon rank-sum tests corrected with the False Discovery Rate (FDR)
method. Next, we also compared beta diversity between ages by conducting Principal
Coordinate Analysis (PCoA) via the ‘vegan' package (Oksanen et al., 2020). Consid-
ering that PCoA can be applied to different dissimilarity and distance metrics that
all differ in specific aspects and corresponding interpretation, we included the Bray-
Curtis, weighted Jaccard (formula = 2*Bray-Curtis dissimilarity / (1 4+ Bray-Curtis
dissimilarity)), unweighted UniFrac, weighted UniFrac, and Aitchison (the Euclidean
distance based on centered-log-transformed ASV count data) methods, to comprehen-
sively describe the compositional differences. Except for the Aitchison distance, we
transformed genus-level count data into relative abundances before calculating other
dissimilarity and distance metrices. Significance was determined as a p-value lower
than 0.05 for non-multiple tests and an FDR-adjusted p-value lower than 0.05 for mul-
tiple tests. Additionally, we visualized average and individual relative abundances at
the genus level over the study period by using a barplot and a heatmap, respectively.
To identify differentially abundant microbial taxa at the genus level between ages, we
conducted the Linear Discriminant Analysis Effect Size (LEfSe) method by using the
‘microbiomeMarker’ R package (Segata et al., 2011), with a log-transformed Linear

Discriminant Analysis (LDA) score higher than two indicating significance.
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Confounding effects

In our original preregistration, we considered child age and diet quality as potential
confounders (i.e., variables that influence both the independent variables and the out-
come). After reconsideration, both variables were removed as potential confounders
due to two major reasons (amendment can be found via https://osf.io/nyeb4): (1)
low variation in child age (see Figure 4.2 for notes regarding ages); (2) our previous
study using the same cohort found no significant associations of diet quality with be-
haviour and executive functions (Willemsen et al., 2021). Given these considerations,
no confounders were accounted for in the models performed in this study. Note that
potential covariates of the independent variables only (i.e., the gut microbiota) were
not accounted for in downstream analyses (Cinelli et al., 2020), as they would remove
variation in the gut microbiota data, which was not the purpose of this study. These
potential confounders and covariates as well as their relations to the gut microbiota and
behavioural outcomes are displayed in a directed acyclic graph (DAG) (Supplementary

Figure 7.1).

Data imputation and transformation

Missing values (proportion of missing values is shown in Supplementary Table 7.11)
in problem behaviour, executive functions, and inhibitory control were imputed ten
times together, by using the predictive mean match (PMM) method in the R package
- '‘mice’ (van Buuren and Groothuis-Oudshoorn, 2011). The imputation model was
conducted separately at each age. For instance, at the age of three, 64 children provided
gut microbiota data, and their missing values in aforementioned behavioural measures
were imputed jointly in one model. No auxiliary variables (i.e., variables that are not
included in analyses, but are correlated with imputed variables) were considered in the

imputation. For both random forest models and the Bayesian linear regression models,
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genus-level relative abundance data were used. Numeric variables were standardized
(i.e., subtracting the mean and dividing by the standard deviation) for the Bayesian
models only, as random forest models rely on decision trees for which standardization

is considered unnecessary.

Main analyses

To determine whether gut microbiota composition in the first three years of life
(i.e., two, six, and 12 weeks, and one and three years) is associated with problem
behaviour (i.e., internalizing and externalizing behaviour) and executive functions (in-
cluding inhibitory control) at age three, we conducted random forest models and the
Bayesian linear regression models (Birkner, 2017; Kuhn et al., 2020). Random forest
is first of all well suited to analyze microbiome data as it is appropriate for high di-
mensional data, invariant to scaling of inputs, computationally efficient, and able to
uncover nonlinear relationships (Belk et al., 2018; Louppe, 2014; Namkung, 2020).
The first random forest model was applied to assess the contribution of the total gut
microbiota composition on our behavioural outcomes. This was done for the purpose of
exploring the gut microbial community as a whole to account for the complex interplay
between taxa. The following random forest model was applied as a preselection tool, to
select possibly important taxa from high-dimensional data, before passing them on to
the Bayesian linear regression model. The Bayesian model was first used to determine
age-specific relations (i.e., directions and strengths) of a selected taxon and an alpha
diversity index with each outcome measure. By looking at the different time points
separately, these analyses can help identify periods of development that are sensitive
to certain microbial compositions. Although not preregistered, after reconsideration,
we decided to perform an additional analysis to optimize the use of our longitudinal
data. Based on the age-specific results, we implemented a multilevel Bayesian model

to determine whether trajectories of change in the gut microbiota were associated with
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the outcome measures at age three. Figure 4.1 shows the workflow of our analyses.

Age-specific analyses - Determining the contribution of the overall gut micro-

biota to each behavioural measure through random forest models

Data were imputed ten times: data were randomly split into a training dataset
(including 80% participants) and a testing dataset (including 20% participants), lead-
ing to ten training datasets and ten corresponding testing datasets. The procedure
of data splitting was applied to children who provided gut microbiota information at
each age separately. To prevent data leakage, the missing values of behavioural mea-
sures were imputed in training and testing datasets separately (ten times) as described
earlier. Next, we included genus-level relative abundances of overall gut microbiota
as independent variables and one behavioural measure as an outcome. This step was
performed on each individual behavioural measure separately. To train the model, a
ten-repeated ten-fold cross-validation was conducted on each complete training dataset
including imputed values via the ‘caret’ package (Kuhn et al., 2020). Afterwards, we
used the trained model to obtain predicted behavioural outcomes of each correspond-
ing complete testing dataset including imputed values. Similarity between predicted
and actual behavioural outcomes of the complete testing dataset was measured by the
Pearson correlation with its p-value obtained from a permutation test (N=1000). Con-
sidering that data splitting and imputation resulted in multiple datasets, we used the
median value of the Pearson correlation coefficient from multiple cases to represent the
final similarity. The p-value corresponding to this median was included. P-values were

adjusted with FDR methods, with corrected values under 0.05 indicating significance.
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Age-specific analyses - Preselecting potentially important gut microbiota con-

tributing to each behavioural measure through random forest models

To identify microbial taxa that contribute to each behavioural outcome, we mea-
sured the change in the generalized cross-validation (GCV) value in the random forest
model. Larger GCV changes indicate more contribution of the independent variable
to the model, in other words, this analysis shows which taxa are potentially more im-
portant (Kuhn et al., 2020). Unlike the first random forest model, we did not split
the data but used the whole dataset here, because we prioritized the structure of the
model and a large sample size can provide more valid information. Missing values of
behavioural measures in the whole dataset were imputed as described in the section
of data imputation and transformation. Then, relative abundances of all taxa were
treated as independent variables with one behavioural measure as an outcome. This
procedure was performed on each behavioural measure separately. Next, we carried
out a ten-repeated ten-fold cross-validation on each complete dataset containing im-
puted data and calculated average GCV values of multiple datasets acquired from data
imputation. Based on the size of average GCV values, we selected the largest 20 taxa
as the top 20 in importance. These 20 taxa were then passed to the Bayesian linear

regression models to confirm their actual associations with behavioural measures.

Age-specific analyses - Associating the gut microbiota with behavioural mea-

sures by using Bayesian linear regression models

We implemented Bayesian linear regression models to estimate the relations of
relative abundances of the selected top 20 microbial taxa with a prevalence value
higher than 10% and alpha diversity with the child behavioural measures. Compared
to standard linear regression models, the Bayesian linear regression models compute

the probability of different effects rather than simply reporting single estimates of the
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"true effect” (Birkner, 2018). We performed the Bayesian models by using the ‘brms’
R package built based on the programming language Stan (Birkner, 2017). The brm
function within the ‘brms’ package was used with the Gaussian distribution (mean
= 0, std = 1) as the prior distribution for all beta coefficients and the Student'’s
t-distribution for error distribution (due to better performance in handling extreme
values) (Lange et al., 1989). A list containing multiple complete datasets including
imputed data was directly passed to the brm function, which in turn generated a single
estimate. Other arguments of the brm function were set as follows: chains = 4, iter
= 2000, and warmup = 1000. Under these settings, chains were converged properly
with Rhat values lower than 1.01. Regarding the outcomes of the Bayesian models, the
less the posterior distribution overlaps with zero, the more likely a relation is positive
or negative. In the current study, we defined a relation as positive or negative with

confidence when its 95% credible interval (Cl) excluded the value zero.

Trajectory analyses - Relating the developmental trajectories of the gut mi-
crobiota to behavioural measures through multilevel Bayesian linear regression

models

To make maximum use of our longitudinal data, we conducted multilevel models
to investigate relations between the developmental trajectories of the gut microbiota
and behavioural measures. The multilevel models were performed on microbial taxa
and alpha diversity with confident age-specific relations to behavioural measures (i.e.,
as determined by the Bayesian linear regressions described above). In the multilevel
models, microbial and behavioural information as well as the actual age were level 1
variables, and the child was the level 2 variable. Note that missing values in behavioural
measures and actual age were not imputed, and that in these analyses we used the same
distributions and arguments as described earlier. Before performing a testing model, we

first checked the intraclass correlation (ICC) of an intercept-only model. When the 95%
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Cl of an ICC excluded the value zero in the intercept-only model, multilevel strategies
were used. A trajectory relation was considered with confidence when there was no
overlap between its 95% Cl and zero. With respect to taxa, when their prevalence was
higher than 10% at five time points (i.e., two, six, and 12 weeks, and one and three
years), multilevel models were performed on the pooled data of all ages. When only
the first three time points met the 10% criteria, multilevel models were carried out
by pooling samples at these three ages together. When only the prevalences at the
last two ages were higher than 10%, multilevel approaches were done in the pooled

aged-one-and-three years samples. Rhat values were used to check chain convergence.

Results

Population characteristics and descriptives

Demographic data and descriptives of study variables are shown in Table 4.1.
Roughly 50% of the children were girls. Mothers were mostly highly educated (86.2%).
Scores on the questionnaires measuring child problem behaviour and executive func-
tions did not differ significantly between mothers and their partners, and they were

significantly positively intercorrelated (Supplementary Table 7.9).
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Gut microbiota composition and development over the first three

years of life

We analyzed microbial composition of 345 fecal samples taken at five time points.
A total of 42,056,591 high-quality reads were obtained after being processed with NG-
Tax 2.0. Within these reads, 220 microbial taxa were identified at the genus level mainly
belonging to the phyla Firmicutes, Actinobacteria, Bacteroidetes, Proteobacteria, and
Verrucomicrobia. For descriptive purposes, we compared alpha and beta diversity be-
tween ages (Figure 4.2; beta-diversity comparisons between the first three ages and
between the last two ages are displayed in Supplementary Figures 7.2 and 7.3) and
delineated a general developmental trajectory of the gut microbiota over time (Fig-
ure 4.3a). Diversity comparisons reflected profound compositional differences between
infancy and toddlerhood. These differences were visualized by the heatmap showing in-
dividual relative abundance data (Supplementary Figure 7.4). LEfSe identified a total of
106 differentially abundant microbial taxa between ages (log-transformed LDA scores
higher than two; Supplementary Table 7.12). Due to the large number of significant
taxa, only the taxa with log-transformed LDA scores higher than four are highlighted
and displayed in Figure 4.3b, such as an unidentified genus within Enterobacteriaceae,

Lactobacillus, Bifidobacterium, Faecalibacterium, and Blautia.
Age-specific analyses

Determining the contribution of the overall gut microbiota to each behavioural

measure through random forest models

To explore whether the overall microbial composition in the first three years (i.e.,
at ages two, six, and 12 weeks, and one and three years) contributes to problem
behaviour and executive functions at age three, we compared the similarity between

the actual and the predicted behavioural results. As shown in Supplementary Table
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Figure 4.2. Alpha and beta diversity of the gut microbiota in the first three years of life.
(a-c) Alpha diversity as measured by Chaol, Shannon, and phylogenetic diversity indices.
Wilcoxon rank-sum tests were conducted between ages and corrected with the FDR method
(ns, not significant; *, p<0.01). Age two weeks: mean + SD=2.08 + 0.28. Age six: weeks
mean + SD=6.23 + 0.55. Age 12 weeks: mean + SD=12.27 + 0.42. Age one year: mean +
SD=1.04 + 0.08. Age three years: mean + SD=3.18 + 0.10. (d-h) Principal coordinate plots
of beta diversity, based on different pairwise dissimilarity (Bray-Curtis and weighted Jaccard)
and distance (UniFrac and Aitchison) matrices, with points and ellipses colored by ages (Lake
blue, two weeks; Orange, six weeks; Purple, 12 weeks; Pink, one year; Grass green, three
years).
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Figure 4.3. Characteristics of the gut microbiota in the first three years of life. (a) Average
relative abundances of the gut microbiota at the genus level over time. Others represent genera
with relative abundances lower than 1%. (b) Differentially abundant genus-level taxa between
ages, identified by Linear Discriminant Analysis Effect Size (LEfSe) with log-transformed
Linear Discriminant Analysis (LDA) scores higher than four.

7.13, 92% (46/50) of the models showed insignificant absolute correlation coefficients
(i.e., lower than 0.3), indicating a low likelihood that the gut microbiota can contribute

to behavioural outcomes. Regarding the 8% (4/50) models with correlation coefficients
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higher than 0.3, the similarity remained insignificant between the actual and predicted
data, implying the same low likelihood. The random forest models showed that the
overall gut microbiota did not contribute to problem behaviour and executive functions

in the present study.

Preselecting potentially important gut microbiota contributing to each be-

havioural measure through random forest models

As planned in our preregistration, we preselected the microbial taxa that may con-
tribute to the behavioural outcomes the most (i.e., top important taxa) based on GCV
values, by performing separate random forest models at each age. The top 20 im-
portant taxa at the genus level are depicted in Figure 4.4 and Figure 4.5, with the

following observations:

1. Bacteroides and Clostridium sensu stricto 1 were the most frequent contributors

to CBCL internalizing behaviour;

2. Bacteroides and Bifidobacterium were the most frequent contributors to CBCL
externalizing behaviour, SDQ internalizing and externalizing behaviour, and BRIEF-

P executive functions;

3. Bacteroides and Blautia were the most frequent contributors to REEF executive

functions;

4. Additionally, Bacteroides and Bifidobacterium were the most frequent contrib-
utors to the behavioural measures of inhibitory control (i.e., Flanker, Whisper,

Gift Wrap, and Gift Delay) (Figure 4.6).
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Figure 4.4. Heatmap showing the top 20 important microbial taxa over time and their associations to problem
behaviour at age three as reported by the mother. The top 20 important genus-level taxa within each age (i.e.,
2w, two weeks; 6w, six weeks; 12w, 12 weeks; 1y, one year; 3y, three years) per behavioural measure are shown on
the right side of the figure. Behavioural measures include: CBCL-I, internalizing behaviour measured by the CBCL;
SDQ-I, internalizing behaviour measured by the SDQ; CBCL-E, externalizing behaviour measured by the CBCL;
SDQ-E, externalizing behaviour measured by the SDQ. The orange scale indicates the importance of the taxa, with
darker color referring to increased importance. The importance was determined by the generalized cross-validation
value, with a larger value change indicating more contribution of a taxon to the model, i.e., which taxon is more
important. As not all taxa appeared in the top 20 list at each time point, these absent taxa are colored in grey.
Numbers on the left side of the figure show how many times a taxon appeared to be in the top 20 list of a behavioural
measure over time. The frequently appearing taxa are bolded and colored in orange (five times), yellow (four times),
or green (three times).
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Figure 4.5. Heatmap showing the top 20 important microbial taxa over time and their associations to executive
functions at age three as reported by the mother. The top 20 important genus-level taxa within each age (i.e., 2w,
two weeks; 6w, six weeks; 12w, 12 weeks; 1y, one year; 3y, three years) per cognitive measure are shown on the right
side of the figure. The measures include: BRIEF-P, executive functions measured by the BRIEF-P; REEF, executive
functions measured by the REEF. The orange scale indicates the importance of the taxa, with darker color referring
to increased importance. The importance was determined by the generalized cross-validation value, with a larger
value change indicating more contribution of a taxon to the model, i.e., which taxon is more important. As not all
taxa appeared in the top 20 list at each time point, these absent taxa are colored in grey. Numbers on the left side
of the figure show how many times a taxon appeared to be in the top 20 list of a measure over time. The frequently
appearing taxa are bolded and colored in orange (five times), yellow (four times), or green (three times).
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Figure 4.6. Heatmap showing the top 20 important microbial taxa over time and their associations to observed
inhibitory control behaviour at age three. The top 20 important genus-level taxa within each age (i.e., 2w, two
weeks; 6w, six weeks; 12w, 12 weeks; ly, one year; 3y, three years) per inhibitory-control task are shown on the
right side of the figure. The tasks include: FL, flanker; WHSP, whisper; GW, gift wrap; GD, gift delay. The orange
scale indicates the importance of the taxa, with darker color referring to increased importance. The importance was
determined by the generalized cross-validation value, with a larger value change indicating more contribution of a
taxon to the model, i.e., which taxon is more important. As not all taxa appeared in the top 20 list at each time
point, these absent taxa are colored in grey. Numbers on the left side of the figure show how many times a taxon
appeared to be in the top 20 list of a task over time. The frequently appearing taxa are bolded and colored in orange
(five times), yellow (four times), or green (three times).
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Associating the gut microbiota with behavioural measures by using Bayesian

linear regression models

To confirm whether the aforementioned top 20 important microbial taxa were as-
sociated with problem behaviour and executive functions, we performed the Bayesian
linear regression model on each genus-level taxa (relative abundance) and behaviour
pair. Table 4.2 shows the strongest observed associations of these pairs (i.e., estimates
higher than 0.2 or lower than -0.2). Remarkably, there were several highly present taxa
(i.e., prevalent in more than 80% of the samples, relative abundance higher than 10%)
in relation to the outcome measures: Bifidobacterium at age three years was associated
with more internalizing and externalizing behaviour (est.=0.27 for both), Blautia at
three years was linked to less internalizing behaviour (est.=-0.25), and an unidentified
taxa within the Enterobacteriaceae family was related to more externalizing behaviour
(est.=0.25).

Next, we checked for consensus between the questionnaires assessing the same
construct. For internalizing behaviour, there was no consensus between the associations
found for the CBCL and the SDQ. For externalizing behaviour, more Parabacteroides
at two weeks was associated with less externalizing behaviour in both the CBCL (est.=-
0.30) and the SDQ (est.=-0.28). An opposite finding was found for Butyricicoccus at
one year in relation to more externalizing behaviour by the CBCL (est.=0.23), while
at three years, it was associated with less externalizing behaviour by the SDQ (est.=-
0.35).

Within the CBCL results, Barnesiella at age three years was associated with more
internalizing (est.=0.31) and externalizing behaviour (est.=0.33). Within the SDQ
results, Bifidobacterium at age three years was associated with more internalizing and

externalizing behaviour (est.=0.27 for both).
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Regarding executive functions, Ruminococcus 2 at one year and [Ruminococcus]
torques group at age three years, were associated with better executive functions
as measured by the BRIEF-P (est.=-0.30, note that higher scores on the BRIEF-P
indicate worse executive functions) and worse executive functions measured by the
REEF (est.=-0.24), respectively. Lastly, Halomonas at six weeks was associated with
worse executive functions as measured by the BRIEF-P (est.=0.24) and the REEF
(est.=-0.24).

Different associations were found for the Flanker and the Gift Delay tasks. For the
Flanker, relations were identified at the age of six weeks, and one and three years,
while for the Gift Wrap, associations were observed at age one year only. This may be
due to a highly dynamic gut microbiota ecosystem in early life, of which composition
at different ages may be variously linked to executive functions.

There were some overlapping associations between the questionnaires of problem
behaviour and executive functions. Parabacteroides at two weeks was associated with
better executive functions (REEF, est.=0.25), and less externalizing behaviour (CBCL
and SDQ), est.=-0.30 and -0.28, respectively). Another consistent result was Strepto-
coccus at two weeks in relation to worse executive functions (BRIEF-P, est.=0.40) and
more externalizing behaviour (CBCL, est.=0.26).

We also measured behavioural relations to alpha diversity, including Chaol, Shan-
non, and phylogenetic diversity by using the Bayesian linear regression models (strongest
results are displayed in Table 4.3). Interestingly, relations were only observed for alpha
diversity at age two weeks. Higher Chaol values were associated with less internalizing
behaviour (CBCL) (est.=-0.28). Furthermore, Chaol values were in positive relation
to better executive function performance (REEF and Gift Wrap, est.=0.31 and 0.43,
respectively). Lastly, higher phylogenetic diversity at age two weeks was also linked to

better inhibitory control during the Gift Wrap task (est.=0.32).
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Table 4.3. Associations of alpha diversity in the first three years of life with problem behaviour,
executive functioning, and inhibitory controls at age three.

Behaviour at Age of the_ A.Ipha. Estimate Estimate 95% Cl
age three gut microbiota  diversity error
Mother reported
CBCL Internalizing 2w Chaol -0.28 0.12 [-0.51, -0.04]
REEF 2w Chaol 0.31 0.13 [0.07, 0.57]
Child tasks

. 2w Chaol 0.43 0.12 0.19, 0.64
Gift Wrap 2w PD 0.32 0.12 {0.08, 0.56}

Notes. Associations of estimates with 95% credible intervals (Cls) excluding 0 are presented.
CBCL, the Child Behavioral Checklist; REEF, Ratings of Everyday Executive Functioning.

Trajectory analyses - Relating the developmental trajectories of
the gut microbiota to behavioural measures through multilevel
Bayesian linear regression models

Based on the results of age-specific Bayesian models and the 10% prevalence rule
applied to microbial taxa (Supplementary Table 7.14), we identified 16 pairs (includ-
ing 12 pairs of taxa and behavioural measures, and four pairs of alpha diversity and
behavioural measures) available at all five ages (i.e., two, six, and 12 weeks, and one
and three years), three at the first three ages, and 12 at the last two ages (Supple-
mentary Table 7.15). Higher relative abundances of Streptococcus over the first three
years of life were weakly related to worse executive functions reported by the BRIEF-P
(est.=0.05; higher scores on the BRIEF-P indicating worse performance), conforming
to earlier age-specific findings. We also found that the trajectory of [Ruminococcus]
torques group from age one to three was negatively related to internalizing behaviour
(SDQ, est.=-0.22), implying that higher relative abundances were associated with fewer
internalizing difficulties during this period. No enduring associations were observed with

confidence regarding alpha diversity.
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Discussion

In this longitudinal study, we investigated associations of the gut microbiota during
early life with problem behaviour and executive functions, including inhibitory control,
at three years of age. Several associations with behaviour and cognition were found
for relative abundances of microbial taxa and alpha diversity throughout the first three
years of life, in concordance with the early life programming theory (Tarry-Adkins and
Ozanne, 2011). Supplementary Table 7.16 provides an overview of the different micro-
biota taxa and microbial diversity index at different ages relative to the developmental
findings. In addition, Supplementary Table 7.16 shows the existing literature relative
to our findings. Based on this table, we discuss the most prominent findings below.

We found evidence that increased relative abundance of Streptococcus, specifically
at the age of two weeks and over the first three years after birth, was associated with
worse executive functions at the age of three years. This result indicates that Strep-
tococcus might affect cognitive development throughout early life. Relations between
early-life relative abundances of Streptococcus and behaviour and cognition in typically
developing children have not been observed in previous literature. For comparative pur-
poses, we therefore examined studies on microbiota composition in children diagnosed
with neurodevelopmental disorders as they mostly have comorbid behavioural and cog-
nitive issues (Schoemaker et al., 2014). According to a systematic review, children
with autism spectrum disorder (ASD) frequently show an overgrowth of Streptococ-
cus (Bundgaard-Nielsen et al., 2020). Although gut microbiota dysbiosis in ASD was
seemingly partially attributed to an altered dietary pattern (Li et al., 2022; Welberg,
2022), diet was not correlated to the mental outcomes of our community samples. In
addition to Streptococcus, both age-specific and trajectory relations were discerned for
the [Ruminococcus] torques group: higher relative abundances at the age of three years

and throughout the period from one to three years of age were associated with fewer
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child internalizing problems. Previous research showed excessive absolute abundances
of fecal [Ruminococcus) torques group in children with ASD (Wang et al., 2013) and
this taxon was strikingly increased in patients with inflammatory bowel disease (Png
et al., 2010).

With respect to microbial taxa that only showed age-specific associations, we ob-
served higher relative abundances of Bifidobacterium at age three years related to more
internalizing and externalizing behaviour at the same age. Interestingly, a systematic
review showed decreased Bifidobacterium in ASD children compared to neurotypically
developing controls (Xu et al., 2019). Besides, supplementing ASD children with a
prebiotic galacto-oligosaccharide increased Bifidobacterium populations in the gut and
alleviated autistic symptoms (Grimaldi et al., 2017). However, opposite roles of Bifi-
dobacterium have been described in major depressive disorder (MDD) (Cheung et al.,
2019; Knudsen et al., 2021). Such inconsistency also takes place within ADHD studies.
Two studies reported that Bifidobacterium longum mitigated ADHD (Finegold et al.,
2010; Partty et al., 2015), while another study found overgrowing Bifidobacterium
species in ADHD subjects (Aarts et al., 2017). In addition, in the current study, a
higher relative abundance of Blautia at the age of three years was related to fewer
internalizing difficulties (as well as to better executive functions at the same age).
Blautia is suggested to play an important role in nutrient absorption and digestion
(Eren et al., 2015), and in child gut microbiota development towards a normal adult-
like configuration (Hsiao et al., 2014). In line with our findings, depleted Blautia was
seen in ASD populations aged from two to 18 years old by several studies as concluded
in a systematic review (Liu et al., 2019). However, elevated levels of Blautia were re-
ported in relation to MDD in adults (Cheung et al., 2019) and ADHD in three-year-old
children (Laue et al., 2022), indicating that different mechanisms may be involved de-
pending on the psychopathology and chronological age. Lastly, we observed a positive

relation between one unidentified Enterobacteriaceae genus at the age of two weeks
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and externalizing problems at the age of three years. Of interest, more Enterobacteri-
aceae species were cross-sectionally related to decreased cognitive functioning at the
age of 45 months (Streit et al., 2021).

Another of our findings was that higher alpha diversity at age two weeks was linked
to fewer internalizing problems and better executive functions at age three years. In
accordance with our internalizing behaviour result, Laue et al. (2022) observed that
higher alpha diversity in the first two months of life was related to less internalizing
behaviour in three-year-old boys. Furthermore, van de Wouw et al. (2021) found lower
alpha diversity in three-to-five year old children with clinically relevant CBCL cut-off
scores for internalizing behaviour. Besides, Eckermann et al. (2022) observed higher
Shannon alpha diversity at the age of one, three, and four months in relation with bet-
ter cognitive ability as measured by Digit Span forwards test at the age of ten years,
although not for Shannon alpha diversity at the age of six and ten years. Despite the
generally weak or absent relations found between child gut microbiota and executive
functions, the above-mentioned studies may indicate that higher alpha diversity in the
first years of life is related to improved subsequent mental outcomes at later ages. On
the contrary, Carlson et al. (2017) found higher alpha diversity at age one year related
to worse cognition at age two years in typically developing toddlers. Additionally, a re-
cent paper from van de Wouw et al. (2023) found evidence for a weak to modest cross
sectional relation between higher Shannon diversity and worse verbal comprehension in
three- to four-year-old children. Together, these findings illustrate the fact that we are
yet to understand the potential impact of alpha diversity levels at different developmen-
tal stages. In general, alpha diversity levels of newborns start increasing immediately
after birth due to colonization of microorganisms. With time, breastfed-infants tend
to form a Bifidobacterium-predominated configuration which is often less diverse than
formula-fed infants. After the introduction of solid food, child alpha diversity starts to

increase, gradually reaching a steady state resembling gut microbiota composition of
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adults. Given these apparent normative fluctuations in levels of alpha diversity in the
first months and years of life, having a comparatively high (or low) alpha diversity will
potentially impact a child’s development differently depending on the child’s specific
age.

Our study contributes to the growing body of literature on the gut microbiota,
problem behaviour, and executive functions. A strength of our study is the longitudinal
design, which covered the period from birth to age three years and allowed for the
assessment of multiple developmental stages of the gut microbiota. Another advan-
tage was that questionnaires were filled in by both mother and partner. Partner reports
were used for sensitivity analyses and because they showed positive correlations with
maternal reports, they enhanced the reliability of our study measures. Furthermore,
problem behaviour and executive functions were assessed with multiple questionnaires
(i.e., CBCL and SDQ for problem behaviour, and BRIEF-P and REEF for executive
functions), allowing us to determine conformity and consistency between various ques-
tionnaires. Finally, we used standardized behavioural tasks as a tool to objectively
determine child executive functions.

A limitation of our study is the possible overreliance on the compositional features
of the gut microbiota using relative abundances instead of absolute abundances. This
approach may increase the chance of spurious associations as relative abundances are
dependent on each other. Besides, 16S rRNA gene sequence data are limited at species-
level resolution and profiling precise gene functions (Durazzi et al., 2021). Hence, al-
though multiple associations were identified, it is worth noting that these relations do
not indicate causality. The results await follow-up studies, preferably preclinical experi-
mental studies, to determine if individual microbes (e.g., aforementioned Streptococcus
and Bifidobacterium) and microbial communities as a whole influence behaviour and
cognition, e.g., by generating neurotransmitters (e.g., GABA and serotonin) and their

precursors (e.g., tryptophan and phenylalanine) in the gut (Altaib et al., 2021; Baran-
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douzi et al., 2022; Biederman and Spencer, 1999; Gizer et al., 2009; Kandel et al.,
2000; Kanehisa et al., 2022; Staller and Faraone, 2007). Further research including
such as quantitative PCR, whole-genome shotgun metagenomic sequencing, targeted
fecal metabolomics, and experimental studies in animal models, would improve the un-
derstanding of current correlational results and provide insight into microbial functions
and even causality. An analytic limitation of our study is LEfSe, which was used to
identify differentially abundant taxa in this study, and has recently been pointed out to
have higher sensitivity to false positive rates compared to other microbial composition
analyses, such as ALDEx2, ANCOM-II, and DESeq2 (Nearing et al., 2021). Due to
such methodological limitations, LEfSe-based significant findings should be carefully
validated in future studies. Another limitation of our study is the relatively small sam-
ple size and mostly highly educated study population, limiting the generalizability of
the findings. The restricted sample size may also hamper deep inference with respect
to taxa with low prevalence rates to some degree. Our findings on microbial relations
to the mental outcomes need to be confirmed in a larger, more representative cohort.
Also, the participants were highly educated, which may hamper translating our find-
ings to individuals with a lower socioeconomic status. Lastly, recent developments in
longitudinal analytical approaches (Kodikara et al., 2022), such as zero-inflated beta
regression models, block bootstrap methods, and SplinectomeR, will better facilitate
the identification of differentially abundant microbial taxa between groups (e.g., below
and above clinical cut-offs) over time.

To conclude, our results provide tentative evidence supporting the idea that in a
child’s first years of life the gut microbiota might play a vital role in the develop-
ment of the brain, in line with the early life programming theory (Tarry-Adkins and
Ozanne, 2011). Potential mechanisms are likely related to microbiota-derived metabo-
lites (Ahmed et al., 2022). As the nature of this study was exploratory and the body of

similar research needs to grow to a large extent, it is still premature to translate our cor-
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relational findings into clinical implications. Replications in other longitudinal studies
on healthy community children are necessary to confirm our findings. Ideally, to avoid
inconsistent results caused by different methods used, replication studies should apply
the same methodology regarding microbiology, genomics, epidemiology, and statistics
(Ou et al., 2023b). This will shed more light on key microbial taxa and latent pathways

of associations between early gut microbiota and child behaviour and cognition.
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Chapter 5. Maternal Caregiving Quality and Adolescent Nutritional Behaviours

Abstract

The risk for unhealthy eating behaviour, including poor diet quality and emotional
eating, is heightened in adolescence and could result in profound and long-lasting psy-
chological and physical implications. Caregiving quality and adolescents’ regulatory
skills, such as inhibitory control, may play an essential role in the development of
adolescent eating behaviour. This preregistered study investigated whether maternal
caregiving throughout the first 14 years of life predicts adolescent diet quality and emo-
tional eating and whether potential associations are mediated by adolescents’ inhibitory
control. In this low-risk community cohort, maternal caregiving quality was observed
at child ages five weeks, 12 months, 2.5, 10, and 14 years. At age 14, diet quality
and emotional eating were assessed through self-report. Adolescent inhibitory control
was assessed with three behavioural tasks and a maternal report. Mediation analyses
were performed with structural equation modelling in R. No evidence was found for
links between maternal caregiving quality, and adolescent diet quality and emotional
eating. Higher levels of adolescent inhibitory control predicted better adolescent diet
quality. Longitudinal and experimental studies are needed to investigate directional-
ity, and replication studies are needed in more representative samples (e.g., including
high-risk families). Such studies will shed further light on potential links between the

history of caregiving behaviour and adolescent regulatory and eating behaviour.
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Introduction

Adolescence is known for its heightened risk for unhealthy eating behaviours, in-
cluding low diet quality and emotional eating (Limbers et al., 2021; World Health
Organization, 2005). Diet quality refers to the healthiness of the dietary intake, while
emotional eating is the urge to consume food in response to negative emotions instead
of feelings of hunger (van Strien et al., 2016). The magnitude of eating behavioural
problems during adolescence is widely recognized, with profound and long-lasting psy-
chological and physical implications (Movassagh et al., 2017). However, little is known
about the origins and underlying mechanisms that explain variation in diet quality and
emotional eating (abbreviated as DQ/EE) between adolescents. This pre-registered
study investigated whether the history of maternal caregiving quality throughout the
first 14 years of life contributes to adolescent DQ/EE, and whether adolescent in-
hibitory control plays a potential mediating role.

High caregiving quality is characterized by sensitivity, responsiveness, and consis-
tency in meeting the child's needs (Layzer and Goodson, 2006). Moreover, showing
respect for child autonomy and being cooperative are also categorised as high quality
caregiving (Layzer and Goodson, 2006). High quality of caregiving contributes to a
range of child well-being and developmental outcomes (Bechtel-Kuehne et al., 2016).
For example, high caregiving quality in early life has been shown to predict educational
performance, psychobiological and psychosocial development in childhood, adolescence
and even adulthood (Guyon-Harris et al., 2021; Raby et al., 2015; Scherer et al., 2019;
Sroufe et al., 2010). Though early life is suggested to be a window of opportunity where
caregiving quality may be an important contributor for future child development, there
is also evidence that high quality caregiving at later ages is associated with beneficial
child psychosocial and cognitive outcomes (Casale et al., 2015).

With respect to diet, several cross sectional, as well as some longitudinal, studies
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have shown that high caregiving quality is related to healthier dietary intake of toddlers
and children (Gubbels et al. (2011); Romanos-Nanclares et al. (2018), for reviews see
Hughes and Papaioannou (2018); Sleddens et al. (2011)). Studies with adolescents
indicate more contradictory results. Specifically, higher caregiving quality at age 12
years was associated with higher diet quality at age 15 years (Zietz et al., 2022).
Furthermore, high caregiving quality was associated with higher adolescent intake of
fruits, vegetables (Kremers et al., 2003; Lytle et al., 2003; Pearson et al., 2010), dietary
fibres (Kim, 2007; Kim et al., 2008), and lower caloric intake (Kim, 2007; Kim et al.,
2008), while higher maternal control was associated with lower snacking frequency in
adolescents (Kim, 2007; Kim et al., 2008). In contrast, other studies found no relation
between caregiving quality and adolescent dietary behaviours, including snacking (Kim,
2007; Kim et al., 2008), and soft drinks intake (Vereecken et al., 2009). Though less
research focused on emotional eating as outcome, such studies found lower caregiving
quality to be associated with more child (Schuetzmann et al., 2008; Topham et al.,
2011) and adolescent emotional eating (Snoek et al., 2007; van Strien et al., 2019b).
Notably, van Strien et al. (2019b) found this relation in a longitudinal study, with lower
early life caregiving quality predicting more adolescent emotional eating. This relation
was mediated by emotion regulation, indicating that adolescents who experienced lower
quality of maternal caregiving had poorer control over their emotions, and in turn,
showed more emotional eating.

One way through which high caregiving quality could contribute to healthy eating
behaviours in adolescence is through its contribution to the development of adolescent
inhibitory control (IC). IC can be defined as the ability to suppress impulses and consider
the consequences of our actions (Diamond, 2013). IC is considered an important ability
that is a core component of many psychosocial and cognitive outcomes (Anzman-
Frasca et al., 2015; Diamond, 2013; Nigg, 2017). A major contributing pathway for

IC development is parental coregulation. Coregulation is characterised by sensitive and
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responsive behaviour towards the child's needs, hereby building the child’s internal
regulatory capacities (Bechtel-Kuehne et al., 2016; Bernier et al., 2012; Merz et al.,
2016). Parental coregulation thus gradually shapes the child's capacity to regulate
attention and emotions, thereby helping the child to inhibit impulses and achieve their
goals (Belsky, 2002; Bernier et al., 2010, 2012; Cassidy, 1994; Gartner et al., 2018;
Merz et al., 2016; Schore, 2001; von Suchodoletz et al., 2011). Indeed, maternal
sensitivity (Frick et al., 2019a,b; Geeraerts et al., 2021; Jennings et al., 2008; Spinrad
et al., 2012; Vrijhof et al., 2020; Wu et al., 2022), responsiveness (Brophy-Herb et al.,
2012; Kochanska et al., 2000; von Suchodoletz et al., 2011), supportive presence
(Bosquet Enlow et al., 2019; Bravo et al., 2023; Brophy-Herb et al., 2012; Kok et al.,
2013), and autonomy support (Bernier et al., 2010), all predicted better toddler and
child IC. Whether this prediction holds for adolescence is still under investigation, as
only one study investigated and found maternal sensitivity at age seven years to be
negatively associated to 14-year-olds’ over-inhibited, withdrawn, and anxious-depressed
behaviour (van der Voort et al., 2014); behaviours found to be related to poorer child’s
self-regulation and inhibitory control capacities (Buffie and Nangle, 2022; Diamond,
2013; Valikhani et al., 2021).

In turn, adolescent IC may relate to adolescents’ eating behaviours through how
IC helps suppress automatic behaviours, emotions, and thoughts (Bari and Robbins,
2013). Adolescents with low IC may find it difficult to resist the temptation to consume
high-calorie, low-nutrient-dense foods as it satisfies their immediate reward system
(Casey et al., 2008). Consumption of these foods decreases the diet quality. However,
the evidence regarding IC and adolescent DQ/EE is mixed. IC has been associated
with better adolescent diet quality (i.e., lower sugar-sweetened beverages, snacks, and
higher whole grain consumption) (Ames et al., 2014) and lower total energy intake
during a lab-based food task (Byrne et al., 2021a). However, another study found no

associations between adolescent IC, diet quality, and beverages consumed during a
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lab-based food task (Ames et al., 2016). Hence, there is only one study on adolescent
IC and overall diet quality (Ames et al., 2014), which needs replication studies to
confirm their results. With respect to emotional eating, IC could relate to emotional
eating via the diminished ability to regulate stress and emotions (Bari and Robbins,
2013). Adolescents with lower levels of IC could therefore be more inclined to engage
in emotional eating as a coping mechanism (Shriver et al., 2020). However, research
regarding emotional eating and adolescents’ IC is scarce as only three studies were
conducted and no associations were found in participants aged 8-17 years (Byrne
et al., 2021b; Mayer et al., 2022; Nelson et al., 2020).

In sum, high caregiving quality may relate to adolescent diet quality and emotional
eating. A potential underlying mechanism might be adolescent IC, as higher caregiving
quality is suggested to support the development of IC, which in turn is suggested to
be associated with healthier DQ/EE. We investigated whether the history of maternal
caregiving quality throughout the first 14 years of life (observed at age five weeks,
12 months, 2.5, 10, and 14 years) contributed to DQ/EE, namely diet quality and
emotional eating at 14 years of age, hypothesizing that earlier and concurrent higher
maternal caregiving quality leads to higher diet quality and less emotional eating during
adolescence. Moreover, we investigated whether IC mediated the expected associations,
hypothesizing that higher maternal caregiving quality relates to better IC and, in turn,
better DQ/EE. Next to questionnaires, we incorporated behavioural tasks of often-
investigated 1C subdomains in adolescents, namely: delayed discounting (the tendency
to devalue delayed rewards), interference control (the ability to suppress or disregard
irrelevant information), and response inhibition (the ability to inhibit or stop a pre-
potent response) (Ames et al., 2014; Byrne et al., 2021a; Mayer et al., 2022; Nelson
et al., 2020; van der Bij et al., 2020). This study was preregistered on Open Science
Framework (https://doi.org/10.17605/OSF.10/7TKINX, registered on November 24th,
2022).
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Materials and methods

Participants

This study is a part of the ongoing longitudinal BIBO (Dutch acronym for Basal
influences on Child Development) study that follows women and their children from
late pregnancy through childhood and adolescence (see Beijers et al. (2011) for a
description of the study). Mothers in the Netherlands were recruited on a voluntary
basis via flyers distributed at midwife practices in the cities of Nijmegen, Arnhem, and
surrounding areas. The inclusion criteria were an uncomplicated singleton pregnancy,
no current physical or mental health problems, no drugs and/or alcohol use during
pregnancy, gestational age =37 weeks, and a children’'s 5-min APGAR score of =7.
From 220 women recruited, eight were excluded due to medical reasons (e.g., preterm
birth), and 19 dropped out within the first three postpartum months due to personal
circumstances, leading to a sample of 193 mother-infant dyads (see Figure 5.1 for the
flowchart). Between the child age of three months and 14 years of age, 34 participants
dropped out (18%) for various reasons. As a result, 159 mother-adolescent dyads were
approached to participate in the measurement round at child age 14. From this group,
150 dyads participated. The reasons for non-participation were personal (n=8) and
COVID-related reasons (n=1). No significant differences in maternal age, educational
level, and child sex were found between the dyads who participated (n=150), not
participated (n=9), and dropped out (n=34). The BIBO study was reviewed by the
Ethics Committee of the Faculty of Social Sciences (ECSW) of the Radboud Univer-
sity Nijmegen, The Netherlands, and no formal objection to this research was made

(SW2017-1303-497, SW2017-1303-498, and ECSW-2018-067).
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Pregnancy
(n=220)

(" Exclusion: )
- Medical reasons (n=8)
v Drop out:
[ Infancy ] \_- Personal circumstances (n=19) )
(n=193) - ~N
Drop out:
- Personal circumstances (n=34)
A
14 years - J
contacted dyads
(n=159)
Drop out:
- Personal circumstances (n=2)
| Skip measurement round:
| - covID related reasons (n=1)
- Loss to follow up (n=1)
- Personal circumstances (n=5)
Y
14 years
participating dyads
(n=150)

Figure 5.1. Flowchart of study participants.

Procedure

The BIBO study entailed home visits (aged five weeks, 12 months, 2.5 years, 10
years, and 14 years) in which mothers and children were observed during naturalistic
interactions. At five weeks of age (Mean child age=33.5 days, SD=4.9), mothers and
their infants were filmed at home during a bathing session: the infant was undressed,
bathed, and dressed again. At 12 months of age (Mean child age=53 weeks and 6 days,
SD=19 days), mothers and their infants visited the lab and were instructed to play
together with four toys (i.e., hand puppets, books, and two types of puzzles) for 12
minutes in total (three minutes per toy). At age 2.5 years (Mean child age=30 months

and 5 days, SD=19 days), mothers and infants were filmed at home while playing with
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three toys (i.e., puzzles, blocks, and a fishing game) for 12 minutes in total (4 minutes
per toy). During a home visit at child age 10 years (Mean child age=10 years and 1
month, SD=2 months), mother and child were asked to discuss two different emotions
for three minutes each and to play a Tangram game for six minutes. During a home
visit at age 14 years (Mean child age=14 years and 5 months, SD=2 months), mother
and adolescent were asked to discuss two topics for three minutes each for the first
interaction task. The topics were determined based on the 44-item issues checklist
(Robin and Foster, 1989), which includes common discussion topics between parents
and adolescents (e.g., low grades at school, how to spend money, and helping around
the house). At the start of the home visit, the parent indicated per topic whether they
had discussed it within the past four weeks 'yes' or ‘no’. If they scored 'yes’, they rated
on a 1-5 Likert scale how calm (1) or angry (5) the discussion about the topic made
them feel. The two highest-scoring topics were used for the interaction task. For the
second interaction task, mother-adolescent dyads were asked to organize and write
down details of an event for the child's classmates, for seven minutes. Furthermore,
during the home visit at age 14, adolescent IC was assessed with three behavioural
tasks (each lasting less than five minutes) and via a mother-report online questionnaire.
Details on the behavioural tasks are mentioned in the ‘Behavioural tasks' section under
the ‘Inhibitory control’ paragraph. Adolescent diet quality and emotional eating were

assessed with online and paper self-report questionnaires, respectively.

Reliability of coding

Parent-child interactions were videotaped during home visits and rated afterward
by at least two independent observers using the sensitivity scales mentioned below.
An experienced senior coder (the third author of this paper) trained the independent
observers using gold standard training videos. The independent observers, unaware of

the goals of the current study, independently practiced until they reached adequate
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reliability (intraclass correlation coefficient (ICC) =0.80) with gold standard training
videos. After, the independent observers scored the study videos, with regular observer
team meetings and checks to detect and prevent observer drift. At least 30 percent
of the data was doubly entered or scored to check for reliability (ICC, two-way mixed
effects, relying on absolute agreement; Koo and Li (2016)). Reliability was good when
ICC=0.80 (Koo and Li, 2016). If there was a large discrepancy between two observer
scores, a third observer (e.g., the experienced senior observer) was included and inde-
pendently observed the video again. For each questionnaire and recording that needed

to be entered or scored, a codebook was made to set the coding rules.

Measures
Caregiving quality

To rate maternal behaviour at infant age five weeks, the 9-point Ainsworth scale
was used (Ainsworth et al., 2015). Interactions were rated for sensitivity, defined as the
extent to which the mother responds to the infant’s needs and signals in a timely and
sensitive manner, and cooperation, defined as the extent to which the mother adjusts
her behaviour to the infant and does not interfere with the infant’s ongoing activity. As
the two subscales were highly correlated (r=0.86, p<0.01), the scores of sensitivity and
cooperation were averaged. Higher scores represent higher caregiving quality. Interrater
reliability for this scale was 0.81 in previous literature (Stiles, 2004), and it showed
correlations with a different sensitivity questionnaire (Maternal Sensitivity Q-Sort),
supporting construct validity (Stiles, 2004). The interobserver reliability in this study
was good, exceeding an ICC of 0.90 for both constructs.

To rate maternal behaviour at child age 12 months, 2.5 years, 10 years, and 14
years, the 7-point Erickson scale were used (Erickson et al., 1985). Interactions were
rated for supportive presence, defined as the extent to which the parent provides emo-

tional support and confidence in the child, and respect of child autonomy, defined as
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the extent to which the parent respects the validity of the child’s individuality, mo-
tives, and perspectives. Scores on supportive presence and respect of child autonomy
correlated significantly at 12 months (r=0.62), 2.5 years (r=0.46), 10 years (r=0.60),
and 14 years (r=0.75), and were therefore averaged. Higher scores represent higher
caregiving quality. The intraclass coefficients were good for supportive presence at
12 months (ICC=0.95), 2.5 years (ICC=0.91), 10 years (ICC=0.97), and 14 years
(ICC=0.81). The intraclass coefficients were also good for respect of child autonomy
at age 12 months (ICC=0.70), 2.5 years (ICC=0.70), 10 years (ICC=0.93), and 14
years (ICC=0.77).

Inhibitory control (14 years)

Behavioural tasks

Interference control, STROOP task: The STROOP measures verbal IC (Stroop,
1935). Adolescents were presented with three cards. The first card was a word card (W)
and displayed four Dutch words (i.e., green, blue, red, and yellow), 100 times (i.e., 10
lines with 10 words), printed in black. The adolescent was asked to read all 100 words
of the first card as fast as possible from left to right. The second card was a colour
card (C), on which four different colours (i.e., green, blue, red, and yellow rectangular
shapes) were printed 100 times (i.e., 10 lines with 10 colours). The adolescent was
asked to name all 100 colours as fast as possible from left to right. The third card was
a combination of colours and words (CW) and presented 100 words: the four different
words in four different colours, congruent and incongruent with their words (e.g., the
word ‘yellow’ was written in yellow font, and the word ‘blue’ was written in yellow font).
The adolescent was asked to name the colour of the word and inhibit naming the written
word. Each card was timed by the experimenter, and afterwards the number of mistakes
were counted per card by checking the recordings. Reliability between raters was high

(ICC: 0.95). IC was measured with Golden’s method (Golden et al., 1978), which is the
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most used method in literature (Scarpina and Tagini, 2017). The number of correctly
named items within 45 seconds in all conditions was calculated. A predicted score (i.e.,
the score if the task was performed with perfect IC, taken into account the normal
reading speed) of the third card (CW) was calculated with the following formula: (W
x C) / (W + C). Then the inference was calculated by subtracting the predicted score
from the actual number of items correctly named in the third card (CW). A high score
indicates better IC.

Response inhibition. Go/No-Go task: The Go/No-Go task measures the motoric
IC of the adolescent (Murphy et al., 1999). The task contained two parts of 60 trials
each and was programmed in Psychopy. For each part, 25% of the stimuli were ‘no-go’
stimuli. Adolescents were asked to press a button when a ‘go’ stimulus was shown;
however, pressing should be inhibited when the ‘no go’ stimulus was shown. Each
image was shown for 400 milliseconds with an interstimulus time of 500 milliseconds.
After the first 30 trials, there was a break until the adolescent was ready to continue
(breaks took no more than one minute). For the first 60 trials, ‘go’ stimuli were a
yellow square, blue triangle, and blue square, and the ‘no go' stimulus was a yellow
triangle. For the second part (next 60 trials), ‘go’ stimuli were the letters ‘P’, ‘D’, and
‘B’, and the ‘no go' stimulus was the letter ‘R See Figure 5.2 for a visualization of
the Go/No-go task. IC was determined by the number of errors made in the No-Go
trials. A higher number indicates worse IC.

Delayed discounting. Monetary choice task: The Monetary choice task is a 27-
item questionnaire where the adolescent is asked to choose between receiving a smaller
amount of money immediately, or a larger amount of money with delay (e.g., “Would
you prefer €19 today, or €25 in 53 days?") (Kirby and Marakovi¢, 1996). Adolescents
filled in this questionnaire digitally. Answers were entered in the automated scoring
system of the Monetary choice task (Kaplan et al., 2016). The Cronbach'’s alpha was

0.90, and the overall consistency was 0.96. The log Geomean of the k was used as a
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measure of delayed discounting. A higher k corresponds with a greater proportion of
choices for the smaller immediate rewards, indicating worse IC.

Correlations between the tasks were non-significant and ranged from r=-0.15 to
r=-0.04. Regardless of these correlation coefficients, we preferred forming a composite
score over keeping the tasks separate because we assume that the tasks measure
different forms of the same overarching construct (Epstein, 1983). Consequently, and
following our preregistration (https://doi.org/10.17605/OSF.I0/7KINX), the three IC
tasks scores were standardized and subsequently aggregated into a composite score to
represent adolescent behavioural IC. The Go/No-Go task and the Monetary choice
task were reverse coded before aggregation. Subsequently, a higher IC composite score
indicates better IC.

Questionnaire

The Behavior Rating Inventory of Executive Function 5-18 (BRIEF 5-18; Roth et al.
(2013)) is a 75-item caregiver-report questionnaire used to assess executive functions
of children between 5-18 years. It contains a 10-item |C subscale, scored on a 3-
point Likert scale (1=never, 2=sometimes, 3=often). The parent completed the entire
questionnaire online, however, only the IC subscale was used for this study. Because
higher sum scores on this subscale indicate worse IC, the outcome of the BRIEF was
reverse-coded in the analyses to align with our other IC composite score in which a
higher score also presents better IC. Internal consistency analyses yielded Cronbach's
alpha of 0.83 for the IC subscale. The internal consistency in previous literature ranges
from @=0.80-0.98, and test-retest reliability was r=0.82 for parents (Dodzik, 2017).

The BRIEF IC subscale was positively correlated with the number of mistakes
made in the Go/No-Go task (r=0.22), indicating that low IC is associated with worse
performance on the Go/No-Go. The BRIEF did not correlate with the STROOP and

monetary choice task.
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Go

Part one

Interstimulus

No-Go

Interstimulus

Go

500 ms

Part two

Interstimulus

No-Go

Interstimulus

500 ms

Figure 5.2. Go/No-Go task stimuli. In part one, the stimuli were coloured figures, shown for
400 ms. In part two, the stimuli were black letters, shown for 400 ms. Stimuli were always
followed by an interstimulus which was a fixation cross, shown for 500 ms.
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Diet quality

The ‘Eetscore’ (in English: Diet score) is a validated online food frequency ques-
tionnaire (FFQ) that assesses diet quality (Rijk et al., 2021; Lee et al., 2015), and
was filled in by the adolescents. The Eetscore assesses intake of 16 food categories,
based on the food categories of the Dutch Healthy Diet index 2015 (Looman et al.,
2017): vegetables, fruit, whole grain products, legumes, nuts, dairy, fish, tea, coffee,
spreading and cooking fats, red meat, processed meat, sugary beverages, alcohol, salt,
and unhealthy snacks. The number of items in the Eetscore ranges from 40-76. A
score between 0 and 10 was given for each food category. The ratio of the intake was
calculated according to the cut off, e.g., fruit intake of 100 grams per day was as-
signed a score of 5 (100/200 g/d *10). This was reverse scored for the unhealthy food
categories (Looman et al., 2017): red meat, processed meat, sugary drinks, alcohol,
sodium, and unhealthy snacks. All scores were summed to obtain the total diet quality
score (ranges between 0 and 160). A higher score represents better diet quality. See

Table 5.1 for the scoring per food category.

Emotional eating

The Dutch Eating Behavior Questionnaire (DEBQ) is a 33-item self-report ques-
tionnaire that assesses eating behaviour and contains a 13-item subscale to assess
emotional eating, on a 5-point Likert scale (1=never, 5=very often) (van Strien et al.,
1986). Only the emotional eating subscale was assessed and filled in by the adolescent
on paper. The scores on this subscale were summed. Higher scores indicate more emo-
tional eating. In a nonclinical sample, the emotional eating subscale has good internal
reliability with coefficient alphas ranging from 0.96 to 0.97 (Bohrer et al., 2015). The
Cronbach alpha was good: a =0.88. The ICC for this questionnaire was >0.99. This

scale has not been validated in adolescents yet, and current results on the validity of
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this subscale are still divergent (Domoff et al., 2013).

Table 5.1. Scores for food categories in the Eetscore.

Minimum score (=0) Maximum score (=10)
Vegetables Og =>2200g
Fruits Og =>200g
Whole grain products 0 g or ratio of whole grain =90 g

products/refined grain products <0.7 No consumption of refined
grain products or ratio of whole
grain/ refined grain products

=>1lg
Legumes Og =10 g
Nuts Og >15¢g
Dairy Ogor=750g 300-450 g
Fish Og =15¢g
Tea 0 mL = 450 mL
Spreading and 0 g of soft margarines, liquid No consumption of butter,
cooking fats cooking fats, and plant-based oils or ~ hard margarines, and hard
<0.6 g ratio of liquid cooking fat/ cooking fats or ratio or of liquid
hard cooking fat fats/ hard fats =13
Coffee Unfiltered coffee Consumption of only filtered coffee
or no coffee consumption
Red meat 100 g <45¢g
Processed meat =50g Og
Sugary drinks =250 g Og
Alcohol Female =20 g Female <10 g
Male 230 g Male <10 g
Sodium =238¢g <l19g
Unhealthy snacks >7 unhealthy snacks/week <3 unhealthy snacks/week

Note: The minimum score represents scores of a low quality diet, and the maximum score
represents scores of a high quality diet.

Confounders

Confounding variables were determined based on previous literature and plotted as
directed acyclic graphs (DAGs), which show the contribution of these potential con-
founding variables to the model (Cinelli et al., 2020). See Figure 5.3 for a visualization
of the DAGs. The following potential confounding variables were considered for the
models with diet quality as well as emotional eating as dependent variable: child sex
(Deslippe et al., 2022; Ozcan et al., 2020), and maternal educational level (Assari,

2020; Davis-Kean et al., 2021; Drywief et al., 2021; Gouveia et al., 2018; Ozcan et al.,
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2020). Maternal educational level was assessed on an 8-point Likert scale (ranging
from l=primary education to 8=university education). These potential confounding
variables were subsequently correlated with the dependent variables. When the asso-
ciations were significant, the variables were added to the statistical models to correct

for confounding.

Adolescent inhibitory

control
Maternal caregivin . .
. glving Adolescent diet quality
quality
Maternal
educational level
Child sex
Adolescent inhibitory
Child sex control
Maternal caregiving Adolescent emotional
quality eating
Maternal
educational
level

Figure 5.3. Directed acyclic graphs for determining potential confounders for adolescent diet
quality and adolescent emotional eating. Green coloured arrows indicate the links between
predictor, mediator and outcome variables. Orange coloured arrows indicate the links between
potential confounding variables and predictor, mediator, and outcome variables. The dotted
line indicates unclear relation between the two measures.
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Missing data

Out of 150 mother-adolescent dyads, seven were excluded from the final analyses
as they did not fill in the questionnaires on dietary intake and emotional eating. From
the remaining 143, the following data were missing: Eetscore (n=11), DEBQ (n=1),
maternal supportive presence/respect for autonomy at age 12 months (n=4), age 2.5
years (n=1), age 10 years (n=4), age 14 years (n=5), Go/No-Go (n=6), STROOP
(n=6), Delayed Discounting (n=6), and BRIEF (n=1). No data was missing at five
weeks of age. The LittleMCAR test indicated that data were missing completely at
random (y2=208.376, p=0.136). In total, 2.1% of the data were missing. From the 143
participants, a sample size of n=132 was used for the dietary intake analyses (because
11 Eetscore FFQs were missing) and n=142 for the emotional eating analyses (because
one DEBQ was missing). We did not impute missing data for our dependent variables,
and imputed data in our independent variables by means of Expectation Maximization,

which predicts the missing data based on existing data (Dempster et al., 1977).

Statistics
Preliminary analyses

Preliminary analyses were performed in R. Statistical significance was considered at
a p-value of <0.05, and when the 95% confidence interval did not include 0. Continu-
ous variables were checked for normality by visual inspection and the Shapiro-Wilk test,
and the following variables were non-normally distributed: sensitivity and cooperation
at five weeks, supportive presence and respect for child autonomy at 12 months, 2.5
years, 10 years, and 14 years, maternal educational level, and the BRIEF. The BRIEF
was log-transformed to obtain a normal distribution for the main analyses. Transform-
ing the caregiving quality measures and maternal educational level did not improve

the distribution, hence these were left untransformed. Wilcoxon tests were performed
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to check for significant differences between boys and girls for non-normally distributed
data. Variables were furthermore checked for outliers with the Grubbs test. Diet quality
contained one outlier that was winsorized. All analyses were performed with and with-
out winsorized data. Pearson and Spearman correlations were performed to measure
correlations between normally and non-normally distributed variables, respectively (see
Supplementary Table 7.17 for correlations between all measured variables).

Due to the longitudinal nature of our study, the sample size could not be adjusted.
However, the sample size provided enough statistical power for the structural equation
models, according to the most commonly used rule of thumb of ten cases per parameter
for structural equation modelling (Schreiber et al., 2006). Sample sizes of n=132 and

n=142 would be sufficient for the eleven parameters used in the models.

Main analyses

Mediation analysis was performed in R with the ‘Lavaan’ package (Rosseel, 2012).
Two models were run to explore if maternal caregiving quality at different ages indepen-
dently predicted diet quality, and whether this was mediated by IC as assessed by the
questionnaire (model 1) and the behavioural tasks (model 2). Another two models were
run to explore if maternal caregiving quality at different ages independently predicted
emotional eating, and whether this was mediated by IC as assessed by the question-
naire (model 3) and the behavioural tasks (model 4). Potential confounding variables
were only added to the model as extra variables if they correlated significantly with
the outcome measure. Maternal educational level correlated with diet quality (r=0.26),
emotional eating (r=0.21), and the IC composite score (r=0.18), and was hence added
as a confounder in the analyses including these measures. Furthermore, on average,
girls had significantly higher diet quality than boys, hence we corrected for child sex in
the main analyses including diet quality. There were no significant differences between

boys' and girls’ scores on the IC subscale of the BRIEF and on the DEBQ.
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Exploratory analyses

Exploratorily, we investigated the mediating effects of the three IC tasks separately,
yielding an extra six models (three models per outcome variable). The reason for
exploring these tasks separately is because these IC tasks each measure different types
of IC. We furthermore created a single score of all the caregiving quality measures
by converting them to z-scores and calculating the average. The sensitivity composite
score was then used as a predictor variable, i.e., caregiving quality, in the models for

diet quality and emotional eating. For this purpose, four extra models were run.

Results

Preliminary analyses

Table 5.2 shows the descriptive statistics of the study population and the primary
measures of this study. In two cases, fathers performed the interaction task with their
child. No difference in the results was found after excluding these two father-child
dyads from the analyses.

Table 5.3 shows the correlations between the variables used for the final analyses
and potential confounding variables. Higher caregiving quality at 10 years correlated
significantly with higher caregiving quality at 2.5 years (r=0.25) and 14 years (r=0.24).
Furthermore, a higher IC composite score correlated significantly with higher diet qual-

ity (r=0.26). Diet quality and emotional eating did not correlate significantly.

Main analyses

Mediation analyses were run to investigate the associations between caregiving
quality and diet quality as mediated by IC (BRIEF) (model 1) and the IC composite
(model 2). Similarly, mediation analyses were run to investigate the association between

caregiving quality and emotional eating as mediated by IC (BRIEF) (model 3), and the
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IC composite (model 4). The results are visualized in Figure 5.4 (model 1 and 2) and
Figure 5.5 (model 3 and 4). Model 2 shows that the IC composite score was positively
associated with diet quality ($=5.22, 95%Cl=0.64 - 9.80), indicating that better IC is
related to higher diet quality. Additionally, the covariate maternal educational level was
associated with better diet quality, better observed IC, and more emotional eating (as
seen in model 2 and 3). No other significant results were found. Supplementary Table
7.18 shows the estimates of models 1 and 2, and Supplementary Table 7.19 shows the
estimates of models 3 and 4. Results were no different with and without winsorizing

diet quality.
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Table 5.2. Descriptive statistics of participant characteristics and measures.

n(%) Min - max

Characteristics
Child sex

Female 68 (47.6)

Male 75 (52.4)
Maternal educational level 2-38

Low 0(0)

Middle 19 (13.3)

High 124 (86.7)

Mean age (£SD) Min - max n

Child age (years £SD) 14.4 (0.2) 169 - 181 143
Maternal age (years £SD) 46.5 (3.9) 35 - 57 143
Maternal caregiving quality scores Mean score (£SD) Min-max n

5 weeks 5.6 (2.2) 1-9 143

12 months 4.3 (1.3) 1-7 139

2.5 years 5.3 (0.7) 3-7 142

10 years 5.1 (1.0) 2-7 139

14 years 4.6 (1.4) 1-7 138
Inhibitory control Mean score (£SD) Min-max n
Questionnaire

BRIEF IC 3.8 (3.4) 0-14 142
Tasks

STROOP 9.7 (7.0) -3.95-26.85 137

Go/No-Go 135 (5.2) 3-25 137

Monetary choice -2.4 (0.62) -3.8--0.9 137
DQ/EE Mean score (£SD) Min-max n

Diet quality 87.1 (16.8) 31-132 132

Emotional eating 31.6 (8.9) 13 - 60 142

Notes. SD: Standard deviation, Min: minimum, Max: maximum, BRIEF: Behavior Rating
Inventory of Executive Function, IC: Inhibitory control, DQ/EE: Diet quality and Emotional
eating. Higher scores on the STROOP indicates better inhibitory control. Higher scores on
the Go/No-Go and Monetary choice task indicate worse inhibitory control. Educational level:
1=primary education to 8=university education; low=1-2, medium=3-4, and high=>5-8. Com-
bined maternal caregiving scores are the average of the two subscales.
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Figure 5.4. Mediation model results of diet quality as outcome. Only the significant estimates
(betas) are shown. Blue arrows indicate links between predictor, mediator and outcome vari-
ables, and orange arrows indicate links between confounding variables and predictor, mediator,

and outcome variables.
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Figure 5.5. Mediation model results of emotional eating as outcome. Only the significant
estimates (betas) are shown. Blue arrows indicate links between predictor, mediator and out-
come variables, and orange arrows indicate links between confounding variables and predictor,

mediator, and outcome variables.
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Exploratory analyses

We explored whether the different behavioural tasks (i.e., STROOP, Go/No-Go,
and Monetary choice) independently mediated the associations between caregiving
quality and adolescent DQ/EE. Results showed that higher maternal caregiving qual-
ity at five weeks was associated with more mistakes in the Go/No-Go task ($=0.43,
Cl=0.03 - 0.84) and higher maternal caregiving quality at 12 months with worse per-
formance on the STROOP task (f=-1.21, CI=-2.13 - -0.29). Furthermore, there was
a negative association between delayed discounting and diet quality (8=-5.51, Cl=-
10.01 - -1.01). As high levels of delayed discounting indicate low IC, this indicates that
better IC is associated with better diet quality. See Supplementary Tables 7.20 and
7.21 for an overview of all the estimates.

Additionally, we combined all caregiving quality measures over the ages into one
composite score and investigated the relation between caregiving quality over the whole
14-year period and adolescent DQ/EE mediated by IC (i.e., BRIEF and IC composite
score). No significant results were found (see Supplementary Table 7.22 for an overview

of all the estimates).

Discussion

This study investigated whether the history of maternal caregiving quality from
birth until 14 years of age predicts adolescent diet quality and emotional eating. Ma-
ternal caregiving quality was investigated at five weeks, 12 months, 2.5 years, 10 years,
and 14 years. Moreover, inhibitory control (IC) was investigated as a potential me-
diator in these associations. We found that better adolescent IC was associated with
better adolescent diet quality. There was no evidence for a relation between maternal
caregiving quality at any age and adolescent diet quality or emotional eating. Lastly,

we found no evidence for a relation between maternal caregiving quality at all ages and

174



Chapter 5. Maternal Caregiving Quality and Adolescent Nutritional Behaviours

IC, nor for mediation effects.

The better the IC of an adolescent, as assessed with several behavioural tasks, the
higher the diet quality, as reported by the adolescent. This finding is in line with the
studies of Ames et al. (2014) and Byrne et al. (2021a), who found that better IC, also
assessed with behavioural tasks, was associated with fewer sugar-sweetened beverages
and fewer snacks (Ames et al., 2014), and lower total energy intake (but not snack
intake) (Byrne et al., 2021a). The focus of previous studies was on response inhibition,
using a (food) Go/No-go task (Ames et al., 2014; Byrne et al., 2021a). We broadened
our measure of the adolescents’ IC by collecting multiple IC measures, including re-
sponse inhibition, interference control, and delayed discounting (Epstein, 1983). The
fact that our aggregated IC score related to better adolescent diet quality, indicates
that different aspects of inhibitory control may impact dietary intake. Indeed, for ex-
ample, nutritional intake can be affected by delaying a food reward for later (delayed
discounting) (Barlow et al., 2016; Ortega et al., 2023), by choosing a healthier snack
over other present food temptations (interference control) (Zuniga et al., 2015), as well
as by controlling direct impulsivity to fulfil a momentarily food desire (response inhibi-
tion) (Ames et al., 2014; Byrne et al., 2021a). Our exploratory analyses revealed that
especially 1C behaviour measured with the monetary choice task, measuring delayed
gratification, was associated with higher diet quality. Although this is an exploratory
finding, it is congruent with previous research that found delayed gratification to be
associated with lower child weight and less eating in the absence of hunger (Giuliani
and Kelly, 2021). Note, however, that while in this study delayed discounting was used
as a measure for inhibitory control, and it has indeed been related to various maladap-
tive behaviours such as substance abuse and gambling (Amlung et al., 2017), delayed
discounting is not necessarily an indicator of executive functioning (see e.g., Yeh et al.
(2021)).

Nonetheless, future research should investigate different constructs of IC to confirm
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our exploratory finding. Additionally, our choice for assessing total diet quality was
based on the fact that individuals do not consume foods in isolation, and nutrients
of individual food groups interact with each other (Tapsell et al., 2016). Research on
overall diet instead of separate food groups and health outcomes has therefore been
growing (Panagiotakos, 2008; Wirfalt et al., 2013). Thus, future research aimed at
replicating and extending these findings would benefit from investigating the entire
dietary pattern in addition to separate food groups.

It is important to note that our evidence for a relation between IC and diet quality
was cross-sectional. As such, we cannot establish directionality. We have to acknowl-
edge the possibility that better diet quality predicts better adolescent IC. Indeed, studies
found that diet can affect cognitive ability and behaviour in children and adolescents
(see reviews by Bellisle (2004) and Martin et al. (2018)). However, it is still unclear
whether dietary manipulations could affect behaviour on long term. One potential un-
derlying mechanism in such relation is the microbiota-gut-brain axis, the bi-directional
biological communication route between the brain and microbiota in the gut (Cryan
et al., 2019). Microbiota in the gut are able to produce metabolites that travel to the
brain through different pathways, influencing brain metabolism and function (Cryan
et al., 2019). Because dietary intake affects gut microbiota composition, subsequently,
cognition and behaviour might also be impacted (Liang et al., 2022; Vernocchi et al.,
2020). To unravel directionality in the adolescent IC-diet association, future longitudi-
nal, experimental and intervention studies (e.g., improving adolescent diet quality or
IC) are warranted.

Our result on higher adolescent diet quality and better IC was found when IC was
assessed by behavioural tasks, and not the questionnaire. Furthermore, our executive
functions questionnaire was filled in by the mother, not the adolescent. Many stud-
ies have previously assessed adolescent executive functions, of which IC is part, via

parent reports (see review by Nyongesa et al. (2019)). Inter-informant reliability of
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executive functions between parents and adolescents is moderately positive (Hughes
et al., 2009; Wilson et al., 2011). Nonetheless, there are some discrepancies between
the two raters, making it valuable to assess executive functions and IC with multi-
ple informants and measures. We investigated adolescent IC with several behavioural
tasks, but the composite of these tasks did not correlate with the maternal report
of adolescent IC. Exploratory results revealed, when decomposing the composite, that
only the better performance on the Go/No-go task correlated with better IC assessed
with the BRIEF in our study. This result is exploratory. Nevertheless, similar patterns
are seen in previous literature on adolescent IC that included behavioural tasks and
the BRIEF IC subscale (filled in by parents). Those studies show divergent results with
non-significant (Toplak et al., 2008) or significant (Hummer et al., 2010) intercorrela-
tions between behavioural tasks and questionnaires. As the adolescent becomes more
independent and desires more privacy when he grows older (Sanders, 2013), it is possi-
ble that the view the mother has on her adolescent behaviour becomes less clear. Note
that behavioural tasks have some disadvantages (i.e., being a momentary assessment
of IC, subject to time-variant factors, such as time of day, how the adolescent slept
(Goldstein et al., 2007; Jankowski et al., 2023), or attention span (Markant and Amso,
2014)). However, self-report questionnaires can also be flawed as they are subject to
potential biases, such as socially desirable answers (De Vriendt et al., 2009; Stanton
et al., 1996). Hence, future research should ideally include both behavioural tasks and
(self-report) questionnaires of 1C.

Contrary to our hypothesis, we found no evidence for a relation for caregiving
quality at any age on IC, and adolescent diet quality. These results align to some extent
with previous literature that found no link between caregiving quality and adolescent
dietary intake (snacks and soft drinks intake, specifically) (Kim, 2007; Kim et al., 2008;
Vereecken et al., 2009). Conversely, studies are showing higher caregiving quality to

be associated with adolescent (over-)inhibition (van der Voort et al., 2014) and higher
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adolescent diet quality (Kim, 2007; Kim et al., 2008; Kremers et al., 2003; Lytle et al.,
2003; Pearson et al., 2010; Zietz et al., 2022). Similar to the current study, Zietz et al.
(2022) investigated general diet quality, while the other studies investigated specific
food groups. The discrepancy between our and Zietz et al.’s (2022) results could be
because caregiving quality was assessed via adolescent report (i.e., study of Zietz et al.
(2022)) instead of objective observations of mother-child interactions (i.e., our study).

Next, we found no evidence for relations of our study variables with adolescent
emotional eating. While this is seemingly different from van van Strien et al. (2019b),
who found a longitudinal relation between lower caregiving quality in early life and
more emotional eating during adolescence, they only found evidence for an indirect ef-
fect through emotion suppression and alexithymia (the difficulty to identify one’s own
emotions) (van Strien et al., 2019b). Notably, one study found a cross-sectional link
between child emotional eating and parental caregiving quality, only when caregiving
quality was reported by the adolescent, but not the parent (Snoek et al., 2007). In line
with our results, three studies found no link between emotional eating and IC (Byrne
et al., 2021b; Mayer et al., 2022; Nelson et al., 2020). Nonetheless, literature regard-
ing caregiving and IC in relation to emotional eating is scarce. Possibly, adolescent
awareness of their own behaviour is an important factor for self-reporting emotional
eating behaviour, though no research has been published on this. Moreover, the emo-
tional eating questionnaire has been validated in adults (Bailly et al., 2012; Cebolla
et al., 2014), but not yet in adolescents. Though the DEBQ has been used before in
adolescents (van Strien et al., 2019b,a) producing reliable results (Cronbach a@=0.94,
similar to ours «=0.88) and adequate variation in the data. Nonetheless, validation
of this questionnaire in adolescents is recommended. Notably, all studies, thus far, on
parental caregiving quality and adolescent DQ/EE have investigated caregiving qual-
ity using adolescent (Kim, 2007; Kim et al., 2008; Kremers et al., 2003; Lytle et al.,
2003; Pearson et al., 2010; Snoek et al., 2007; Zietz et al., 2022) or parent (Vereecken
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et al., 2009) reports. Adolescent reports and observations of parenting behaviour have
been found to correlate moderately for positive parenting behaviours, but not for neg-
ative parenting behaviours (Arney, 2004; Parent et al., 2014). Moreover, self-reports
have been observed to be more valid and reliable for assessing harsh and overreac-
tive parenting, while observations appear to be more valid and reliable for assessing
permissive and inconsistent parenting (Arney, 2004). We therefore recommend future
research to employ both reports and observations on parenting behaviour to obtain a
comprehensive assessment of parental caregiving quality.

Although we find no link between maternal caregiving quality and adolescent IC, the
exploratory results revealed longitudinal associations (age five weeks and 12 months)
between caregiving quality and individual behavioural tasks. Curiously, the associations
were opposite of what we expected, namely, higher maternal caregiving quality was
associated with worse performance on the IC tasks. As these findings are the result
from exploratory analyses, they may suffer from type Il errors (Akobeng, 2016). Hence,
we refrain from further interpreting these results. Future studies should investigate ma-
ternal caregiving quality in direct relation to different measures of IC. Ideally, potential
moderators and/or mediators (e.g., alexithymia) should be included to determine the
possible mechanism behind expected relations.

Notably, we found that maternal educational level was a predictor of better adoles-
cent diet quality, more emotional eating, and better IC (measured by the behavioural
tasks). Higher educated mothers possibly have more knowledge about nutrition, and
a higher income to provide healthy nutrition for the child (Pearson et al., 2009). Ad-
ditionally, higher parental educational level was previously also shown to predict IC
in adolescents (Assari, 2020), likely due to the fact that mothers with higher educa-
tional levels have increased access to healthcare, nutrition, and better child education,
which could enhance the development of self-regulation (Noble et al., 2007). So far,

the role of maternal educational level on emotional eating is still unclear, as one study
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found that low parental education is associated with more emotional eating in primary
school children (Umoke et al., 2020), while three studies found no relations between
child/adolescent emotional eating behaviour and parental educational level (Gouveia
et al., 2019; Stone et al., 2022; van Strien et al., 2019b). Note that educational level
correlates highly with socioeconomic status (SES) (Aikens and Barbarin, 2008; Morgan
et al., 2009). For this reason, we are unable, as we did not measure other indicators
of SES such as income, to disentangle potential effects of maternal education from
those due to SES. Nonetheless, maternal educational level seems to play a significant
role in adolescent DQ/EE and IC, making it an important aspect to include in future
research.

Our study has several strengths and limitations. This study leveraged maternal
caregiving data across the first 14 years of children’s age, which allowed us to investi-
gate the importance of early life as well as later life caregiving for adolescent IC and
DQ/EE. We performed multiple behavioural tasks and used maternal reports to obtain
a comprehensive measure of adolescent IC. Adolescent diet quality was assessed with
a food frequency questionnaire which was validated for reproducibility and relative va-
lidity, allowing us to compare the scores within our study population (Rijk et al., 2021;
Lee et al., 2015). Validation studies in Dutch adolescents would benefit the use of this
FFQ. However, our mostly highly educated sample limits the generalizability of our
results. Future (replication) studies including lower educated parents may shed light
on the relations between history of caregiving quality, adolescent IC, and adolescent
DQ/EE.

Overall, this study contributes to the growing body of literature confirming the
relations between adolescent IC and diet quality. To unravel directionality, longitu-
dinal and experimental study designs are needed. Such studies can inform targeted
interventions to improve IC and diet quality during adolescence. Additionally, inclusion

of lower educated families may shed light on the role of maternal caregiving quality
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on adolescent DQ/EE and IC, as this group may provide more variation in caregiving
quality (Davis-Kean et al., 2021). Including more lower educated families is also im-
portant as maternal educational level was already found to be a predictor of better
adolescent diet quality, more emotional eating, and better |C within the limited edu-
cational range of our study. Of relevance, variables other than IC may also play a role
in their diet quality, including adolescent nutritional knowledge, self-efficacy, mental
health, and peer influence (Chung et al., 2017; O'Neil et al., 2014; Story et al., 2002).
To explore what predicts adolescent diet quality the best, future studies may therefore
want to include more adolescent variables. In sum, high diet quality and IC skills are
both of major importance during adolescence, as many developmental changes occur
wherein they both play significant roles (Norris et al., 2022). Hence, future research
aimed at investigating the (early) predictors of IC and dietary behaviours, as well as

the directionality of their associations with diet quality, are warranted.
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Chapter 6. General Discussion

Executive functions (EF) and inhibitory control (IC) are essential skills that are important
for executing goal-directed behaviours (Diamond, 2013). Early life nutrition is suggested
to have a pivotal role in explaining inter-individual differences in these behaviours
(Costello et al., 2020). The general goal of this thesis was to uncover unknown links
between nutrition and behaviour in early life. We investigated this by means of three
aims. The first aim was to investigate the relations between early life nutrition-
related predictors and future cognitive and behavioural outcomes. The second aim
was to investigate potential mechanisms underlying the relations between early life
nutrition and cognitive and behavioural outcomes. Because of the important role of
the microbiota-gut-brain axis on behaviour (Chakrabarti et al., 2022; Cryan et al., 2019;
Morais et al., 2020), we focused on the gut bacteria in early as well as later life (two
weeks to three years of age). Lastly, as nutrition is important for the development
of many physiological, and likely psychological systems (Norris et al., 2022), it is
important to study predictors of healthy nutritional behaviours, especially in phases of
life where risk for unhealthy nutritional behaviours is heightened, such as adolescence.
The third aim was therefore to investigate the role of maternal caregiving behaviour
on adolescent nutritional behaviours.

In light of aim 1, we investigated whether the duration of breastfeeding predicted
better toddler EF and IC, and if this was mediated by toddler diet quality (Chapter
2), and whether the human milk oligosaccharide (HMO) composition in breast milk at
two, six, and 12 weeks predicted better toddler EF and IC (Chapter 3). We found that
duration of breastfeeding, and toddler diet quality did not predict toddler IC and EF
(Chapter 2). However, we did find a relation between longer breastfeeding duration
and better toddler diet quality (Chapter 2). Furthermore, in Chapter 3, we found
that higher concentrations of 2'FL and grouped fucosylated HMOs in mother milk
predicted better toddler EF in exclusively breastfed toddlers. These relations were not

found for 3'SL, 6'SL, and grouped sialylated HMOs.
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For aim 2, gut microbiota composition at ages two, six, and 12 weeks, and one and
three years, were assessed in relation to EF, IC, and problem behaviour in toddlerhood
(Chapter 4). One of the most important findings was the association between higher
relative abundances of Streptococcus throughout the first three years of life and worse
EF at age three years.

Lastly, for aim 3, we investigated the relation between maternal caregiving quality,
measured from the early postnatal period until adolescence, and adolescent diet quality
and emotional eating behaviour, and whether adolescent |C mediated these potential
relations (Chapter 5). We found that higher diet quality was associated with better
IC in adolescence. However, adolescent emotional eating behaviour was not related
to adolescent IC. Finally, we did not find support for a relation between maternal
caregiving quality (at all ages) and adolescent inhibitory control or diet quality and
emotional eating behaviour.

Figure 6.1 shows a summary of the results found. The following paragraphs discuss
how these findings contribute to research on early life and development, as well as their

limitations and directions for future research.
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The impact of early life nutrition on future behaviour

Early life has been shown to be an extremely important phase predicting future
development (Robertson et al., 2019). In line with this, many studies investigating
early life factors, such as early life stress and early life nutrition, have found impactful
health consequences on children’s future physiological and psychological wellbeing
(Connor, 2019; Smith and Pollak, 2020). In the current studies, we also found that
early life nutrition predicted future child health outcomes. First, we found that longer
exclusive breastfeeding duration predicted higher diet quality in toddlers (Chapter
2). This is in line with the results of many studies that found longer (exclusive and
total) breastfeeding duration to be related to higher intake of vegetables and fruits in
toddlers, contributing to a higher toddler diet quality (see reviews by Ventura (2017)
and Ventura et al. (2021)). A potential mechanism underlying these findings could be
that the mother shapes healthier food preferences in the child through breastfeeding
(Ventura, 2017; Ventura et al., 2021). Mother milk is the first exposure to flavours
for most infants. The flavour of mother milk changes depending on the maternal
diet. Specifically, compounds of garlic, carrot, anise, mint, eucalyptus, alcohol, and
molecular structures of fruit and vegetables are transferred to human milk (Spahn et al.,
2019). An infant responds to this flavour change by increasing or decreasing sucking
time and number of sucks (Mennella and Beauchamp, 1991). Long-term studies show
that during solid food consumption, young children show greater preferences (defined
as greater duration of mouthing behaviour) for the flavours they have been exposed to
through breast milk, with lasting effects until at least ten years of age (e.g., maternal
diet with higher vegetable intake is associated with greater child preferences for, and
intake of vegetables) (Mennella et al., 2001; Sausenthaler et al., 2010; Ventura et al.,
2021). This explanation falls under the Lactocrine Programming hypothesis, which

states that milk constituents can have long term effects on an infant’s development
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(Bartol et al. (2008); Hinde et al. (2013), for a review, see de Weerth et al. (2022)).
In this case, the effect would be a programming of the child's food preferences. Note
that this proposed explanation is plausible under the assumption that mothers who
breastfeed longer have healthier diets than mothers who breastfeed for shorter times
(Amir and Donath, 2012; Beckerman et al., 2020). An alternative and most probable
complementary explanation for our findings is that mothers who breastfeed longer also
provide and feed their children healthier foods in toddlerhood.

A clear result in this thesis that is supported by the Lactocrine Programming
hypothesis is the evidence we found for higher levels of fucosylated HMOs in mother
milk predicting better toddler EF (Chapter 3). This is in line with rodent studies that
confirmed a causal relation between early life HMOs and better cognition (Docq et al.,
2020). The review by Docq et al. (2020) described rodent studies that administered
HMOs in early life and assessed their behaviour in adulthood. In addition, several
human studies also found relations between HMOs and better cognitive outcomes
(Berger et al., 2020; Cho et al., 2021; Jorgensen et al., 2021). When comparing the
results of Chapters 2 and 3, they suggest that breastfeeding duration independently
does not predict EF or IC, but that the constituents of mother's milk, i.e., HMOs,
may be important for predicting cognitive outcomes. As there are still unclear relations
between breastfeeding duration and child and toddler EF (Belfort et al., 2016; Julvez
et al., 2007; Lopez et al., 2021), both breastfeeding duration and milk-borne bioactive
factors should be considered in future research to obtain a clear view on how Lactocrine
Programming predicts toddler behaviour. Note, however, that causality cannot be
established with observational longitudinal studies. Animal studies that include early
life manipulations in experimental trials can unveil causal relations between early life
nutrition and cognition, though results are still difficult to translate to humans (Mudd
et al., 2017). Hence, a combination of these methods (i.e., longitudinal observational

human studies, experimental animal studies, randomised controlled trials), as well as
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replication studies to confirm previous results (to allow for performing meta-analyses),
are necessary to determine whether and how early life nutrition causally affects future

cognitive and behavioural outcomes in human children.

The microbiota-gut-brain axis: mechanism underlying

the relations between nutrition and behaviour?

We found that early life fucosylated HMOs predicted better toddler EF (Chapter
3). Interestingly, the main functions of HMOs are to serve as nutrition for the gut
microbiota (Bode, 2015; Totten et al., 2012; Underwood et al., 2014). Indeed, in the
same BINGO cohort, HMO levels were positively related to higher levels of specific
gut microbiota (e.g., high levels of 2'FL were related to higher levels of Bifidobacteria)
(Borewicz et al., 2020). In addition, animal studies as well as human studies have
observed an interplay between the gut microbiota and brain functioning (Bundgaard-
Nielsen et al., 2020; Cheung et al., 2019; Cryan et al., 2019; Jiang et al., 2018;
Sukmajaya et al., 2021). Because of the potential regulatory function of the gut
microbiota on the brain (e.g., through production of short chain fatty acids that affect
the central nervous system (Dong and Cui, 2022)), the microbiota-gut-brain axis is
a strong candidate for explaining the relations found between early life nutrition and
cognition. In line with previous findings (Carlson et al., 2017; Guzzardi et al., 2022;
Tamana et al., 2021), we found that high levels of Veillonella and Bacteroides in
early life were related to better toddler IC (Chapter 4). In addition, findings came
forth that were not seen in previous literature, e.g., we found that higher levels of gut
Streptococcus in early life as well as throughout the first three years of life, predicted
worse toddler EF (Chapter 4). Although we speculated about potential pathways
through which these gut microbiota may regulate behaviour, we were unable to confirm

these pathways in the current thesis. To discover the causal role of gut microbiota in
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the relation between behaviour and cognition, future research should aim at identifying
the function of bacteria, involving a multi-omics approach (Ou, 2023), as explained
below.

Metagenomics, including marker gene analyses (16S rRNA in bacteria) and shotgun
sequencing, have allowed us to reveal the composition of bacteria in a stool sample
(Almeida et al., 2019). Many studies identify the relative abundance of bacteria and
infer on the relations found with the health outcome, leading to insightful discoveries,
such as that bacterial composition between depressed, and anxious individuals differ
significantly from healthy controls (Pinart et al., 2021). Note, however, that interpretation
of relative abundance data could lead to false discovery rates (Gloor et al., 2017),
and correlation biases (Tsilimigras and Fodor, 2016). This is due to the fact that an
increase in abundance of one taxa is equal to a decrease in all other taxa, meaning
that relative abundance of one taxa is dependent on the abundance of the remaining
taxa (Barlow et al., 2020). ldentifying absolute bacterial abundances (measured by
e.g., quantitative PCR or flow cytometry) may aid in the interpretation of biological
mechanisms regarding the microbiota-gut-brain axis. Importantly, as gut microbiota
composition is subject to day-to-day, and within-person variation (Vandeputte et al.,
2021), it is advisable to include repeated measures of stool sampling. To increase the
reliability of earlier findings, replication studies are necessary (Peels and Bouter, 2021).
When consistency in results is found over multiple studies, the next step is to explore
the mechanism behind the relations.

Nonetheless, assessing relative or absolute abundance of bacteria does not reveal
their transcriptional activities (Abu-Ali et al., 2018; Granata et al., 2020; Jia et al.,
2019). Metatranscriptomics, which is the identification of microbial mRNA, allows for
identification of bacterial metabolic activities. Interestingly, this technique has helped
uncover different functions of the same bacterial species. For example, in patients with

Crohn’s disease, Ruminococcus gnavus is able to produce inflammatory glucorhamnan
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that induces production of inflammatory cytokines in the gut (Henke et al., 2019).
This same bacterium was also found to modulate mucin production which fortifies
gut barrier functions (Graziani et al., 2016), subsequently preventing gut inflammation
(Luissint et al., 2016). This phenomenon is likely explained by interactions between
different bacterial taxa, through communication, cooperation, and competition (Coyte
et al., 2015; Coyte and Rakoff-Nahoum, 2019; Zhang et al., 2022). This means that
gut bacteria exert different effects depending on which other bacteria are present in the
gut. Different functions of the same bacterial species could also be explained by the
fact that bacteria exert different activities based on their host’s conditions, also known
as phenotypic switching (Sousa et al., 2012; Tadrowski et al., 2018). Interestingly,
some mRNAs have weak ribosome binding sites and are therefore poorly translated,
while those with strong binding sites are easier to translate (Liang et al., 2000). This
means that not all microbial mMRNA detected by metatranscriptomics may be involved
in the expected metabolic processes, indicating that the interpretation of the results
of these techniques must be done with caution.

Identifying microbial proteins (metaproteomics) and metabolites (metabolomics)
might give a clearer picture of the role of gut bacteria in behaviour. Metaproteomics
identifies levels of expressed proteins. The identification of these proteins is reliant on
pipelines that process these data and match the peptides with online metagenomic
databases to discover the most probable bacteria that might have expressed them
(Mesuere et al., 2016). The reliance on these metagenomic databases is also a flaw, as
they are dependent on the previously detected proteins. Hence, newly found peptides
may not be in the database yet. Metabolomics is the study of metabolites in a biological
sample, and allows for identification of key metabolites of specific pathways linked to a
disease (Vignoli et al., 2019). However, as some metabolites are produced by different
bacterial strains (Venegas et al., 2019), it is difficult to disentangle which bacteria

are related to the identified metabolites. Note that including metaproteomics, and
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metabolomics result in more variables and therefore more potential interactions to be
investigated. Hence, it is extremely important that this type of research is properly
powered.

All of the above supports the notion that identification of relative abundance is
just a first step to understanding the role of gut bacteria in behaviour. Although all
omics-techniques may have flaws, these techniques can get us closer to identifying
causality in the microbiota-gut brain axis. A multi-omics approach could therefore lead
to a better understanding on how gut microbiota may play a causal role in the relation
between nutrition and behaviour (Daliri et al., 2021).

Before validating the potential molecular mechanisms of bacteria, it is important
to first isolate, culture, and characterise them. Although approximately only 20% of
the human gut bacteria have been cultured so far (Eckburg et al., 2005), it might be
possible to culture hundreds of gut bacterial strains in a short timespan in the near
future, due to rapid developments in high-throughput cultivation approaches (Clavel
et al., 2022). Furthermore, besides bacteria, the gut is also colonised by fungi, archaea,
and viruses. Fungi and archaea have different functions and have been associated with
host phenotype, such as gut-related diseases and gut motility, respectively (Borrel et al.,
2020; Richard and Sokol, 2019). These microorganisms also interact with bacteria and
their derived products (Borrel et al., 2020; Richard and Sokol, 2019). Viruses present
in the gut interact and coexist with gut bacteria through lysogeny (i.e., integration
of the virus' nucleic acid into the bacterial genome or formation of a viral replicon in
the bacterial cytoplasm). This way, viruses directly impact gut microbiota composition
and the immune system, possibly modulating drivers of health and disease (Kirsch
et al., 2021). Identifying the function of individual micro-organisms may be challenging.
However, considering the complex interactions between the host, bacteria, fungi, and
archaea, it is extremely valuable to obtain a detailed view of these dynamic interactions

before validating these pathways.
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Lastly, in vivo and in vitro validation studies can help confirm the expected pathways
that are likely involved in the microbiota-gut-brain axis (Morais et al., 2020). In
vitro studies are studies outside of a (animal) body. For example, organoids, three-
dimensional tissues cultures grown from stem cells, have been used more and more to
model gut and microbial interactions (Moysidou and Owens, 2021). In these models,
microbes or their derived metabolites are injected into gut organoids to determine
interactions between the gut and the microbiota (Moysidou and Owens, 2021). In vivo
studies model the potential causes of health outcomes, such as depression and anxiety,
in animal models. These studies grant evidence for causal relations (Nagpal and Cryan,
2021; Nestler and Hyman, 2010). For example, after transplanting microbiota of mice
with high-anxiety into mice with low-anxiety, the behaviour of these recipient mice
changed according to the donor’s behavioural profile (Bercik et al., 2011). Furthermore,
transplantation of gut microbiota from humans with autism spectrum disorder into
germ-free mice resulted in the induction of autistic behaviours in the mice (Sharon
et al., 2019). However, interpretation of these human microbiota-associated rodent
studies must be done with caution. Overall, the majority of these studies do not attempt
to gain insight in the mechanisms (e.g., which genes are up-, or down-regulated after
the stool transplant), and they use a small number of human donors (Walter et al.,
2020). In addition, studies with null-results or negative outcomes are rarely published
(Nissen et al., 2016), and causal claims are overstated, also due to the fact that rodents
are proxies for human diseases that do not occur naturally in rodents (e.g., what
exactly are ‘autistic behaviours’ or other behaviours in rodents?) (Freudenberg et al.,
2017; Kazdoba et al., 2016). Improving the experiments, and changing mindset and
policies would aid in discovering true causality between gut microbiota composition
and behaviour (Walter et al., 2020). All in all, the steps for turning correlational
relations into causal relations are many and complex. Nonetheless, it is clear that

gut microbiota research would benefit from applying repeated measures, identifying
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absolute gut bacterial abundances, applying a multi-omics approach, and validating
the pathways in in vitro and in vivo studies, to confirm causal relations between the gut
microbiota and the brain. This approach, in combination with more specific hypothesis
formation, larger sample sizes, and rigorous data collection, storage, and processing,
will create evidence that can become substantial enough to result in future clinical

implications.

Maternal educational level: Key player contributing to

child health

Maternal educational level was found to be important when investigating early
life nutrition and later child behavioural outcomes (Chapter 2 and Chapter 5).
Higher maternal educational level correlated with later breastfeeding cessation age
(Chapter 2), better adolescent inhibitory control, higher adolescent diet quality, and
more adolescent emotional eating behaviour (Chapter 5). A vast majority of previous
literature, related to this thesis’ topic, included educational level in their analyses,
and found it to impact their results (Belfort et al., 2016; Julvez et al., 2007; Kim
et al., 2008; Kremers et al., 2003; Lopez et al., 2021; Lytle et al., 2003; Snoek et al.,
2007; van Strien et al., 2019; Vereecken et al., 2009). Despite educational level being
determined differently in each country and culture, study results regarding relations
between educational level and child health are consistent. Higher parental educational
level is consistently positively related to child physical and mental health (Fakhrunnisak
and Patria, 2022; Quesnel-Vallée and Taylor, 2012; Wu and Qi, 2021). There are some
potential suggested mechanisms behind this relation. Parental education was shown to
relate to improved parenting abilities and marital quality (Oreopoulos and Salvanes,
2011), as well as improved maternal ability to manage finances, choose the qualitatively

best child educational programs, and control family health (Samarakoon and Parinduri,
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2015). Furthermore, higher maternal educational level is usually accompanied by a
higher income, allowing for provision of expensive healthier nutrition (Rippin et al.,
2020). One study also found that parental educational level affects child health through
their own parental health and family living conditions (Wu and Qi, 2021). As such,
maternal educational level appears to impact child health in different ways, making it
a key variable to include in future research.

In the current thesis, we observed potential effects of maternal educational level
within a generally highly educated sample. Since lower educated and higher educated
families differ in their dietary intake (i.e., lower educated families have less healthy
diets) (Fard et al., 2021; Guerra-Carrillo et al., 2017), it is imperative to include and
retain lower educated families in future studies. As achieving this goal is unfortunately
a common challenge for scientific studies, previous research has reported on the barriers
and strategies that improve the inclusion and retention rates of lower educated families
(Barnett et al., 2012; Brannon et al., 2013; Nicholson et al., 2011; Teague et al., 2018).
Generally, strategies to reduce participant burden (e.g., travel time, and flexible data
collection methods) are most effective in retaining large sample sizes (Teague et al.,
2018). To reduce the burden in lower educated families, a higher budget may be
necessary (e.g., in the form of a higher incentive, or time and labor of the staff to
allow for stepped-interventions and rapport-building between staff and participants)
(Barnett et al., 2012; Brannon et al., 2013; Nicholson et al., 2011). Summarizing,
future research on nutrition and behaviour should include lower educated families.
By applying the abovementioned strategies, future studies can discover and obtain
consistent results from a more diverse sample (e.g., inclusion of a wider variety of

educational levels), allowing for generalization of the results.
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Assessment of child behaviour: challenges and future

directions

The assessment of behaviour is reliant on behavioural tests, (semi-)naturalistic
observations of behaviour, and questionnaires, all of which have been applied in all
our studies. At different ages, different types of measures may be more suitable than
others for characterizing behaviour. Indeed, we found changing relations depending
on the measure used, and age assessed (in Chapters 3, and 4, we found results for
toddler behaviour assessed with parental questionnaires by the primary caregiver, and in
Chapter 5, we found results for adolescent behaviour assessed with behavioural tasks).
This could be due to the fact that toddlers spend a large part of their time together with
parents. Furthermore, toddler behaviour during a behavioural task could be variable as
it may be dependent on their hunger levels, sleep quality, and the examiner performing
the tasks (e.g., sex, examiner-toddler interaction) (Srinath et al., 2019). Adolescent
behaviour is less affected by these factors (Srinath et al., 2019). However, as children
become adolescents, they become more independent and desire more privacy (Sanders,
2013), resulting in parents having a less clear view on their adolescent’s behaviour.
Adolescent self-report on behaviour had not been assessed in our studies due to time
and burden constraints. However, it could be very valuable to include adolescent self-
reports next to behavioural tasks, as, commonly, literature finds equivocal correlations
between behavioural tasks and questionnaires (Toplak et al., 2008). Both methods are
valuable but also have their biases, with questionnaires being prone to socially desirable
answers (De Vriendt et al., 2009; Stanton et al., 1996), and behavioural tasks being a
momentary assessment dependent on other factors, such as attention span (Markant
and Amso, 2014). Hence, future research on toddler and adolescent behaviour ideally
should include both behavioural tasks as well as (self-report) questionnaires. In case of

time and/or budget restrictions, it may be advisable to assess toddler behaviour with
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parental questionnaires, and adolescent behaviour with behavioural tasks.

Assessment of child dietary intake: challenges and future

directions

Diet quality was determined by assessing the dietary intake with parental reports
(Chapter 2, 3 and 4) and self-reports (Chapter 5). The most commonly used methods
for dietary assessment are 24-hour recalls, food frequency questionnaires, and food
records (Amoutzopoulos et al., 2018). Although keeping a food record is currently the
most valid method for assessing total dietary intake (i.e., ‘gold-standard’), the fact that
the most commonly used dietary assessment methods are reliant on self-reports and
parent reports, means that they are prone to memory bias as well as social desirability
bias (Hebert et al., 1995; Subar et al., 2015). This makes the assessment of dietary
intake in a general population one of the largest challenges in nutritional sciences.
Additionally, assessing dietary intake in specific age-groups within a general population
has its own specific challenges. Toddlers cannot report their own dietary intake, hence,
we are dependent on parental reports. It is a logical choice, since toddlers spend most of
their time with their parents, and parents provide the toddler with nutrition, allowing
them to know exactly what their child consumes. However, this also makes parent
report highly subject to socially desirable answers, as it is the parent who is responsible
for the toddler’s dietary intake. In addition, there are moments when the parents do not
know the dietary intake of their child, such as when it goes to kindergarten or is cared
for by babysitters (which is often the case in the Netherlands (Jeugdinstituut, 2022)).
This makes parental report still challenging. Regarding adolescent dietary intake, as
children become more independent (Sanders, 2013), the parent’s view on the dietary
intake of their adolescent child becomes less clear. This means that self-reports are more

representative and reliable for assessing adolescent dietary intake. However, the multiple

205



Chapter 6. General Discussion

24-hour recalls needed to obtain a reliable picture of diet quality cause a relatively
high participant burden. As recruitment and retention of adolescents in studies is
already challenging (Jong et al., 2023), a food frequency questionnaire, which is less
burdensome than three unannounced 24-hour recalls, is more appropriate for assessing
habitual dietary intake in adolescents. Note that self-reported nutritional questionnaires
are also prone to socially desirable answers, recall bias, and misreporting in adolescents
(Jones et al., 2021). Fortunately, developments regarding the assessment of nutritional
intake have been rising. Technology-based assessments, including image- and sensor-
based technologies, are being developed and show promising results (Ho et al., 2020;
Kouvari et al., 2020; Zhao et al., 2020). Specifically, image-based technologies might
be interesting for assessing dietary intake in the general population, as participants can
simply take a picture of their food before and after the meal with a smartphone. This
method reduces subject bias, burden, and provides a more accurate view on portion
size and type of food, compared to 24-hour recalls, food frequency questionnaires, and
food records. The largest challenge with this technology is for algorithms to accurately
identify the nutritional value of the food on the image (Dalakleidi et al., 2022). More
references, and thus, more time are necessary to improve this algorithm. All in all,
dietary assessment methods are advancing, and technology-based assessments could
aid in reducing the burden and improving the accuracy of reporting dietary intake.
As the utilisation and development of technological image-based dietary assessment
started roughly 10 years ago (Forster et al., 2014; Kristal et al., 2014), it is likely that
these technologies will be applied either as a stand-alone method, or in combination
with traditional dietary assessment methods, in the foreseeable future. For the time
being, the best way to assess dietary intake in toddlers is through parental reports.
Specifically, multiple unannounced 24-hour dietary recall reports, although tedious,
provide the most reliable data. Furthermore, adolescent dietary intake is most reliably

assessed with a self-reported food frequency questionnaire.
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Conclusion and future perspectives

As reflected in this thesis, early life nutrition is an important life phase for future
health and behaviour. We found evidence that supports the Lactocrine Programming
hypothesis: fucosylated HMOs are related to better EF in our study. Furthermore,
the microbiota-gut-brain axis may be an important mediator between nutrition and
behaviour as we found certain bacteria in early life and throughout the first three years
of life to be related to better EF and IC in toddlerhood. To identify the likely causal role
of gut microbiota on behaviour, recommendations for future research are: performing
repeated measures, identifying absolute gut bacterial abundances, applying a multi-
omics approach, validating the pathways in in vitro and in vivo studies, and replicating
studies. Additionally, including lower educational levels is imperative as the role of
maternal educational level was already shown to be important in our generally highly
educated sample. A higher budget is necessary to aid the inclusion and retention of
this target group. Lastly, the methods for assessing nutritional intake have their flaws.
However, it is likely that technological image-based assessment methods will be applied
more commonly in the foreseeable future. This will allow for accurate assessment of
dietary intake in the general population, resulting in more accurate inferences on the
relation between dietary intake and health outcomes.

The development of EF skills is important for many future outcomes, such as
academic performance, socioemotional competence, and general health (Ayduk et al.,
2000; Duckworth et al., 2013; Eisenberg et al., 2007; Munakata and Michaelson, 2021;
Cortés Pascual et al.,, 2019; Robson et al., 2020; Shoda et al., 1990). This thesis
contributes to understanding the role of early life breastfeeding duration and HMO
exposure on toddler EF, and the possible regulating role of gut microbiota on toddler
EF. Replicating this thesis' results will help confirm the roles of early life nutritional

predictors for future child health and behaviour. These studies would add to the body
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of literature that shows the importance of early life predictors for future healthy diet
and behaviour. In turn, this would provide input for policy makers and health care

institutions aiming to improve an infant's early life exposures.
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Supplementary Table 7.2. Correlations between potential confounding variables and indepen-

dent and outcome variables.

Maternal BRIEF-A-comp  Child Gender
educational level
Breastfeeding data
Exclusive breastfeeding 0.191 0.126 -0.026
Breastfeeding cessation age  0.290* -0.042 0.098
Behavioural tasks
Flanker 0.106 -0.006 -0.289*
Whisper -0.002 0.102 -0.124
Gift Wrap 0.063 -0.179 0.396**
Gift Delay 0.433*** -0.270%* 0.140
Inhibitory control composite 0.217 -0.250%* 0.132
Questionnaires
BRIEF-P-inh 0.008 0.351** 0.157
BRIEF-P -0.084 0.437%** -0.012
REEF 0.080 -0.019 0.021

Correlations are denoted as r. BRIEF-P-inh: Score of the inhibitory control scale of the BRIEF-
P. BRIEF-A-comp: Composite score of the BRIEF-A filled in by mother and partner. Child
gender: 1=boy, 2=girl. ¥p<0.05. **p<0.01. ***p<0.001.
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Supplementary Table 7.3. Parameter Estimates and bootstrapped Confidence Intervals for

models 7 and 8.

B SE Lower Cl

Upper ClI

Regression paths
Reported Executive functioning
(BRIEF-P)
Exclusive breastfeeding duration
Diet quality score
Parental executive functioning
Diet quality score
Exclusive breastfeeding duration
Mediation effect
Total effect

Regression paths
Reported Executive functioning
(BRIEF-P)
Breastfeeding cessation age
Diet quality score
Parental executive functioning
Maternal educational level
Diet quality score
Breastfeeding cessation age
Mediation effect
Total effect

Model 7: Exclusive breastfeeding duration

— diet quality score — reported
executive functioning (BRIEF-P)

-0.242 1.198 -2.590 2.107
1.007 1.484 -1.902 3.917
0.763*** 0.056 0.653 0.873
0.173* 0.070 0.035 0.310
0.174 0.260 -0.336 0.684
0.695 1.083 -1.429 2.818

Model 8: Breastfeeding cessation age
— diet quality score — reported
executive functioning (BRIEF-P)

0.338 0.204 -0.061 0.738
1.143 1.364 -1.531 3.817
0.801*** 0.081 0.642 0.960
-1.272 1.257 -3.736 1.191
0.154 0.131 -0.102 0.411
0.177 0.223 -0.260 0.613
0.044 1.123 -2.158 2.245

MLR estimator used to calculate parameter estimates, bootstrapping used to calculate bias-
corrected confidence intervals. Model 7: y2(3)=1.043, p=0.307; CF1=0.998, RMSEA=0.024,
SRMR=0.032, n=67. Model 8: y?(4)=1.817, p=0.611, RMSEA=0.000, SRMR=0.046, n=67.

*p<0.05. ***p<0.001.
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Supplementary Table 7.4. Parameter Estimates and bootstrapped Confidence Intervals for
Exploratory Models 1, 2, 5, 6, 7, and 8.7

B SE Lower CI  Upper CI
Exploratory model 1: Exclusive breast-
feeding duration — Diet quality score —

Regression paths Flanker
Flanker
Exclusive breastfeeding duration  0.059 0.048 -0.035 0.153
Diet quality score -0.065 0.098 -0.257 0.128
Gender -0.313 0.211 -0.726 0.099

Diet quality score
Exclusive breastfeeding duration 0.223**  0.072 0.081 0.365
Mediation effect -0.014 0.021 -0.056 0.028
Total effect -0.269 0.225 -0.710 0.173
Exploratory model 2: Breastfeeding
cessation age — Diet quality score —

Regression paths Flanker
Flanker
Breastfeeding cessation age 0.026* 0.012 0.003 0.048
Diet quality score -0.062 0.087 -0.234 0.109
Parental executive functioning -0.406* 0.188 -0.775 -0.036
Maternal educational level 0.046 0.054 -0.059 0.151
Diet quality score
Breastfeeding cessation age 0.029 0.018 -0.007 0.065
Mediation effect -0.002 0.003 -0.007 0.003
Total effect -0.336 0.190 -0.709 0.036

Exploratory model 5: Exclusive breast-
feeding duration — Diet quality score —
Regression paths Gift Wrap task
Gift Wrap task
Exclusive breastfeeding duration -0.093 0.048 -0.188 0.001
Diet quality score 0.168 0.092 -0.013 0.349
Gender 0.683**  0.204 0.283 1.082
Diet quality score
Exclusive breastfeeding duration  0.155* 0.071 0.016 0.293
Mediation effect 0.026 0.019 -0.011 0.063
Total effect -0.067 0.044 -0.153 0.018
Exploratory model 6: Breastfeeding
cessation age — Diet quality score —

Regression paths Gift Wrap task
Gift Wrap task
Breastfeeding cessation age -0.008 0.011 -0.030 0.015
Diet quality score 0.114 0.092 -0.066 0.295
Parental executive functioning 0.727***  0.196 0.343 1.112
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Supplementary Table 7.4 (continued).

Maternal educational level 0.091 0.059 -0.026 0.207

Diet quality score
Breastfeeding cessation age 0.156 0.121 -0.082 0.393
Mediation effect 0.018 0.019 -0.020 0.056
Total effect 0.828*** 0.174 0.487 1.169

Exploratory model 7: Exclusive breast-
feeding duration — Diet quality score

Regression paths — Gift Delay task
Gift Delay task
Exclusive breastfeeding duration  1.260 1.414 -1.511 4.032
Diet quality score -1.790 2.187 -6.076 2.497
Parental executive functioning -0.441%* 0.176 -0.788 -0.096
Maternal educational level 6.195** 2325 1.639 10.752

Diet quality score
Exclusive breastfeeding duration  0.160%* 0.068 0.027 0.294
Mediation effect -0.287 0.399 -1.069 0.495
Total effect 6.726** 2496 1.834 11.619
Exploratory model 8: Breastfeeding
cessation age — Diet quality score —

Regression paths Gift Delay task
Gift Delay task
Breastfeeding cessation age 0.603 0.333 -0.049 1.256
Diet quality score -1.781 2.118 -5.933 2.371
Parental executive functioning -0.423* 0.167 -0.751 -0.096
Maternal educational level 5.826%* 2.255 1.406 10.247
Diet quality score
Breastfeeding cessation age 0.153 0.125 -0.093 0.398
Mediation effect -0.272 0.392 -1.040 0.497
Total effect 0.332 0.443 -0.537 1.200

MLR estimator used to calculate parameter estimates, bootstrapping used to calcu-
late bias-corrected confidence intervals. Exploratory model 1: y2(3)=0.696, p=0.404,
CF1=1.000, RMSEA=0.000, SRMR=0.035, n=52. Exploratory model 2: y?(4)=1.592,
p=0.661; CFI=1.000, RMSEA=0.000, SRMR=0.047, n=52. Exploratory model b5:
x2(2)=0.980, p=0.613; CFI=1.000, RMSEA=0.000, SRMR=0.034, n=65. Exploratory model
6: x2(3)=2.079, p=0.721; CFI=1.000, RMSEA=0.000, SRMR=0.047, n=65. Exploratory
model 7: y?(4)=1.881, p=0.598; CFI=1.000, RMSEA=0.000, SRMR=0.045, n=66. Ex-
ploratory model 8: y2(4)=1.765, p=0.623, CFI=1.000, RMSEA=0.000, SRMR=0.044, n=66.
*p<0.05. ¥*p<0.01. ***p<0.001.

tModel 3 (Exclusive breastfeeding duration — Diet quality score — Whisper) and Model 4
(Breastfeeding cessation age — Diet quality score — Whisper) could not be fitted; therefore
no parameter estimates could be produced.
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Supplementary Table 7.5. Parameter Estimates and bootstrapped Confidence Intervals for
Exploratory Models 9a, 10a, 11a, 12a, and 14a.7

B SE Lower ClI  Upper CI

Exploratory model 9a: Exclusive breast-
feeding duration — Vegetable intake —

Regression paths Executive functioning (BRIEF-P)
Executive functioning (BRIEF-P)
Exclusive breastfeeding duration  0.647 0.872 -1.062 2.356
Vegetable intake -0.391 0.239 -0.860 0.077

Parental executive functioning 0.363*** 0.088 0.190 0.535
Vegetable intake
Exclusive breastfeeding duration  0.092 0.461 -0.812 0.996
Mediation effect -0.036 0.185 -0.400 0.327
Total effect 0.974 0.892 -0.775 2.723

Exploratory model 10a: Breastfeeding
cessation age — Vegetable intake —

Regression paths Executive functioning (BRIEF-P)
Executive functioning (BRIEF-P)
Breastfeeding cessation age 0.341 0.197 -0.044 0.726
Vegetable intake -0.367 0.232 -0.822 0.089
Parental executive functioning 0.378*** 0.088 0.205 0.550
Maternal educational level -1.004 1.141 -3.247 1.239
Vegetable intake
Breastfeeding cessation age -0.033 0.108 -0.246 0.179
Mediation effect 0.012 0.040 -0.066 0.090
Total effect -0.274 1.129 -2.486 1.939

Exploratory model 11a: Exclusive breast-
feeding duration — Fruit intake —

Regression paths Executive functioning (BRIEF-P)
Executive functioning (BRIEF-P)
Exclusive breastfeeding duration  0.452 0.932 -1.374 2.278
Fruit intake 0.150 0.222  -0.285 0.584
Parental executive functioning 0.352*%*%* 0.087 0.182 0.522
Fruit intake
Exclusive breastfeeding duration 1.215* 0.538 0.160 2.270
Mediation effect 0.178 0.291 -0.392 0.748
Total effect 0.981 0.889 -0.761 2.724

Exploratory model 12a: Breastfeeding
cessation age — Fruit intake —

Regression paths Executive functioning (BRIEF-P)
Executive functioning (BRIEF-P)
Breastfeeding cessation age 0.338 0.201 -0.055 0.731
Fruit intake 0.132 0.202 -0.264 0.528

Parental executive functioning 0.362*%** 0.090 0.185 0.538
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Supplementary Table 7.5. (continued).

Maternal educational level -0.940 1.284 -3.457 1.576

Fruit intake
Breastfeeding cessation age 0.107 0.110 -0.108 0.322
Mediation effect 0.014 0.029 -0.043 0.071
Total effect -0.227 1.271 -2.718 2.265

Exploratory model 14a: Breastfeeding
cessation age — Snack and Candy

Regression paths intake — Executive functioning (BRIEF-P)
Executive functioning (BRIEF-P)
Breastfeeding cessation age 0.347 0.199 -0.043 0.736
Snack and Candy intake -0.076 0.546 -1.146 0.994
Parental executive functioning 0.358***  0.006 0.170 0.545
Maternal educational level -1.048 1.274 -3.546 1.449
Snack and Candy intake
Breastfeeding cessation age -0.075 0.043 -0.159 0.009
Mediation effect 0.006 0.042 -0.076 0.087
Total effect -0.338 1.260 -2.808 2.132

MLR estimator used to calculate parameter estimates, bootstrapping used to calculate bias-
corrected confidence intervals. Exploratory model 9a: y?(3)=0.932, p=0.334; CFI=1.000,
RMSEA=0.000, SRMR=0.033. Results based on n=67. Exploratory model 10a: y2(3)=1.292,
p=0.863; CFI=1.000, RMSEA=0.000, SRMR=0.038. Results based on n=67. Exploratory
model 1la: x?(3)=0.684, p=0.408; CFI=1.000, RMSEA=0.000, SRMR=0.025. Results
based on n=67. Exploratory model 12a: y2(3)=2.060, p=0.725; CFI=1.000, RMSEA=0.000,
SRMR=0.049. Results based on n=67. Results based on n=66. Exploratory model 14a:
13(3)=1.939, p=0.747; CFI=1.000, RMSEA=0.000, SRMR=0.049. Results based on n=67.
*p<0.05. ¥***p<0.001.

tModel 13a (Exclusive breastfeeding duration — Snack and Candy intake — Executive func-
tioning (BRIEF-P)) could not be fitted; therefore no parameter estimates could be produced.
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Supplementary Table 7.6. Parameter Estimates and bootstrapped Confidence Intervals for
Exploratory Models 9b, 10b, 11b, 13b, and 14b.{

B SE Lower ClI  Upper CI

Regression paths
Executive functioning (REEF)
Exclusive breastfeeding duration
Vegetable intake
Maternal educational level
Vegetable intake
Exclusive breastfeeding duration
Mediation effect
Total effect

Regression paths
Executive functioning (REEF)
Breastfeeding cessation age
Vegetable intake
Maternal educational level
Vegetable intake
Breastfeeding cessation age
Mediation effect
Total effect

Regression paths
Executive functioning (REEF)
Exclusive breastfeeding duration
Fruit intake
Maternal educational level
Fruit intake
Exclusive breastfeeding duration
Mediation effect
Total effect

Regression paths
Executive functioning (REEF)
Exclusive breastfeeding duration
Snacks and candy intake
Maternal educational level
Fruit intake

226

Exploratory model 9b: Exclusive breast-
feeding duration — Vegetable intake —
Executive functioning (REEF)

-1.959 1.530 -4.958 1.041
0.379 0.586 -0.769 1.528
3.239 2.258 -1.186 7.665
0.077 0.461 -0.826 0.981
0.029 0.173 -0.310 0.368
1.310 2.446 -3.484 6.103

Exploratory model 10b: Breastfeeding
cessation age — Vegetable intake —
Executive functioning (REEF)

-0.202 0.341 -0.870 0.466
0.369 0.596 -0.799 1.538
3.087 2.215 -1.255 7.429
-0.006 0.108 -0.218 0.206
-0.014 0.047 -0.107 0.079
2.870 2.157 -1.358 7.099

Exploratory model 11b: Exclusive breast-
feeding duration — Fruit intake —
Executive functioning (REEF)

-2.547 1.713 -5.905 0.812
0.443 0.381 -0.304 1.191
3.732 2.257 -0.692 8.156
1.263** 0.470 0.341 2.185
0.560 0.588 -0.592 1.712
1.746 2.383 -2.925 6.417

Exploratory model 13b: Exclusive breast-
feeding duration — Snacks and candy
intake — Executive functioning (REEF)

-1.943 1.599 -5.077 1.192
0.163 0.805 -1.415 1.740
3.296 2199 -1.015 7.606
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Supplementary Table 7.6. (continued).

Exclusive breastfeeding duration -0.310 0.209 -0.720 0.100
Mediation effect -0.050 0.251 -0.543 0.442
Total effect 1.303 2.367 -3.336 5.941

Exploratory model 14b: Breastfeeding
cessation age — Snack and Candy

Regression paths intake — Executive functioning (REEF)
Executive functioning (REEF)
Breastfeeding cessation age -0.230 0.367 -0.949 0.488
Snack and Candy intake 0.274 0.784 -1.263 1.811
Maternal educational level 3.176 2.169 -1.075 7.426
Snack and candy intake
Breastfeeding cessation age -0.076 0.049 -0.172 0.020
Mediation effect -0.021 0.062 -0.142 0.100
Total effect 2.924 2.097 -1.186 7.035

MLR estimator used to calculate parameter estimates, bootstrapping used to calculate bias-
corrected confidence intervals. Exploratory model 9b: y2(2)=0.859, p=0.651; CFI=1.000,
RMSEA=0.000, SRMR=0.034. Results based on n=67. Exploratory model 10b: y2(3)=0.204,
p=0.651; CFI=1.000, RMSEA=0.000, SRMR=0.016. Results based on n=67. Exploratory
model 11b: x2(3)=0.791, p=0.374; CFI=1.000, RMSEA=0.000, SRMR=0.034. Results
based on n=67. Exploratory model 13b: y2(2)=0.720, p=0.698; CFI=1.000, RMSEA=0.000,
SRMR=0.032. Results based on n=67. Exploratory model 14b: y2(3)=0.019, p=0.889;
CF1=1.000, RMSEA=0.000, SRMR=0.005. Results based on n=67. **p<0.01.

tModel 12b (Breastfeeding cessation age — Fruit intake — Executive functioning (REEF))
could not be fitted; therefore no parameter estimates were produced.
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Supplementary materials of chapter 3

Supplementary Table 7.7. Associations between HMOs and HMO groups and measures of
executive functioning including partially breastfed infants.

Estimate (95% Cl) Standard  p-value
error

BRIEF-P

Model 1 Intercept 65.07 (40.01 - 90.12)*x** 12.52 0.00
2'FL -0.78 (-2.66 - 1.10) 0.94 0.41
6'SL -22.34 (-63.77 - 19.08) 20.69 0.28
3'SL 34.57 (-11.013 - 80.15) 22.77 0.13
BRIEF-A 0.20 (0.006 - 0.40)* 0.10 0.04

BRIEF-P

Model 2 Intercept 139.06 (73.73 - 204.38)***  32.64 0.00
Fucosylated HMOs  -0.62 (-1.78 - 0.54) 0.58 0.29
Sialylated HMOs -14.24 (-28.45 - -0.02)* 7.10 0.05
BRIEF-A 0.19 (0.002 - 0.38)* 0.09 0.05

REEF

Model 1 Intercept 166.97 (132.28 - 201.66) 17.34 0.00
2FL 3.87 (-0.19 - 7.93)t 2.03 0.06
6'SL -40.99 (-130.72 - 48.74) 44.84 0.36
3'SL 1.18 (-97.01 - 99.36) 49.07 0.98

REEF

Model 2 Intercept 88.35 (-39.60 - 216.30) 63.97 0.17
Fucosylated HMOs  2.19 (-0.44 - 4.82) 131 0.10
Sialylated HMOs 1.94 (-29.79 - 33.67) 15.86 0.90

Inhibitory control

Model 1 Intercept 1.01 (0.22 - 1.80) 0.40 0.01
2FL 0.01 (-0.05 - 0.07) 0.03 0.75
6'SL -0.94 (-2.25 - 0.37) 0.65 0.16
3'SL 0.88 (-0.55 - 2.32) 0.72 0.22
BRIEF-A -0.01 (-0.01 - -0.002)* 0.003 0.01

Inhibitory control

Model 2 Intercept 1.54 (-0.57 - 3.65) 1.05 0.15
Fucosylated HMOs  0.02 (-0.02 - 0.06) 0.02 0.29
Sialylated HMOs -0.27 (-0.73 - 0.19) 0.23 0.24
BRIEF-A -0.01 (-0.01 - -0.002)* 0.003 0.01

Note that the analyses were performed on data including partially breastfed infants, n=63. The
REEF models did not include confounders as none of the potential confounders correlated with
the REEF. The BRIEF-P is reverse coded to correspond with the other executive functions
and inhibition measures (i.e., higher BRIEF-P scores indicate better executive functions). All
HMOs and HMO groups mentioned in this table are presented as the Area Under the Curve.
1p<0.1, ¥*p<0.05, ¥**p<0.001.
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Supplementary Table 7.8. Multiple logistic regression results between the HMOs and HMO

groups and the BRIEF-P including partially breastfed infants.

Estimate (95% Cl) Standard error  p-value

BRIEF-P

Model 1 Intercept -2.79 (-7.51 -1.51) 2.25 0.23
2'FL - 0.03 (-0.63 -0.47) 0.26 0.27
6'SL -10.36 (-26.00 - 1.86)  6.80 0.65
3'SL -12.84 (-44.72 - 11.80) 13.73 0.54
BRIEF-A 0.03 (-0.02 - 0.10) 0.03 0.14

BRIEF-P

Model 2 Intercept 3.31 (-10.17 -17.88) 6.97 0.64
Fucosylated HMOs  -0.04 (-0.42 - 0.27) 0.16 0.27
Sialylated HMOs -1.16 (-7.71 - 5.07) 3.14 0.61
BRIEF-A 0.03 (-0.01 - 0.09) 0.02 0.17

Note that the analyses were performed on data including partially breastfed infants, n=63. All
HMOs and HMO groups mentioned in this table are presented as the Area Under the Curve.
BRIEF-P coded as: 1, representing the high executive functions group and 0, representing the
low executive functions group. Hence, positive values indicate a positive association between

higher levels of HMOs and high executive functions.
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Supplementary materials of chapter 4

Gut microbiota = behaviour

DI CON AB DM RB
v
G :@ > Bm

SF BR EX DQ

G: relative abundance of the gut microbiota

B: behavioural score of problem behaviour, cognition
and inhibitory control at age three (with missing values)
Bm: behavioural score of problem behaviour, cognition
and inhibitory control at age three (without missing values)
RB: reasons for missingness

A: child age

DQ: dietary quality at age three

DI: diarrhea in the past one year

CON: constipation in the past one year

AB: antibiotic treatment in the past one year

DM: delivery mode

SF: the first time when solid food was introduced

BR: breastfeeding duration

EX: exclusive breastfeeding duration

Supplementary Figure 7.1. Directed Acyclic Graph for determining confounders. Colors: black,
predictors (G) and outcomes (B); grey, variables (Bm) and (RB) related to missingness; green,
potential confounders that influence (G) and (B), including (A) and (DQ); orange, potential
covariates of (G), including (DI), (CON), (AB), (DM), (SF), (BR), and (EX).
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Supplementary Figure 7.2. Beta diversity of the gut microbiota at the age of two, six, and
12 weeks. (a-e) Principal coordinate plots of beta diversity, based on different pairwise dis-
similarity (Bray-Curtis and weighted Jaccard) and distance (UniFrac and Aitchison) matrices,
with points and ellipses colored by ages (Lake blue, two weeks; Orange, six weeks; Purple, 12
weeks).
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Supplementary Figure 7.3. Beta
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diversity of the gut microbiota at the age of one and three
years. (a-e) Principal coordinate plots of beta diversity, based on different pairwise dissimilarity
(Bray-Curtis and weighted Jaccard) and distance (UniFrac and Aitchison) matrices, with
points and ellipses colored by ages (Pink, one year; Grass green, three years).
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Supplementary Figure 7.4. Heatmap showing relative abundances of the gut microbiota at
the genus level over time. Bacteria with average relative abundances lower than 1% across
the first three years, were assigned to ‘Others’. Rows of bacteria were clustered based on
Euclidean distance.
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Supplementary Table 7.10. Reliability of parental questionnaires.

Filler Questionnaire  Behaviour wtotal Cronbach's
Internalizing IC 0.83
CBCL Externalizing 0.92 -
Internalizing 0.65 -
Mother  SDQ Externalizing 0.74 -
BRIEF-P Executive functions 0.94 -
REEF Executive functions 1C 0.96
Internalizing IC 0.83
CBCL Externalizing 0.84 -
Internalizing 0.65 -
Partner  SDQ Externalizing 0.72 -
BRIEF-P Executive functions IC 0.95
REEF Executive functions 1C 0.95

IC indicates the estimate was incalculable. Due to better ability at assessing reliability, wtotal
values were used as the first important estimates in determining reliability. For those sub-
scales and questionnaires with incalculable wtotal, Cronbach’s a values were computed as
alternatives. All estimates were above 0.65, of which most of estimates were higher than 0.7,
indicating good reliability of the scales.

Supplementary Table 7.11. Proportion of missing values in problem behaviour and executive

functions.

Proportion of missing values (%)

2w 6w 12w 1y 3y
CBCL Internalizing (M) 16.7 143 137 125 31
CBCL Externalizing (M)  16.7 143 137 125 3.1
SDQ Internalizing (M) 16.7 143 137 125 31
SDQ Externalizing (M) 16.7 143 137 125 31
BRIEF-P Total Score (M) 15.2 129 123 11.1 16
REEF Total Score (M) 16.7 143 137 125 31
Flanker 409 357 37 347 266
Whisper 197 171 178 153 6.2
Gift Wrap 21.2 20 19.2 16.7 6.2
Gift Delay 19.7 186 178 153 4.7

Notes. M, Mother; CBCL, the Child Behavioral Checklist; SDQ, the Strengths and Difficulties
Questionnaire; BRIEF-P, Behavior Rating Inventory of Executive Functions - Preschool; REEF,

Ratings of Everyday Executive Functioning.
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Supplementary Table 7.12. Differentially abundant microbial taxa at the genus level over time
with linear discriminant analysis (LDA) scores higher than 2.

Enriched age Genus LDA score
2w Enterobacteriaceae unidentified genus  4.93
2w Streptococcus 4.56
2w Staphylococcus 4.43
2w [Ruminococcus]| gnavus group 4.3
2w Enterococcus 4.1
2w Clostridium sensu stricto 1 3.99
2w Parabacteroides 3.84
2w Finegoldia 2.49
2w Negativicoccus 2.3
6w Lactobacillus 4.31
6w Actinomyces 3.99
6w Hungatella 3.42
6w Megasphaera 3.4
6w Candidatus Stoquefichus 2.5
6w Halomonas 2.49
6w Aeribacillus 2.12
12w Bifidobacterium 53
12w Bacteroides 4.54
12w Rothia 2.85
12 w Varibaculum 2.85
12w Ruminiclostridium 2.15
ly Faecalibacterium 4.69
ly Anaerostipes 4.32
ly Veillonella 4.23
ly Akkermansia 4.01
ly Lachnoclostridium 3.79
ly Erysipelatoclostridium 3.77
ly Lachnospira 3.75
ly [Eubacterium] eligens group 3.55
ly Prevotella 2 3.38
ly [Clostridium] innocuum group 3.38
ly Flavonifractor 3.2
ly Sutterella 3.16
ly Tyzzerella 4 3.09
ly Lachnospiraceae UCG-004 3.08
ly Eggerthella 2.98
ly Parasutterella 2.97
ly Clostridioides 2.67
ly Tyzzerella 3 2.6
ly CAG:352 2.54
ly Lactococcus 2.48
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Supplementary Table 7.12 (continued).

3y
3y
3y
3y
3y
3y
3y
3y
3y
3y
3y
3y
3y
3y
3y
3y
3y
3y
3y
3y
3y
3y
3y
3y

Blautia

Prevotella 9

Ruminococcus 2
Fusicatenibacter

Roseburia

Subdoligranulum

Dialister

[Eubacterium] hallii group
Erysipelotrichaceae UCG-003
Dorea

Lachnospiraceae ND3007 group
Ruminococcus 1

Lachnospiraceae NK4A136 group
Intestinibacter

[Eubacterium| coprostanoligenes group
[Ruminococcus| torques group
Ruminococcaceae UCG-002
Alistipes

uncultured genus
Christensenellaceae R-7 group
Romboutsia
Phascolarctobacterium
Butyricicoccus

Coprococcus 2

uncultured bacterium
[Ruminococcus| gauvreauii group
Barnesiella

Coprococcus 3

Prevotella 7

Senegalimassilia

Coprococcus 1

Ruminococcaceae UCG-013
Holdemanella

Paraprevotella

Terrisporobacter

[Eubacterium| ventriosum group
Ruminococcaceae NK4A214 group
Sarcina

Ruminococcaceae UCG-005
Sellimonas

[Eubacterium] ruminantium group
Lachnospiraceae UCG-001
Ruminiclostridium 6

4.78
4.56
431
4.09
4.08
4.06
4.03
3.88
3.87
3.85
3.79
3.74
3.65
3.65
3.65
3.58
3.53
35

3.49
3.45
3.42
3.41
3.4

3.4

3.35
3.33
3.26
3.25
3.2

3.14
3.06
3.02
2.99
2.99
2.98
2.98
2.94
2.93
2.93
2.9

2.81
2.81
2.8
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Supplementary Table 7.12 (continued).

238

3y
3y
3y
3y
3y
3y
3y
3y
3y
3y
3y
3y
3y
3y
3y
3y
3y
3y
3y
3y
3y
3y

Lachnospiraceae FCS020 group
Ruminococcaceae UCG-014
Ruminococcaceae UCG-004
Adlercreutzia

Lachnospiraceae UCG-003
CAG:56

[Eubacterium] xylanophilum group
Alloprevotella

Gordonibacter
Ruminiclostridium 5
Ruminococcaceae UCG-003
Turicibacter

Butyrivibrio

Family XII1 AD3011 group
Odoribacter

Mollicutes RF39 uncultured bacterium
Oscillibacter

Anaeroplasma
Methanobrevibacter
Marvinbryantia

Butyricimonas
Ruminiclostridium 9

2.78
2.76
2.75
2.67
2.64
2.63
2.63
2.62
2.54
2.53
2.52
2,51
25

2.45
2.4

2.4

2.36
2.23
2.22
2.15
2.1

2.09
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Supplementary Table 7.13. Pearson correlations between actual and predicted results from
random forest models.

Behaviour at Age of the Median of Permutation  Adjusted
age three gut microbiota  Pearson corre- p-value permutation
lation coefficient p-value
2w 0.04 0.91 1.00
6w 0.05 0.87 1.00
CBCL 12w 0.02 0.96 1.00
Internalizing (M) 1y -0.09 0.80 1.00
3y -0.16 0.59 1.00
2w 0.00 0.99 1.00
6w -0.33 0.32 1.00
CBCL 12w 0.13 0.71 1.00
Externalizing (M) 1y 0.09 0.78 1.00
3y -0.11 0.73 1.00
2w 0.05 0.88 1.00
6w -0.03 0.91 1.00
SDQ 12w 0.28 0.37 1.00
Internalizing (M) 1y -0.16 0.67 1.00
3y 0.06 0.85 1.00
2w 0.05 0.88 1.00
6w -0.29 0.37 1.00
SDQ 12w 0.10 0.78 1.00
Externalizing (M) 1y 0.02 0.94 1.00
3y 0.14 0.67 1.00
2w 0.12 0.70 1.00
6w 0.07 0.85 1.00
BRIEF-P 12w 0.10 0.77 1.00
Total Score (M) ly 0.06 0.82 1.00
3y -0.09 0.76 1.00
2w -0.15 0.65 1.00
6w -0.07 0.84 1.00
REEF 12w -0.15 0.66 1.00
Total Score (M) ly -0.01 0.99 1.00
3y -0.11 0.74 1.00
2w -0.07 0.83 1.00
6w 0.32 0.32 1.00
Flanker 12w 0.07 0.84 1.00
ly -0.17 0.63 1.00
3y 0.07 0.83 1.00
2w 0.09 0.82 1.00
6w -0.06 0.88 1.00
Whisper 12w 0.23 0.52 1.00
ly 0.28 0.37 1.00
3y -0.03 0.93 1.00
2w 0.02 0.94 1.00
6w 0.25 0.39 1.00
Gift Wrap 12w 0.14 0.67 1.00
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Supplementary Table 7.13 (continued).

ly -0.02 0.93 1.00
3y -0.37 0.23 1.00
2w -0.15 0.56 1.00
6w -0.09 0.89 1.00
Gift Delay 12w 0.00 1.00 1.00
ly 0.32 0.32 1.00
3y 0.04 0.91 1.00

N=1000 permutation tests were performed. FDR adjustments were conducted to the p-values.
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Supplementary Table 7.18. Mediation analyses estimates of model 1 and model 2 with diet
quality as dependent variable.

Model description Effect SE 95% Cl
(beta) LL uL

Model 1 Caregiving quality, IC BRIEF, Diet quality
Direct effect

Caregiving quality 5w — Diet quality -0.97 0.64 -222 0.29
Caregiving quality 12m — Diet quality -0.20 1.15 -2.45 205
Caregiving quality 2.5y — Diet quality -0.61 2.08 -4.68 3.46
Caregiving quality 10y — Diet quality -0.97 140 -3.72 1.79
Caregiving quality 14y — Diet quality -0.15 1.00 -2.10 181
IC BRIEF — Diet quality -1.17 3.15 -7.34 499
Caregiving quality 5w — 1C BRIEF 0.03 0.02 0.00 0.07
Caregiving quality 12m — IC BRIEF 0.00 0.03 -0.06 0.06
Caregiving quality 2.5y — IC BRIEF 0.03 0.06 -0.09 0.14
Caregiving quality 10y — IC BRIEF -0.01 0.04 -0.08 0.07
Caregiving quality 14y — IC BRIEF 0.00 0.03 -0.05 0.06
Partial mediation
Caregiving quality 5w — 1C BRIEF — Diet quality -0.04 0.10 -0.23 0.16
Caregiving quality 12m — IC BRIEF — Diet quality 0.00 0.04 -0.07 0.07
Caregiving quality 2.5y — IC BRIEF — Diet quality -0.03 0.11 -0.24 0.18
Caregiving quality 10y — IC BRIEF — Diet quality 0.01 0.05 -0.09 o0.11
Caregiving quality 14y — IC BRIEF — Diet quality 0.00 0.03 -0.07 0.06
Full mediation

Caregiving quality 5w — IC BRIEF — Diet quality -1.00 0.63 -224 0.24
— Caregiving quality 5w

Caregiving quality 12m — IC BRIEF — Diet quality -0.20 1.15 -2.45 205
— Caregiving quality 12m

Caregiving quality 2.5y — IC BRIEF — Diet quality -0.64 2.08 -470 3.43
— Caregiving quality 2.5y

Caregiving quality 10y — IC BRIEF — Diet quality -0.96 140 -371 1.80
— Caregiving quality 10y

Caregiving quality 14y — IC BRIEF — Diet quality -0.15 1.00 -2.11 1.80

— Caregiving quality 14y

Model 2 Caregiving quality, IC composite, Diet quality
Direct effect

Caregiving quality 5w — Diet quality -0.88 0.58 -2.02 0.25
Caregiving quality 12m — Diet quality -0.17 120 -252 218
Caregiving quality 2.5y — Diet quality -1.18 1.94 -497 262
Caregiving quality 10y — Diet quality -1.17 1.23 -358 1.23
Caregiving quality 14y — Diet quality -0.51 086 -2.19 1.18
IC composite — Diet quality 5.22* 234 0.64 9.80
Caregiving quality 5w — IC composite -0.04 0.02 -0.08 0.01
Caregiving quality 12m — IC composite -0.06 0.04 -0.14 0.02
Caregiving quality 2.5y — IC composite 0.03 0.08 -0.12 0.18
Caregiving quality 10y — IC composite -0.04 0.05 -0.13 0.06
Caregiving quality 14y — IC composite 0.00 0.04 -0.07 0.08

Partial mediation
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Supplementary Table 7.18. (continued).

Caregiving quality 5w — IC composite — Diet quality -0.19 0.16
Caregiving quality 12m — IC composite — Diet quality -0.30 0.24
Caregiving quality 2.5y — IC composite — Diet quality 0.15 0.39
Caregiving quality 10y — IC composite — Diet quality  -0.20 0.26
Caregiving quality 14y — IC composite — Diet quality ~ 0.03 0.19
Full mediation

Caregiving quality 5w — IC composite — Diet quality -1.08 0.59
— Caregiving quality bw

Caregiving quality 12m — IC composite — Diet quality -0.47 1.21
— Caregiving quality 12m

Caregiving quality 2.5y — IC composite — Diet quality -1.03 1.97
— Caregiving quality 2.5y

Caregiving quality 10y — IC composite — Diet quality  -1.37 1.22
— Caregiving quality 10y

Caregiving quality 14y — IC composite — Diet quality  -0.48 0.89
— Caregiving quality 14y

-0.50
-0.78
-0.62
-0.70
-0.35
-2.24
-2.84
-4.90
-3.76

-2.23

0.11
0.18
0.91
0.31
0.40
0.08
1.90
2.84
1.01

1.27

Note that the BRIEF is reverse scored to align with our inhibitory control measures. Hence
higher scores on the BRIEF indicate better inhibitory control. SE: Standard Effect, Cl: Con-
fidence interval, LL: Lower limit, UL: Upper limit, IC: Inhibitory control, BRIEF: Behavior
Rating Inventory of Executive Functions, 5w: five weeks, 12m: 12 months, 2.5y: 2.5 years,

10y: 10 years, 14y: 14 years, *p<0.05.
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Supplementary Table 7.19. Mediation analyses estimates of model 3 and model 4 with emo-
tional eating as dependent variable.

Model description Effect SE 95% ClI
(beta) LL UL

Model 3 Caregiving quality, IC BRIEF, Emotional Eating

Direct effect

Caregiving quality 5w — Emotional Eating 0.25 0.33 -0.41 0.90
Caregiving quality 12m — Emotional Eating -0.36 0.58 -149 0.77
Caregiving quality 2.5y — Emotional Eating 1.03 1.07 -1.07 3.13
Caregiving quality 10y — Emotional Eating 0.00 0.74 -1.45 1.46
Caregiving quality 14y — Emotional Eating -0.78 0.53 -1.82 0.25
IC BRIEF — Emotional Eating -0.17 1.68 -3.46 3.13
Caregiving quality 5w — IC BRIEF 0.03 0.02 0.00 0.06
Caregiving quality 12m — IC BRIEF -0.01 0.03 -0.06 0.05
Caregiving quality 2.5y — IC BRIEF 0.02 0.05 -0.09 0.12
Caregiving quality 10y — IC BRIEF -0.02 0.04 -0.09 0.05
Caregiving quality 14y — IC BRIEF 0.00 0.03 -0.05 0.05
Partial mediation
Caregiving quality 5w — IC BRIEF — Emotional 0.00 0.05 -0.10 0.09
Eating
Caregiving quality 12m — IC BRIEF — Emotional 0.00 0.01 -0.02 0.03
Eating
Caregiving quality 2.5y — IC BRIEF — Emotional 0.00 0.03 -0.06 0.05
Eating
Caregiving quality 10y — IC BRIEF — Emotional 0.00 0.03 -0.06 0.06
Eating
Caregiving quality 14y — IC BRIEF — Emotional 0.00 0.01 -0.01 0.01
Eating
Full mediation
Caregiving quality 5w — IC BRIEF — Emotional 0.24 0.33 -0.41 0.89
Eating — Caregiving quality 5w
Caregiving quality 12m — IC BRIEF — Emotional -0.36 0.58 -149 0.77
Eating — Caregiving quality 12m
Caregiving quality 2.5y — IC BRIEF — Emotional 1.03 1.07 -1.07 3.13
Eating — Caregiving quality 2.5y
Caregiving quality 10y — IC BRIEF — Emotional 0.01 0.74 -1.44 1.46
Eating — Caregiving quality 10y
Caregiving quality 14y — IC BRIEF — Emotional -0.78 0.53 -1.82 0.25

Eating — Caregiving quality 14y
Model 4 Caregiving quality, IC composite, Emotional Eating
Direct effect

Caregiving quality 5w — Emotional Eating 0.29 0.33 -0.36 0.94
Caregiving quality 12m — Emotional Eating -0.30 0.58 -1.43 0.83
Caregiving quality 2.5y — Emotional Eating 1.01 1.07 -1.08 3.10
Caregiving quality 10y — Emotional Eating 0.05 0.74 -140 1.50
Caregiving quality 14y — Emotional Eating -0.79 0.53 -1.82 0.24
IC composite — Emotional Eating 1.33 1.29 -120 3.85
Caregiving quality 5w — 1C composite -0.04 0.02 -0.08 0.01
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Supplementary Table 7.19. (continued).

Caregiving quality 12m — IC composite -0.05 0.04 -0.12 0.03
Caregiving quality 2.5y — IC composite 0.02 0.0 -0.12 0.15
Caregiving quality 10y — IC composite -0.03 0.05 -0.12 0.06
Caregiving quality 14y — IC composite 0.00 0.03 -0.06 0.07

Partial mediation
Caregiving quality 5w — IC composite — Emotional -0.05 0.06 -0.16 0.06
Eating
Caregiving quality 12m — IC composite — Emotional -0.06 0.08 -0.22 0.09
Eating
Caregiving quality 2.5y — IC composite — Emotional  0.02 0.09 -0.16 0.21
Eating
Caregiving quality 10y — IC composite — Emotional  -0.04 0.08 -0.19 0.11
Eating
Caregiving quality 14y — IC composite — Emotional ~ 0.01 0.05 -0.08 0.10
Eating

Full mediation
Caregiving quality 5w — IC composite — Emotional 0.24 0.33 -0.41 0.89
Eating — Caregivingquality 5w
Caregiving quality 12m — IC composite — Emotional -0.36 0.58 -1.49 0.77
Eating — Caregiving quality 12m
Caregiving quality 2.5y — IC composite — Emotional 1.03 1.07 -1.07 3.13
Eating — Caregiving quality 2.5y
Caregiving quality 10y — IC composite — Emotional  0.01 0.74 -144 1.46
Eating — Caregiving quality 10y
Caregiving quality 14y — IC composite — Emotional  -0.78 0.53 -1.82 0.25
Eating — Caregiving quality 14y

Note that the BRIEF is reverse scored to align with our inhibitory control measures. Hence
higher scores on the BRIEF indicate better inhibitory control. Cl: Confidence interval, LL:
Lower limit, UL: Upper limit, IC: Inhibitory control, BRIEF: Behavior Rating Inventory of
Executive Functions, 5w: five weeks, 12m: 12 months, 2.5y: 2.5 years, 10y: 10 years, 14y: 14
years.
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Supplementary Table 7.20. Mediation analyses estimates of Exploratory model 1, 2 and 3 with
diet quality as dependent variable.

Partial mediation

Model description Effect SE 95% ClI
(beta) LL uL

Exploratory model 1 Caregiving quality, STROOP, Diet quality

Direct effect
Caregiving quality 5w — Diet quality -1.10 0.64 -2.36 0.1
Caregiving quality 12m — Diet quality 0.33 1.19 -2.00 2.66
Caregiving quality 2.5y — Diet quality -0.73 2.11 -4.86 3.4
Caregiving quality 10y — Diet quality -0.79 1.42 -3.58 2.0
Caregiving quality 14y — Diet quality -0.31 1.01 -2.29 1.6
STROOP — Diet quality 0.28 0.22 -0.14 0.70
Caregiving quality 5w — STROOP 0.08 0.26 -0.43 0.59
Caregiving quality 12m — STROOP -1.21*  0.47 -2.13 -0.29
Caregiving quality 2.5y — STROOP 0.61 0.85 -1.05 2.28
Caregiving quality 10y — STROOP -0.03 0.58 -1.16 1.10
Caregiving quality 14y — STROOP -0.22 0.41 -1.02 0.58

Partial mediation
Caregiving quality 5w — STROOP — Diet quality 0.02 0.07 -0.12 0.17
Caregiving quality 12m — STROOP — Diet quality  -0.34 0.29 -0.91 0.23
Caregiving quality 2.5y — STROOP — Diet quality  0.17 0.27 -0.36 0.70
Caregiving quality 10y — STROOP — Diet quality -0.01 0.16 -0.32 0.31
Caregiving quality 14y — STROOP — Diet quality -0.06 0.12 -0.30 0.18

Full mediation
Caregiving quality 5w — STROOP — Diet quality -1.08 0.65 -2.35 0.19
— Caregiving quality 5w
Caregiving quality 12m — STROOP — Diet quality ~ -0.01 1.17 -2.30 2.28
— Caregiving quality 12m
Caregiving quality 2.5y — STROOP — Diet quality  -0.56 2.11 -4.70 3.59
— Caregiving quality 2.5y
Caregiving quality 10y — STROOP — Diet quality -0.80 1.43 -3.60 2.01
— Caregiving quality 10y
Caregiving quality 14y — STROOP — Diet quality -0.37 1.01 -2.36 1.62
— Caregiving quality 14y

Exploratory Model 2 Caregiving quality, Go/No-Go, Diet quality

Direct effect
Caregiving quality 5w — Diet quality -1.01 0.66 -2.30 0.28
Caregiving quality 12m — Diet quality 0.00 1.17 -2.28 2.29
Caregiving quality 2.5y — Diet quality -0.53 2,11 -4.67 3.61
Caregiving quality 10y — Diet quality -0.81 1.43 -3.61 1.99
Caregiving quality 14y — Diet quality -0.35 1.01 -2.33 1.64
Go/No-Go — Diet quality -0.16 0.27 -0.70 0.37
Caregiving quality 5w — Go/No-Go 0.43* 0.21 0.03 0.84
Caregiving quality 12m — Go/No-Go 0.07 0.37 -0.66 0.80
Caregiving quality 2.5y — Go/No-Go 0.16 0.68 -1.17 1.48
Caregiving quality 10y — Go/No-Go -0.07 0.46 -0.96 0.83
Caregiving quality 14y — Go/No-Go 0.16 0.32 -0.48 0.80
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Supplementary Table 7.20. (continued).

Caregiving quality 5w — Go/No-Go — Diet quality -0.07 0.12 -0.31 0.17
Caregiving quality 12m — Go/No-Go — Diet quality -0.01 0.06 -0.14 0.11
Caregiving quality 2.5y — Go/No-Go — Diet quality -0.03 0.12 -0.26 0.21
Caregiving quality 10y — Go/No-Go — Diet quality ~ 0.01 0.08 -0.14 0.16
Caregiving quality 14y — Go/No-Go — Diet quality =~ -0.03 0.07 -0.16 0.11
Full mediation

Caregiving quality 5w — Go/No-Go — Diet quality -1.08 0.65 -2.35 0.19
— Caregiving quality bw

Caregiving quality 12m — Go/No-Go —Diet quality =~ -0.01 1.17 -2.30 2.28
— Caregiving quality 12m

Caregiving quality 2.5y — Go/No-Go — Diet quality -0.56 211 -4.70 3.59
«— Caregiving quality 2.5y

Caregiving quality 10y — Go/No-Go — Diet quality = -0.80 1.43 -3.60 2.01
— Caregiving quality 10y

Caregiving quality 14y — Go/No-Go — Diet quality =~ -0.37 1.01 -2.36 1.62
— Caregiving quality 14y

Exploratory model 3 Caregiving quality, Monetary choice, Diet quality
Direct effect

Caregiving quality 5w — Diet quality -0.97 0.63 -2.21 0.28
Caregiving quality 12m — Diet quality -0.24 1.15 -2.49 2.01
Caregiving quality 2.5y — Diet quality -0.79 2.07 -4.85 3.27
Caregiving quality 10y — Diet quality -0.43 141 -3.19 2.33
Caregiving quality 14y — Diet quality -0.72 1.00 -2.69 1.25
Monetary choice — Diet quality -551* 229 -10.01 -1.01
Caregiving quality 5w — Monetary choice 0.02 0.02 -0.03 0.07
Caregiving quality 12m — Monetary choice -0.04 0.04 -0.13 0.04
Caregiving quality 2.5y — Monetary choice -0.04 0.08 -0.20 0.11
Caregiving quality 10y — Monetary choice 0.07 0.05 -0.04 0.17
Caregiving quality 14y — Monetary choice -0.06 0.04 -0.14 0.01
Partial mediation

Caregiving quality 5w — Monetary choice — Diet -0.12 0.14 -0.39 0.16
quality

Caregiving quality 12m — Monetary choice — Diet 0.23 0.26 -0.27 0.74
quality

Caregiving quality 2.5y — Monetary choice — Diet 0.23 0.44 -0.64 1.10
quality

Caregiving quality 10y — Monetary choice — Diet -0.37 0.33 -1.02 0.28
quality

Caregiving quality 14y — Monetary choice — Diet 0.35 0.25 -0.15 0.85
quality

Full mediation

Caregiving quality 5w — Monetary choice — Diet -1.08 0.65 -2.35 0.19
quality — Caregiving quality 5w

Caregiving quality 12m — Monetary choice —Diet -0.01 1.17 -2.30 2.28

quality — Caregiving quality 12m
Caregiving quality 2.5y — Monetary choice — Diet -0.56 2.11 -4.70 3.59
quality — Caregiving quality 2.5y

256



Chapter 7. Supplementary Materials

Supplementary Table 7.20. (continued).

Caregiving quality 10y — Monetary choice — Diet -0.80 1.43 -3.60 2.01
quality — Caregiving quality 10y
Caregiving quality 14y — Monetary choice — Diet -0.37 1.01 -2.36 1.62

quality — Caregiving quality 14y

SE: Standard Effect, Cl: Confidence interval, LL: Lower limit, UL: Upper limit, 5w: five weeks,
12m: 12 months, 2.5y: 2.5 years, 10y: 10 years, 14y: 14 years, *p<0.05.
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Supplementary Table 7.21. Mediation analyses estimates of Exploratory model 4, 5 and 6 with
emotional eating as dependent variable.

Model description Effect SE 95% ClI
(beta) LL UL

Exploratory model 4 Caregiving quality, STROOP, Emotional eating

Direct effect

Caregiving quality 5w — Emotional eating 0.22 0.33 -0.42 0.87
Caregiving quality 12m — Emotional eating -0.15 0.59 -1.30 1.00
Caregiving quality 2.5y — Emotional eating 0.97 1.06 -1.12 3.05
Caregiving quality 10y — Emotional eating 0.04 0.73 -1.40 1.48
Caregiving quality 14y — Emotional eating -0.73 0.52 -1.75 0.30
STROOP — Emotional eating 0.16 0.11 -0.05 0.38
Caregiving quality 5w — STROOP 0.13 0.26 -0.37 0.63
Caregiving quality 12m — STROOP -1.33* 045 -220 -0.46
Caregiving quality 2.5y — STROOP 0.32 0.83 -1.30 1.95
Caregiving quality 10y — STROOP -0.11 0.57 -1.23 1.01
Caregiving quality 14y — STROOP -0.26 0.40 -1.06 0.53

Partial mediation
Caregiving quality 5w — STROOP — Emotional 0.02 0.04 -0.07 0.11
eating
Caregiving quality 12m — STROOP — Emotional  -0.22 0.16 -0.53 0.10
eating
Caregiving quality 2.5y — STROOP — Emotional 0.05 0.14 -0.22 0.33
eating
Caregiving quality 10y — STROOP — Emotional -0.02 0.09 -0.20 0.17
eating
Caregiving quality 14y — STROOP — Emotional -0.04 0.07 -0.18 0.10
eating

Full mediation
Caregiving quality 5w — STROOP — Emotional 0.25 0.33 -0.40 0.89
eating — Caregiving quality 5w
Caregiving quality 12m — STROOP — Emotional  -0.37 0.58 -150 0.76
eating — Caregiving quality 12m
Caregiving quality 2.5y — STROOP — Emotional 1.02 1.07 -1.08 3.12
eating — Caregiving quality 2.5y
Caregiving quality 10y — STROOP — Emotional 0.02 0.74 -143 1.48
eating — Caregiving quality 10y
Caregiving quality 14y — STROOP — Emotional -0.77 0.53 -1.80 0.26
eating — Caregiving quality 14y

Exploratory Model 5 Caregiving quality, Go/No-Go, Emotional eating

Direct effect

Caregiving quality 5w — Emotional eating 0.24 0.34 -0.42 0.90
Caregiving quality 12m — Emotional eating -0.36 0.58 -149 0.77
Caregiving quality 2.5y — Emotional eating 1.03 1.07 -1.07 3.13
Caregiving quality 10y — Emotional eating 0.01 0.74 -1.44 1.46
Caregiving quality 14y — Emotional eating -0.79 0.53 -1.82 0.25
Go/No-Go — Emotional eating 0.01 0.14 -0.27 0.29
Caregiving quality 5w — Go/No-Go 0.39* 0.19 0.01 0.77

258



Chapter 7. Supplementary Materials

Supplementary Table 7.21. (continued).

Caregiving quality 12m — Go/No-Go 0.04 0.34 -0.62 0.70
Caregiving quality 2.5y — Go/No-Go 0.13 0.63 -1.10 1.37
Caregiving quality 10y — Go/No-Go -0.19 0.43 -1.04 0.67
Caregiving quality 14y — Go/No-Go 0.09 0.31 -0.52 0.69

Partial mediation
Caregiving quality 5w — Go/No-Go — Emotional 0.00 0.06 -0.11 0.11
eating
Caregiving quality 12m — Go/No-Go — Emotional  0.00 0.01 -0.01 o0.01
eating
Caregiving quality 2.5y — Go/No-Go — Emotional  0.00 0.02 -0.04 0.04
eating
Caregiving quality 10y — Go/No-Go — Emotional  0.00 0.03 -0.05 0.05
eating
Caregiving quality 14y — Go/No-Go — Emotional  0.00 0.01 -0.02 0.02
eating
Full mediation
Caregiving quality 5w — Go/No-Go — Emotional 0.24 0.33 -0.41 0.89
eating — Caregiving quality 5w
Caregiving quality 12m — Go/No-Go —Emotional  -0.36 058 -1.49 0.77
eating — Caregiving quality 12m
Caregiving quality 2.5y — Go/No-Go — Emotional  1.03 1.07 -1.07 3.13
eating — Caregiving quality 2.5y
Caregiving quality 10y — Go/No-Go — Emotional ~ 0.01 0.74 -145 1.46
eating — Caregiving quality 10y
Caregiving quality 14y — Go/No-Go — Emotional  -0.78 0.53 -1.82 0.25
eating — Caregiving quality 14y
Exploratory model 6 Caregiving quality, Monetary choice, Emotional eating
Direct effect

Caregiving quality 5w — Emotional eating 0.25 0.33 -0.40 0.90
Caregiving quality 12m — Emotional eating -0.37 0.58 -1.50 0.76
Caregiving quality 2.5y — Emotional eating 1.03 1.07 -1.07v 3.12
Caregiving quality 10y — Emotional eating 0.03 0.74 -142 1.49
Caregiving quality 14y — Emotional eating -0.81 053 -185 0.24
Monetary choice — Emotional eating -0.42 1.19 -274 191
Caregiving quality 5w — Monetary choice 0.03 0.02 -0.02 0.07
Caregiving quality 12m — Monetary choice -0.02 0.04 -0.10 0.06
Caregiving quality 2.5y — Monetary choice 0.00 0.08 -0.15 0.15
Caregiving quality 10y — Monetary choice 0.05 0.05 -0.05 0.15
Caregiving quality 14y — Monetary choice -0.06 0.04 -0.13 0.01
Partial mediation

Caregiving quality 5w — Monetary choice -0.01 0.03 -0.08 0.05
— Emotional eating

Caregiving quality 12m — Monetary choice 0.01 0.03 -0.05 0.07
— Emotional eating

Caregiving quality 2.5y — Monetary choice 0.00 0.03 -0.06 0.06
— Emotional eating

Caregiving quality 10y — Monetary choice -0.02 0.06 -0.14 0.10
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Supplementary Table 7.21. (continued).

— Emotional eating
Caregiving quality 14y — Monetary choice 0.03 0.0v -0.12 0.17
— Emotional eating

Full mediation

Caregiving quality 5w — Monetary choice 0.24 0.33 -0.41 0.89
— Emotional eating — Caregiving quality 5w

Caregiving quality 12m — Monetary choice -0.36 0.58 -1.49 0.77
— Emotional eating — Caregiving quality 12m

Caregiving quality 2.5y — Monetary choice | 1.03 1.07 -1.07 3.12
— Emotional eating — Caregiving quality 2.5y

Caregiving quality 10y — Monetary choice 0.01 0.74 -1.44 1.46
— Emotional eating — Caregiving quality 10y

Caregiving quality 14y — Monetary choice -0.78 0.53 -1.81 0.25

— Emotional eating — Caregiving quality 14y

SE: Standard Effect, Cl: Confidence interval, LL: Lower limit, UL: Upper limit, 5w: five weeks,
12m: 12 months, 2.5y: 2.5 years, 10y: 10 years, 14y: 14 years, *p<0.05.
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Supplementary Table 7.22. Exploratory mediation models with the caregiving scores combined.

Model description Effect SE 95% Cl
(beta) LL UL

Exploratory model 7 Caregiving quality composite,
IC BRIEF, Diet quality
Direct effect

Caregiving quality composite — Diet quality -3.99 266 -9.20 1.21
IC BRIEF — Diet quality -1.54 3.13 -7.68 4.60
Caregiving quality composite — |C BRIEF 0.08 0.07 -0.07 0.22
Partial mediation
Caregiving quality composite — IC BRIEF — -0.12 0.26 -0.64 0.40
Diet quality
Full mediation
Caregiving quality composite — IC BRIEF — -4.11 2.65 -9.30 1.08

Diet quality — Caregiving quality composite
Exploratory model 8 Caregiving quality composite,
IC composite, Diet quality
Direct effect

Caregiving quality composite — Diet quality -3.46 241 -8.18 1.26
IC composite — Diet quality 546* 233 091 10.02
Caregiving quality composite — IC composite -0.12 0.10 -0.31 0.08
Partial mediation
Caregiving quality composite — IC composite — -0.65 0.63 -1.89 0.60
Diet quality
Full mediation
Caregiving quality composite — IC composite — -4.11 244 -8.89 0.67

Diet quality — Caregiving quality composite
Exploratory model 9 Caregiving quality composite,
IC BRIEF, Emotional eating
Direct effect

Caregiving quality composite — Emotional eating -0.41 139 -313 231

IC BRIEF — Emotional eating 0.07 1.69 -3.24 337

Caregiving quality composite — |C BRIEF 0.04 0.07 -0.10 0.17
Partial mediation

Caregiving quality composite — IC BRIEF — 0.00 0.06 -0.12 0.13

Emotional eating

Full mediation
Caregiving quality composite — IC BRIEF — -0.41 1.39 -312 231
Emotional eating — Caregiving quality composite

Exploratory model 10 Caregiving quality composite,

IC composite, Emotional eating

Direct effect

Caregiving quality composite — Emotional eating -0.22 140 -295 252

IC composite — Emotional eating 1.27 130 -1.28 381

Caregiving quality composite — IC composite -0.15 0.09 -0.32 0.03
Partial mediation

Caregiving quality composite — IC composite — -0.19 022 -0.63 0.25
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Supplementary Table 7.22. (continued).

Emotional eating

Full mediation
Caregiving quality composite — IC composite — -0.50 138 -320 221
Emotional eating — Caregiving quality composite

Note that the BRIEF is reverse scored to align with our inhibitory control measures. Hence
higher scores on the BRIEF indicate better inhibitory control. *p<0.05, Cl: Confidence inter-
val, LL: Lower limit, UL: Upper limit, IC: Inhibitory control, BRIEF: Behavior Rating Inventory
of Executive Functions.
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Nederlandse samenvatting

Dit proefschrift bevat cross-sectionele en longitudinale onderzoeken die verban-
den tussen voeding en gedrag onderzochten. Voor gedrag is er onder andere specifiek
gekeken naar executieve functies en inhibitievermogen. Executieve functies zijn belan-
grijke processen die plaatsvinden in het brein om doelgerichte handelingen zo efficiént
mogelijk uit te voeren. Hierbij kan men bijvoorbeeld denken aan het bakken van een
taart: wanneer de oven wordt aangezet voordat het beslag wordt gemaakt, dan is de
oven al op temperatuur wanneer het beslag klaar is. Inhibitie, ofwel het vermogen om
impulsen te beheersen, speelt een belangrijke rol in deze executieve functies.

De onderzochte verbanden in dit proefschrift reiken van het vroege leven tot de
adolescentie. De darmbacterie-brein as, ofwel de communicatieroute tussen de darm-
bacterién en het brein, is een belangrijk mechanisme dat de verwachte verbanden zou
kunnen verklaren. Het eerste doel van dit proefschrift was om de relaties te onderzoeken
tussen borstvoedingsfactoren en gedrag bij peuters. Het tweede doel was om de relaties
te onderzoeken tussen darmbacterién en gedrag bij peuters. Het derde doel was om
de rol van de kwaliteit van de zorg van de moeder, meerdere keren gemeten tussen
geboorte van het kind en de adolescentie, in het voedingsgedrag van adolescenten te
onderzoeken.

In hoofdstuk 2 is onderzocht of de lengte van de borstvoedingsperiode, ofwel
borstvoedingsduur, het inhibitievermogen van een peuter voorspelt. Vervolgens is on-
derzocht of de dieetkwaliteit van een peuter een tussenrol speelt in deze voorspelling. In
de eerste drie jaren na de bevalling, hebben moeders de borstvoedingsduur bijgehouden.
Op driejarige leeftijd is het inhibitievermogen van het kind in kaart gebracht met be-
hulp van vier verschillende gedragstaken. Ook zijn er vragenlijsten bij beide ouders
afgenomen om het gedrag van het kind in kaart te brengen. De voedingsvragenlijst over

de voedingsinname van de peuters is ingevuld door één van de ouders. Er is geen bewijs
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gevonden voor een verband tussen borstvoedingsduur en inhibitievermogen. Resultaten
van voorgaand onderzoek op dit onderwerp liepen al uiteen, waarschijnlijk onder meer
door het gebruik van verschillende meetmethoden. Net als voorgaand onderzoek wees
ons onderzoek wel uit dat langere borstvoedingsduur een betere dieetkwaliteit van de
peuters voorspelt. Het is echter niet duidelijk wat het mechanisme achter dit verband
is. Hoe belangrijk moeders gezonde voeding vinden is mogelijk een belangrijke speler
in dit verband.

In hoofdstuk 3 is er onderzocht of humane melk oligosachariden (HMOs), de ex-
ecutieve functies en het inhibitievermogen van peuters voorspelt. HMOs zijn complexe
suikers die aanwezig zijn in moedermelk. Moeders hebben hiervoor op twee, zes en 12
weken een kleine hoeveelheid melk verzameld. Van deze melk is de HMO-samenstelling
geanalyseerd. Dezelfde meetmethoden benoemd in hoofdstuk 2 zijn gebruikt om exe-
cutieve functies en inhibitie bij de peuters te meten. Resultaten lieten zien dat hoge
niveaus van gefucosyleerde HMOs gerelateerd zijn aan betere executieve functies bij
peuters. Er is geen bewijs gevonden voor een verband tussen gesialyleerde HMOs
en executieve functies bij peuters. Onze resultaten wat betreft gefucosyleerde HMOs
komen overeen met voorgaand soortgelijk onderzoek in dieren en mensen. Onze re-
sultaten over gesialyleerde HMOs komen gedeeltelijk overeen met soortgelijke studies.
Dit komt omdat er uiteenlopende resultaten zijn gevonden in voorgaand onderzoek.
Deze verschillen zijn te verklaren door het gebruik van verschillende onderzoeksmeth-
oden en de leeftijden waarop het gedrag van de kinderen is gemeten. Dit is het eerste
onderzoek bij mensen dat HMOs heeft gemeten op drie tijdspunten binnen de eerste
drie maanden. Replicatie van dit onderzoek is daarom belangrijk.

In hoofdstuk 4 zijn de relaties tussen darmbacterién en executieve functies (in-
clusief inhibitievermogen) van peuters onderzocht. Dezelfde meetmethoden benoemd
in hoofdstuk 2 zijn gebruikt om de executieve functies en inhibitie te meten. Op twee,

zes en 12 weken en op één en drie jaar, is de compositie van de darmbacterién van
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het kind geanalyseerd. Er zijn verbanden gevonden tussen hogere niveaus van Strep-
tococcus, [Ruminococcus] Torques groep, Clostridium sensu stricto 1, Intestinibac-
ter, en Halomonas en verminderde executieve functies bij peuters. Een hoger niveau
van Bacteroides, Parabacteroides, Ruminococcus 2, en Blautia en een hogere diver-
siteit aan verschillende soorten darmbacterién bleken gerelateerd aan betere executieve
functies. Hogere niveaus van Bacteroides, Ruminococcaceae UCG-013 en Veillonella
voorspelden betere inhibitievermogen. Hogere niveaus van Subdoligranulum, Lach-
nospiraceae NK4A136, Anaerostipes, Sutterella en Coprococcus 3 voorspelden vermin-
derde inhibitievermogen in peuters. Resultaten van voorgaande onderzoeken overlappen
gedeeltelijk met de bevindingen van dit proefschrift. Zo heeft eerder onderzoek ook een
verband gevonden tussen Bacteroides en beter inhibitievermogen. Er zijn echter ook
verbanden gevonden die niet in voorgaand onderzoek naar voren kwamen. Verschillen
tussen de resultaten van ons onderzoek en eerder onderzoek komt mede doordat er
sprake is van verschillende leeftijden en gedragsmaten die zijn onderzocht. Meer (repli-
catie) onderzoek is nodig om de gevonden relaties te bevestigen en de bewijskracht te
versterken.

In hoofdstuk 5 zijn de voorspellers van de kwaliteit van voeding van adolescenten
onderzocht. Kwaliteit van zorg van de moeder is onderzocht op de kinderleeftijden van
vijf weken, 12 maanden, twee-en-een-half jaar, 10 jaar en 14 jaar. Dit is onderzocht aan
de hand van video's van interacties tussen moeder en kind die door onafhankelijke beo-
ordelaars scores hebben gekregen. Voedingsinname en emotie-eten van adolescenten
is middels zelfrapportage verzameld. Verder is het inhibitievermogen van de adoles-
cent gemeten met behulp van drie gedragstaken en een vragenlijst die is ingevuld door
de moeder. Er is geen bewijs gevonden voor maternale zorgkwaliteit en inhibitiever-
mogen of dieetkwaliteit. Wel is er bewijs gevonden voor een verband tussen betere
inhibitievermogen en betere dieetkwaliteit bij adolescenten. Toekomstig onderzoek zou

(zelf)rapportage en objectieve observaties moeten combineren om een beter beeld te
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krijgen over kwaliteit van de zorg van moeders (en partners) en hoe dat relateert aan
het gedrag van adolescenten (voedingsinname en inhibitievermogen). Langlopende en
experimentele onderzoeken zijn nodig om de richting van de verbanden te achterhalen.

Samenvattend, specifieke suikers in moedermelk en bepaalde darmbacterién voor-
spellen betere executieve functies bij peuters. Tevens is er een verband gevonden tussen
het inhibitievermogen en de dieetkwaliteit van een adolescent. Ondanks dat deze bevin-
dingen geen oorzakelijke verbanden kunnen aantonen, wijzen de resultaten erop dat
voeding in het vroege leven en de darmbacterién mogelijk een rol spelen in de executieve
functies en het inhibitievermogen van peuters. Daarnaast suggereren de resultaten dat

er samenspel is tussen inhibitievermogen en voedingsinname tijdens adolescentie.

Belangrijkste bevindingen van dit proefschrift:

= |angere borstvoedingsduur voorspelt niet het inhibitievermogen van een peuter,

maar wel betere dieetkwaliteit van de peuter op de leeftijd van drie jaar.

= Hogere concentraties van gefucosyleerde HMOs in moedermelk voorspellen betere

executieve functies op peuterleeftijd.

= We vonden geen bewijs voor een verband tussen gesialyleerde HMOs in moed-

ermelk en executieve functies op peuterleeftijd.

= Hogere niveaus van de darmbacterieén Streptococcus, [Ruminococcus| Torques
groep, Clostridium sensu stricto 1, Intestinibacter, en Halomonas zijn gerelateerd

aan verminderde executieve functies in peuters.

= Hogere niveaus van de darmbacterieén Bacteroides, Parabacteroides, Ruminococ-
cus 2 en Blautia en hogere diversiteit aan verschillende soorten darmbacterién

zijn gerelateerd aan betere executieve functies in peuters.

= Hogere niveaus van de darmbacterieén Bacteroides, Ruminococcaceae UCG-013
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en Veillonella voorspellen beter inhibitievermogen in peuters.

= Hogere niveaus van de darmbacterieén Subdoligranulum, Lachnospiraceae NK4A136,
Anaerostipes, Sutterella en Coprococcus 3 voorspellen verminderd inhibitiever-

mogen in peuters.
= Beter inhibitievermogen van adolescenten is gerelateerd aan betere dieetkwaliteit.

= Eris geen bewijs gevonden dat de zorgkwaliteit van de moeder tijdens de kinder-

tijd de inhibitie en dieetkwaliteit van adolescenten voorspelt.
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Research data management statement
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supported by the European Union's Horizon 2020 Eat2beNice grant (728018 to C. de
Weerth and A. Arias Vasquez), a Jacobs Foundation Advanced Research Fellowship
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FAIR principles
1. Findable

All data from the BINGO and BIBO study, including the raw, cleaned, and master
data are stored at the secure network drive of the Donders Institute for Brain, Cognition,
and Behavior. The pseudonymization key is included in a subfolder of the BINGO and
BIBO folder. Physical data, indicating paper data, are stored in the locked archive of the
department of Cognitive Neuroscience at the Donders Institute for Brain, Cognition,

and Behavior.

2. Accessible

The data and research documentation are only accessible to researchers involved in

the BINGO and/or BIBO project, and to the Developmental Psychobiology (DPB) lab
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manager. The data are not freely available since we did not ask participants for consent
to store their data in a public online depository. Researchers may ask for permission for
the re-use of the data with a methodologically sound proposal. The proposal to access
the BINGO and/or BIBO should be directed to carolina.deweerth@radboudumc.nl. If
approved, data requestors need to sign a data transfer agreement or research collabo-
ration agreement, depending on the level of collaboration. The anonymous processed
data will be shared with the collaborator, and researchers are asked to analyze the data

and/or publish the results within two years.

3. Interoperable

Documentation on the set-up of the BINGO and BIBO study can be found in the
BINGO and BIBO folder and published papers. Results are reproducible and inter-
pretable as the data, documentation files, and R scripts for the papers described in
the current thesis are stored at the secure network drive of the Donders Institute for

Brain, Cognition, and Behavior.

4. Reusable

All data will be stored for at least 15 years from moment of data collection and

can be reused within this period, as stated in the informed consent forms.

Privacy

The privacy of the BINGO and BIBO study participants was guaranteed by pseudo-
nymization. The pseudonymization key that linked the code to personal data was stored
on the secure network drive of the Donders Institute for Brain, Cognition, and Behavior
in separate folders for the BINGO and BIBO studies. This key is only accessible to the
DPB lab manager, and researchers that are involved in the project depending on their
role. To contact participants for new measurement waves, the pseudonymization key
was not destroyed since the BINGO study is halted, and may continue, and the BIBO
study is currently ongoing. If data is shared, no personal data (e.g., addresses, videos

with participant faces) will be shared.
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