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Abstract

Autism Spectrum Disorder (ASD) is a complex neurodevelopmental disorder that
involves deficits in social, behavioral, and communicative domains. As an increasing number
of children are diagnosed with ASD, within Canada and globally, there has also been increased
findings of higher rates of overweight and obesity among this population. Excessive weight
gain is of concern due to the social, physical, and psychological impacts of obesity and its
secondary associated disorders. Particularly for individuals with ASD and families, this can
lead to an added burden placed onto this already vulnerable population. In order to improve the
effectiveness of treatments and curb the development of overweight and obesity in ASD, a
more comprehensive understanding of some of the underlying mechanisms such as possible
hormonal factors and feeding behaviors is needed. Therefore, the overall objective of this
research was to (1) assess the risk factors for unhealthy weight gain and obesity that have been
implicated in ASD, (2) examine hormones involved in regulation of appetite and energy
balance (leptin, ghrelin, GLP-1, PYY, insulin) and how they may differ based on weight status
among children with ASD, and (3) to explore differences in mealtime feeding behaviors among
groups of varying weight status with ASD.

In chapter 2, risk factors for unhealthy weight gain and obesity were explored among
children with ASD. We discussed the role of selective feeding behaviors, which are often
related to sensory challenges and specific behavioral phenotypes, such as restricted and
repetitive behaviors. We also discussed the research on physical activity opportunities and
sedentary behaviors among this population. Parents also often report more barriers to physical
exercise due to the social nature of many activities. Furthermore, we discussed the role of
genetics and specific genes that have been implicated in both ASD and obesity development.
In addition, many children with ASD often present with secondary comorbidities (e.g.,

depression), and medications to manage these symptoms can further impact weight status. We
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also discussed emerging factors, which we defined as factors independently associated with
increased risk for both obesity and ASD, that have not yet been studied as risk factors for
unhealthy weight gain and obesity among children with ASD. The latter included the gut
microbiota, endocrine influences, and maternal metabolic disorders.

Chapter 3 summarizes the findings of a cross-sectional study comprised of 21 children
with ASD between the ages of 5 to 12 years old. Of the recruited children, 15 were of normal
weight (NW) status and 6 children were of overweight or obese (OWOB) weight status.
Information through anthropometric measurements, blood samples, and questionnaires was
collected. The major findings of this study included that under fasting conditions, the group
with OWOB weight status was found to have higher leptin concentrations (p=0.018). We also
found there were higher reported feeding challenges among the OWOB group (p=0.045).

The major findings of this thesis are that a combination of behavioral, lifestyle, and
physiological components contribute to overweight and obesity among children with ASD.
This research highlights that behavioral and hormonal factors may also contribute to
accelerated weight gain among children with ASD, and there is a need for further research to
clarify the interplay among these factors in order to better define potential targets for

prevention and intervention strategies.
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Chapter 1 Introduction

1.1 Thesis Organization

For my graduate research, I conducted a literature review and study exploring the role
of various factors on unhealthy weight gain and obesity in children with Autism Spectrum
Disorder (ASD). This thesis comprises of two articles, which have been, or will be, submitted
to peer-reviewed journals for publication. The first is a literature review reporting on: (1) risk
factors for obesity and unhealthy weight gain in children with ASD and (2) a look at emerging
risk factors in novels area of research. This review serves as the background and rationale for
the work of chapter 3. The second article is the cross-sectional study designed to consider the
differences in appetite-regulating hormones and feeding behaviors in children with ASD of

differing weight status.

1.2 Introduction

In Study 1, we conducted a literature review considering factors that may be
contributing to overweight and obesity in children with ASD, and the possible role of emerging
factors with a plausible relationship to regulation of energy balance and thus weight status in
ASD. Findings from Study 1 were intended to inform the design and interpretation of Study 2,
a pilot study to examine whether hormonal levels — specifically, ghrelin, leptin, and insulin
levels— and mealtime behaviors differ in children with ASD that are overweight and obese
(ASD+OWOB) compared to normal weight children with ASD (ASD+NW). In this thesis, the
literature review is a published manuscript (Chapter 2). Study 2, including design and
methodology, has been reported in a separate manuscript and will be submitted for publication
(Chapter 3). This chapter is an introduction to my thesis. It includes the background literature,

research objectives, and an outline of each chapter’s contribution to my thesis.
1.3 Background

1.3.1 Autism Spectrum Disorder

Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder, with a prevalence
of 1 in 66 in Canadian children and youth (Ofner et al., 2018). The diagnostic criteria for ASD
includes persistent deficits in domains of social-emotional reciprocity, nonverbal

communication behaviors, and developing, maintaining, and understanding relationships



(American Psychiatric Association, 2013). A diagnosis of ASD also includes the presence of
restricted, repetitive patterns of behavior, interests, or activities such as stereotyped and
repetitive movement, restricted interests, hyper- or hypo reactivity to sensory inputs, and
inflexible and highly rigid routines (American Psychiatric Association, 2013). The clinical
phenotype, severity, and frequency of symptoms varies in ASD (Ofner et al. 2018). Its etiology
is heterogeneous and not fully determined although there is a growing evidence for
contributions of genetic, environmental, and biological factors (Fett-Conte et al., 2015).

The DSM-5 criteria suggest that these symptoms present early in development and
cause clinically significant impairment in social, occupational, or other areas (American
Psychiatric Association, 2013). In addition, these challenges cannot be better explained by
another intellectual disability or developmental delay (American Psychiatric Association,
2013). Along with the social impairments, children with ASD may have co-occurring
diagnoses such as anxiety, obsessive compulsive disorders, other developmental disorders
(including Attention Deficit Hyperactivity Disorder), and sleep disorders (Romero et al., 2016).

The Canadian Pediatric Society (CPS) recommends a multidisciplinary approach to the
diagnostic evaluation of Autism Spectrum Disorder (ASD) (Ip et al., 2019). Specifically,
physicians, clinical psychologists, and clinical nurse practitioners with specialized training can
diagnose ASD (Zwaigenbaum et al., 2019). A diagnosis can be made by a sole pediatric care
provider or could involve a team-based approach involving multiple health care professionals
(Zwaigenbaum et al., 2019). ASD is diagnosed in all racial, ethnic, socioeconomic, and social
groups (Becerra et al., 2014; Thomas et al., 2012). It is four to five times more likely to affect
boys than girls (Christensen et al., 2016). Early detection and intervention are emphasized to
improve long term outcomes (Zwaigenbaum et al., 2019). The CPS practice guidelines
recommend monitoring and assessments for early behavioral signs in children (e.g., parental
concerns of language delays); and those that may have an elevated risk (e.g., family history of
ASD, older parental age, and extreme prematurity) (Zwaigenbaum et al., 2019). Evaluations
can include the collection of data around developmental history, structured interactive
assessments (aimed at informing review of DSM-5 symptoms), and additional assessments of
a child’s overall development (Zwaigenbaum et al., 2019). The criterion for an ASD diagnosis
is based on The Diagnostic and Statistical Manual 5 (DSM-5) for mental health disorders
(2013).

Post-diagnosis evaluations are multi-faceted, ranging from etiological testing (e.g.,
genetic tests), further assessment of ASD-associated challenges (e.g., speech-language therapy

and occupational therapy), and family and support interventions (e.g., connecting families with



local community supports and respite care) (Ip et al., 2019). There is also an emphasis on the
importance of monitoring for common comorbidities such as gastrointestinal symptoms,
nutritional challenges, sleep disorders, and ADHD, among others (Ip et al., 2019). In line with
this, weight changes should be monitored closely due to the adverse effects this can have on

physical and psychological wellbeing.

1.3.2 Childhood Obesity

Children with ASD are at higher risk of becoming overweight or obese than their
typically developing (TD) peers (Kahathuduwa et al., 2019). Obesity is defined as a body mass
index (BMI) -for-age >95™ percentile and overweight are BMI-for-age > 85" percentile
(Centers for Disease Control and Prevention, 2018). Childhood obesity is the “most blatantly
visible- yet most neglected” health concern worldwide (World Health Organization, 2003).
Children with a higher BMI are usually at a higher risk of obesity-associated health problems,
including insulin resistance, diabetes, heart disease, and certain cancers (Garg et al. 2014;
Gallagher et al., 2015). Obesity can be attributed to genetic, biological, societal, and
environmental factors (Faith & Kral, 2006). Obesity in childhood can also adversely affect
quality of life, with respect to physical, social, and school functioning (Khodaverdi et al.,
2011). For example, obesity can interfere with the ability of children to participate in
recreational activities leading to an imbalance between intake and energy expenditures, as well
as contributing to social isolation (Puglisi et al., 2010).

Weight stigmatization among youth is also heavily reported; for example, Puhl et al.
(2011) found that adolescents perceived that being overweight was the primary reason for being
bullied at school (Puhl et al., 2011). Weight-based stigma can lead to social isolation and
marginalization, with greater reported rates of children of higher weight status’ feeling
excluded from social activities and ignored (Puhl et al., 2011; Haye et al. 2017). Weight stigma
has many social, psychological, and biological consequences. For example, weight stigma can
actually further perpetuate unhealthy weight gain and obesity (Tomiyama et al., 2018) and in
their meta-analysis, Emmer et al. (2020), found that weight stigma led to a wide range of
negative mental health outcomes (e.g., depression, anxiety, and psychological distress)
(Emmer et al., 2020).

Furthermore, overweight and obesity also contribute heavily to health care costs with
both direct (e.g., rehabilitation and medical expenses) and indirect (e.g., lost productivity in

schools) spending (Dee et al., 2014). The term ‘obesogenic’ is often used to refer to societal



and environmental factors (e.g., sedentary lifestyles) that have a collective effect in

perpetuating weight gain (Henauw et al., 2015; Lake & Townshend, 2006; Lipek et al., 2015).

1.3.3 Obesity in ASD

Kahathuduwa et al. (2019), found that children with ASD had a 41.1% greater risk of
developing obesity than TD children (Kahathuduwa et al., 2019). Several factors might
contribute to accelerated unhealthy weight gain in children with ASD; these include factors
that may be more specific to the ASD phenotype as well as those more common among children
generally. It is often difficult to identify the causes of obesity in individual children with ASD
because we do not know why potential risk factors affect some susceptible children more than
others. Research suggests that diet and physical activity behaviors may be harder to regulate
among children with ASD; thus, there may be increased intake of food and reduced energy
expenditure, leading to a higher risk for development of obesity in children with ASD (Curtin
et al., 2014; Zheng et al., 2017). However, we also do not know the rate to which these
behaviors have been targeted in intervention studies and are likely understudied; therefore, we
do not know how resistant to change these behaviors may genuinely be. Furthermore, there
may also be biological factors such as the possible influences of endocrine factors and the gut
microbiome (Davis, 2016; Raghavan et al., 2018). Therefore, this combination of unique
factors may put this group at a higher risk of developing obesity and possibly other related
diseases.

Multiple studies have also reported obesity and overweight to arise earlier in children
with ASD, compared to when obesity and overweight typically appears among TD children
(Hill et al., 2015). Specifically, Hill et al. (2015) found that in the general population, the
overweight prevalence was 10.9% higher among children between the ages of 6 to 11 years
compared to the 2 to 5-year-old group. However, among the group with ASD it was only 1.9%
higher in the 6 to 11 years old age group (Hill et al., 2015). Furthermore, Raghavan et al. (2018)
followed a birth cohort considering various clinical (such as weight at birth, maternal BMI,
etc.) and metabolic parameters (such as cord and early childhood leptin levels). They found
that extremely rapid weight gain during infancy was associated with a greater ASD risk
(Raghavan et al., 2018). These findings suggest that growth trajectories may differ between TD
children and children with ASD, highlighting the need for longitudinal studies that can track

growth and development over time.



Some current factors which have been identified as possible contributors to unhealthy
weight gain among children with ASD include decreased opportunities for physical activity,
which may be due to social and behavioral challenges in children with ASD (McCoy et al.,
2016; Stanish et al., 2017). There is also ample evidence of food selectivity in ASD, which
could go on to impact direct energy consumption (Broder-Fingert et al., 2014). For example,
Esteban- Figuerola et al. (2018) found adequate consumptions of protein, fruits, and vegetables,
but lower than recommended consumption of dairy products among children with ASD, when
compared to dietary reference intakes (Esteban-Figuerola et al., 2018). There have also been
findings of micronutrient deficiencies such as vitamin D and calcium in children with ASD
(Esteban-Figuerola et al., 2018). Furthermore, as mentioned earlier, there are secondary
comorbidities such as sleep disorders (e.g., insomnia) and GI disorders (e.g., irritable bowel
syndrome), which are often reported in children with ASD, which can also impact weight status
(Elrod et al., 2016; McElhanon et al., 2014). In line with this, many secondary comorbidities
often also may require symptom management and/or treatment, and thus, medications can also
impact weight status (Bak et al., 2014). These are some of the risk factors that have been
studied; however, there is also a need to further explore possible physiological drivers of weight
gain in ASD due to evidence of altered weight trajectories (Hill et al., 2015) and hormonal
level differences, specifically of certain appetite hormones such as leptin (Raghavan et al.,
2018).

Except in the context of medication effects (e.g., atypical antipsychotics), few studies
have looked at hormonal pathways that might contribute to unhealthy weight gain in this
population. The majority of studies have tended to focus on behavioral and lifestyle factors
contributing to the overweight and obesity reported in ASD. There are a few studies that have
started to look at hormones (including appetite influencing hormones), in ASD, to better
understand possible early phenotypes and aetiologies for ASD. Ghrelin is an appetite
stimulating hormone (Nakazato et al., 2001). The exact role of ghrelin in childhood obesity
(without ASD) is not entirely understood as there may be suppression of ghrelin in obesity;
however, fasting ghrelin levels have also been found to be lower in children with ASD when
compared to NW controls (Cummings et al., 2002; Al-Zaid et al., 2014). Leptin is produced by
adipose tissue, proportionate to fat mass (Hallioglu et al., 2003). It is an adipocyte hormone,
which acts as a satiety signal (Morton et al., 2005). It is believed that leptin resistance, in
obesity, may play a role in in changes to leptin signalling which may then be resulting in
changes to energy homeostasis and consequent weight gain (Plum et al., 2006). There have

been recent reports of hormone level differences in persons with ASD compared to those



without ASD. Specifically: decreased ghrelin (Al-Zaid et al., 2014) and increased leptin
concentrations (Ashwood et al., 2008; Hasan et al., 2019) have been reported in ASD.
However, current literature has focused on understanding the possible role of these hormones
differences in explaining ASD pathogenesis. Although research in this area is limited, the
presence of hormone level differences could also suggest the possibility that neuroendocrine
factors may also be a possible factor contributing to higher reported rates of overweight and
obesity in this population. And because ASD is a highly heterogeneous condition, for which
group differences may obscure individual variation, it is essential to explore hormone levels in
relation to weight status.

Research into feeding behaviors and hormonal differences in children with syndromic
forms of obesity such as Prader-Willi syndrome (PWS), has informed the pathophysiological
mechanisms of obesity in childhood more generally and has led to changes in clinical practice
(Butler, 2006). Research into hormonal differences (e.g., hyperghrelinemia) in special
populations, such as PWS, has led to the development of targeted and effective treatments (e.g.,
ghrelin antagonists) for obesity (Haqq et al., 2008; Rodriguez et al., 2018). Similarly, findings
on specific biomarkers and their influence on overweight and obesity may have the potential
to influence clinical practice and management and treatment of these conditions in ASD.

There is scarce information on how obesity is managed in a primary care setting, among
children with ASD. Walls et al., (2018) found that while many primary care pediatricians
agreed that they should be the main care providers for managing obesity in children with ASD,
they were more likely to refer this group to a developmental pediatrician and/or dietitian,
compared to a child that did not have ASD (Walls et al., 2018). These study’s findings
highlighted that primary care providers found weight management to be more challenging in
children with ASD. Findings also suggested that there were certain modifiable factors, such as
building on a physician’s self-efficacy in counselling around screen time among children with
ASD, which could serve to improve the care around weight management for this group (Walls
et al., 2018). This study emphasizes the importance of integrating knowledge around risk
factors for obesity and overweight among this group, so that health care providers may feel
more empowered with knowledge when engaging in informed discussions around weight

management with children and parents.

1.4 Study Rationale and Objectives

Although reviews exploring various risk factors for obesity have been previously

published, a recent surge of research investigating correlates of obesity in ASD justified an



updated literature review. We considered risk factors that have been considered in previous
literature as well as considered emerging risk factors that have not previously been associated
with weight status in children with ASD. This is followed by an original, cross-sectional study
aimed to better understand relevant knowledge gaps identified in the literature review,
specifically a focus on comparing hormonal levels and feeding behaviors among different
weight status’ among children with ASD. The study objectives include discussing risk factors
for unhealthy weight gain and obesity in children with ASD and considering differences in
hormonal levels and specific feeding behaviors (such as Food Refusal and Limited Variety of
foods) that may contribute to higher rates of obesity in children with ASD.

The matters addressed by this thesis are timely and relevant due to the heightened
awareness around public health concerns related to obesity in children, including those with
ASD. This research may inform future interventions and provide a better understanding on
whether there are hormonal differences, that may serve as biomarkers, that could help in
understanding differences among groups of varying weight status’. Early intervention of
unhealthy weight gain is essential as children with obesity have an increased risk for adulthood
obesity with serious complications including morbidity and mortality (Llewellyn et al., 2016).
More targeted research in this area is needed in order to decrease the burden of challenges that

this, already vulnerable, population faces.

1.5 Research Questions

This thesis sought to understand the risk factors for obesity and unhealthy weight gain in

children with ASD, by answering the following specific research questions:

1. What are the risk factors for unhealthy weight gain and obesity that have been implicated in
children with ASD?

2. Do physiological factors, specifically hormones and feeding behaviors (e.g., refusing foods
and eating limited varieties of foods), differ among children with ASD with obesity and

overweight status and normal weight status?



Chapter 2 Risk Factors for Unhealthy Weight Gain and Obesity among Children with
Autism Spectrum Disorder

2.1 Preface

This chapter describes risk factor for obesity and overweight among children with ASD and is
adapted from a published article in the International Journal for Molecular Sciences. Dhaliwal
KK, Orsso CE, Richard C, Haqq AM, Zwaigenbaum L. Risk Factors for Unhealthy Weight
Gain and Obesity among Children with Autism Spectrum Disorder. Int J Mol Sci. 2019 Jul
4;20(13). pii: E3285. doi: 10.3390/ijms20133285.



2.2 Abstract

Autism Spectrum Disorder (ASD) is a developmental disorder characterized by social
and communication deficits and repetitive behaviors. Children with ASD are also at a higher
risk for developing overweight or obesity than children with typical development (TD).
Childhood obesity has been associated with adverse health outcomes, including insulin
resistance, diabetes, heart disease, and certain cancers. Importantly some key factors that play
a mediating role in these higher rates of obesity include lifestyle factors and biological
influences, as well as secondary comorbidities and medications. This review summarizes
current knowledge about behavioral and lifestyle factors that could contribute to unhealthy
weight gain in children with ASD, as well as the current state of knowledge of emerging risk
factors such as the possible influence of sleep problems, the gut microbiome, endocrine
influences and maternal metabolic disorders. We also discuss some of the clinical implications

of these risk factors and areas for future research.

2.3 Introduction

Autism Spectrum Disorder (ASD) is a developmental disorder characterized by social
and communication impairments and repetitive behaviors (Zwaigenbaum et al., 2019); the
global prevalence is estimated at 1 in 160 children (World Health Organization., 2018),
although current North American estimates are around 1 in 60 children (Christensen et al.,
2016; Ofner et al., 2018). Children with ASD are also often at an increased risk for becoming
obese (e.g., body mass index [BMI]-for-age >95th percentile) or overweight (e.g., BMI-for-
age >85th percentile) than children with typical development (TD) (Hill et al., 2015; Hyman et
al., 2012; Zheng et al., 2017). These BMI levels are associated with adverse health outcomes,
including insulin resistance, diabetes, heart disease, and certain cancers (Steinberger Julia &
Daniels Stephen R., 2003; Weihrauch-Bliiher et al., 2019). Obesity in childhood can also
adversely affect physical, emotional, and social functioning, as well as academic performance
(Khodaverdi et al., 2011), which might compound disability and reduced quality of life
associated with ASD.

Some known key factors that may play a mediating role in the higher rates of obesity
observed in children with ASD include eating behaviors (L. Bandini et al., 2017), lifestyle
(Askari et al., 2015), secondary comorbidities (Ferguson et al., 2017), and medications usage
(Maneeton et al., 2018). There is also evidence showing that reduced gut microbiota diversity,

hormonal imbalances (Ashwood et al., 2008; Blardi et al., 2010; Tareen & Kamboj, 2012),



and maternal metabolic disorders (Reynolds et al., 2014; Y. Wang et al., 2017) may influence
the development of either ASD or childhood obesity alone. However, it is yet not clear whether
and to what extent these emerging factors are contributors for unhealthy weight gain and
obesity among children with ASD. We define emerging risk factors as factors independently
associated with increased risk for both obesity and ASD that have not yet been studied as risk

factors for unhealthy weight gain and obesity among children with ASD.

Preventing unhealthy weight gain and obesity among children with ASD is crucial, as
obesity affects overall children’s health and well-being and often persists into adulthood (Han
et al., 2010). To develop appropriate strategies with increased efficacy, a comprehensive
understanding of the risk factors for obesity development in ASD is required. Therefore, the
purpose of this narrative review is to critically summarize current knowledge of behavioral,
lifestyle, and biological factors potentially contributing to unhealthy weight gain in children
with ASD. We also discuss the current state of knowledge of novel emerging risk factors for

pediatric obesity in ASD.

Briefly, studies discussed in this manuscript were obtained after conducting a literature
search in the main databases MEDLINE, CINAHL, and Google Scholar from inception to May
2019. We searched for multiple variations of the disorder (e.g., autism, autism spectrum
disorder, Asperger syndrome) and keywords related to each section of this manuscript (e.g.,
obesity, overweight, weight gain, oral sensitivities, food selectivity, physical activity,
recreational activities). Search was limited to articles in English and reference lists of selected
articles, systematic reviews, and meta-analyses were manually reviewed to identify additional
relevant articles. A critical synthesis of the literature is presented throughout the main text,

describing the limitations of included articles.

2.4 Feeding Behavior

The dietary intake and feeding practices in children with ASD may be different from
TD children. The overall objective of this section was to summarize the current understanding
around both feeding and mealtime behaviors and also consider the macronutrient and

micronutrient intake of children with ASD compared to TD children.

Reported rates of atypical behavior related to sensory experiences are high among
children with ASD (Leekam et al., 2007). Compared to sex- and age-matched controls,

individuals with autism aged 3 to 56 years old exhibited an abnormal oral sensory processing,
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characterized by either greater oral seeking (e.g., child putting everything into their mouth) or
oral defensiveness (e.g., avoidance of certain textures and tastes and/or only eating a Limited
Variety of foods) (Cermak et al., 2010; Kern et al., 2006). Interestingly, age-group analyses
revealed reductions in the differences of sensory processing difficulties between ASD and TD
children over time, suggesting that children are the most affected ones (Kern et al., 2006).
These sensory difficulties can lead to atypical eating behaviors and feeding practices in ASD,
as children may avoid certain foods due to texture and/or taste and only eat a Limited Variety
of foods (e.g., food selectivity). In fact, a recent meta-analysis identified that children with
ASD experienced about five times more feeding problems and exhibited lower intake of
calcium than TD children (Sharp et al., 2013). Thus, children with ASD may be at risk for

inadequate micronutrient intake (Shmaya et al., 2015).

Although several studies characterizing feeding behaviors in children with ASD have
evaluated the prevalence of overweight and obesity, few have attempted to investigate whether
differences in feeding behavior are related to body weight categories. To our knowledge, only
one study found that male children with ASD, who were overweight or obese, had more
problematic mealtime and feeding behaviors than overweight or obese TD children, as
indicated by the higher scores on a Behavior Pediatrics Feeding Assessment Scale (BPFA) in
the ASD group (Castro et al., 2016). There were no differences in BPFA scores between
children with ASD and TD children, of either thin or adequate weight status (Castro et al.,
2016). However, another study of younger male and female children described no differences
in feeding behaviors (assessed by questionnaire depicting oral function, eating problems, and
others) across weight categories (X. Liu et al., 2016). It is important to note that the sample
populations in these two studies differed by age, sex, and cultural origins (Brazilian vs.
Chinese), limiting comparison. Moreover, the second study found that children with ASD
actually had lower mean BMI z-scores than TD children. Another approach to assessing
whether feeding behaviors play a role in obesity is to examine within sample correlations. For
example, one study found no significant association between dietary patterns and BMI z-score
in children with ASD aged 3 to 11 years (Evans et al., 2012). Therefore, it is not clear from the
current literature whether feeding behavior is, and to what degree, a contributor to excess
weight gain in children and adolescents with ASD. We speculate that abnormal feeding
behaviors and/or dietary intake could influence weight status. For example, a study found
children with ASD tended to consume more sweetened beverages and snacks foods (chips,

candy, etc.) (Evans et al., 2012). Thus, although children may be eating a limited variety of
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foods, these may be unhealthier overall (driving weight gain). However, picky eating could

also result in weight loss (Chao, 2018).

Overall total energy intake and macronutrient distribution could also contribute to
weight gain among children with ASD. With regard to total energy intake, two recent meta-
analyses included three-day food record and food frequency questionnaires (FFQs) data from
six prospective studies (Sharp et al., 2013) and 14 observational studies (Esteban-Figuerola et
al., 2018b). No significant overall differences in total energy intake were detected between
children with ASD and TD children (Esteban-Figuerola et al., 2018b). It is also important to
consider macronutrient distribution, which can lead to variations in body weight and
cardiometabolic risk profiles (Hjorth et al., 2017; Y. Wan et al., 2017). However, the optimal
macronutrient distribution for improving the weight status of children and adolescents is not
yet understood (Gow et al., 2014). Data from the same two meta-analyses that examined energy
intake also assessed macronutrient intake, finding no significant difference in the intake of
carbohydrates and fats between children with ASD and TD children (Esteban-Figuerola et al.,
2018b; Sharp et al., 2013). Intake also tended to be within the acceptable macronutrient
distribution range (AMDR) (Esteban-Figuerola et al., 2018b; Hyman et al., 2012). Children
with ASD consumed less protein than TD children, but both groups were consuming more
protein than currently recommended for a healthy diet (Esteban-Figuerola et al., 2018b; Sharp
etal., 2013).

Micronutrients are also integral to maintaining healthy body weight and have important
functions in various metabolic pathways (Via, 2012). Children with ASD are often placed on
restrictive diets, such as the gluten-free, casein-free (GFCF) diet (Hyman et al., 2016), which
may reduce intake of certain micronutrients. GFCF diets have been considered as a possible
therapeutic intervention for some of the behavioral symptoms of ASD; however, evidence is
lacking (Sathe et al., 2017). A recent systematic review identified three studies showing that
nutrient inadequacies tended to remain among children with ASD even after controlling for
common elimination diets, such as GFCF regimens (Bandini et al., 2010; Herndon et al., 2009;
Sharp et al., 2013; Zimmer et al., 2012). Evidence suggests that deficiencies of vitamin A,
vitamin D, B-complex vitamins, calcium, and zinc may be associated with increased fat
deposition (Garcia et al., 2009). Findings from a meta-analysis confirm intake deficiencies in
calcium and vitamin D in children with ASD relative to TD children and dietary intake
recommendations (Esteban-Figuerola et al., 2018). However, the causality in the relationship

between micronutrient intake and fat deposition remains unestablished (Garcia et al., 2009).
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Future studies should also take into account the use of dietary supplements, which are

commonly offered to children with ASD (Sathe et al., 2017).

In addition to these feeding behaviors and patterns, anecdotal reports indicate that
children with ASD may limit their intake of fruits and vegetables due to factors such as taste
and texture (Bandini et al., 2010). The consumption of fruits and vegetables has shown to be
inversely associated with weight change and body adiposity (Bertoia et al., 2015; Yu et al.,
2018). However, studies based on prospective three-day food records generally demonstrate
no difference in the intake of vegetables or fruits between children with ASD and TD children
(Graf-Myles et al., 2013; Herndon et al., 2009), with both groups consuming below the
recommendations for vegetable intake (Graf-Myles et al., 2013). In contrast, a systematic
review of studies using FFQs (which assess subjective, longer-term eating patterns) indicated
that children with ASD consume fewer daily servings of fruits and vegetables (Evans et al.,
2012). Likewise, Bandini et al. found that FFQ data revealed children with ASD refuse more
vegetables than TD children (L. G. Bandini et al., 2010). In agreement with this, a study found
that Food Refusal in children with ASD may in some cases be due to a bitter taste sensitivity
associated with the TAS2R38 genotype (Riccio et al., 2018). Although little research has
investigated the implications of polymorphisms in taste receptors and feeding behaviors in
ASD, previous research has demonstrated that TD children exhibit two sensitive alleles for
bitter taste had a lower threshold concentration to detected sucrose and a greater sugar
consumption compared to children with less sensitive alleles (Joseph et al., 2016). Thus, future
research into the prevalence of genetic variants of taste receptors in ASD may help to provide
further insight into particular eating behavior differences, such as vegetable intake, among

groups (Mennella & Bobowski, 2015).

Overall, much of the recent literature seems to suggest that among those with ASD,
overall intake of energy and macronutrients is fairly comparable to the TD population. These
findings, however, must be interpreted with caution, because methods for collecting dietary
information are often limited by variances in day-to-day food intake (Y. J. Yang et al., 2010),
under-reporting of energy intake (Macdiarmid & Blundell, 1998), and behavioral reactions to
measurement (e.g., changes in food intake, especially in individuals with obesity) (Subar et al.,
2015). Furthermore, although FFQs are designed to capture long-term eating habits, they
include a limited number of foods and both FFQs and three-day food recalls are prone to recall
bias (Naska et al., 2017). Thus, the relationship between dietary intake and obesity rates may

be clouded by limitations in these commonly used measures. In addition, parents of children
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with ASD may be more attuned to their children’s food selectivity behaviors, than parents of
TD children, influencing diet data collection. Future studies using direct methods, such as
doubly labeled water, to measure energy expenditure and energy intake, may be more
informative (Subar et al., 2015; Westerterp, 2017). Additionally, researchers should further
elucidate differences in dietary intake within the ASD group based on oral sensitivities, dietary
restrictions, and secondary comorbidities (e.g., GI disorders), and take into account age- and
possibly sex-related differences. Eating disorders, such as anorexia nervosa, can also impact
feeding behaviors and studies have found comorbidities between eating disorders and ASD,
specifically among females (Baron-Cohen et al., 2013; Dudova et al., 2015). Studies suggest
that specific behavioral phenotypes, such as rigid and repetitive behaviors and social
anhedonia, overlap among both conditions (Baron-Cohen et al., 2013; Kirkovski et al., 2013).
This further highlights the importance of stratifying feeding behaviors based on sex differences.

2.5 Physical Activity and Sedentary Behavior

In addition to nutrition and feeding behaviors, physical activity is a another factor that
can influence an individual’s weight; as levels of physical activity decrease, the risk of obesity
increases (Pietildinen et al., 2008). Research indicates that children with low motor skills,
which is common in ASD, also seem to have higher rates of childhood obesity (Lloyd et al.,
2013). The goal of this section was to compare the physical activity levels and sedentary
behaviors of children with ASD to TD children, in order to further inform their role in
understanding why children with ASD may be at greater risk for obesity. Physical activity is
defined in terms of sedentary, light, moderate, and vigorous (Thivel et al., 2018). Physical
activity has many benefits to children from reducing stress, maintaining a healthy lifestyle, and
reducing disease risks (Kohl et al., 2013). Physical activity may also help in managing
stereotyped behaviors in ASD (e.g., sudden runs and arm shaking) (Ferreira et al., 2019).

School-based or extracurricular programs provide opportunities for children to be
physically active and engage with peers. Physical activity (PA) is considered a protective factor
in maintaining a healthy body weight and preventing obesity (Goran et al., 1999). However,
opportunities for PA may be limited in children with ASD due to social and behavioral
challenges (Andari et al., 2010; Bishop et al., 2016), as well as motor deficits (McPhillips et
al., 2014; National Institute of Mental Health., 2019; Serdarevic et al., 2017).

For optimal health benefits, the U.S. Department of Health and Human Services Office

of Disease Prevention and Health Promotion suggests that children between the ages of 6 and
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17 years should engage in moderate- to vigorous-intensity physical activity (MVPA) for at
least 60 min, 3 days per week (U.S. Department of Health and Human Services., 2019; WHO,
2019). Studies that have assessed intensity and frequency of PA in children and adolescents
with ASD are summarized in (Table 2.1). Studies comparing the daily time spent in MVPA,
as measured by accelerometers, between children with and without ASD have yielded mixed
findings. For example, while Bandini et al. reported similar daily MVPA in children with ASD
and TD children (Bandini et al., 2013), Stanish et al. (2017) found that children with ASD who
are younger than 16 years old spent less time engaged in MVPA; but for those adolescents over
16 years, the difference in MVPA was not significant (Stanish et al., 2017). In contrast, a
systematic review found a consistently negative association between PA and age (Jones et al.,
2017). The discrepancies in these findings suggest that longitudinal studies would enhance the
understanding on whether age influences PA patterns. Notably, both children with ASD
(Stanish et al., 2017) and TD children (Griffiths et al., 2013) were unlikely to meet the

recommendations for MVPA.

Studies utilizing parent report questionnaires generally show that children with ASD
spend less time engaged in PA than TD children (Healy et al., 2017; McCoy et al., 2016; Must
et al., 2015). Although questionnaires are more feasible than objective measures given the
associated time demands and costs, parent-reports often underestimate PA (Sarker et al., 2015).
In the Bandini et al. study, parents reported that their children with ASD spent significantly
less time in PA annually (158 vs. 225 h per year) and participated in fewer types of PA, but no
differences in PA between children with ASD and TD children were observed based on
accelerometry data (Bandini et al., 2013). Parents of children with ASD also report more
barriers to PA (e.g., increased needs for supervision), which could influence their estimates of
overall PA (Must et al., 2015). Moreover, a weak to moderate correlation has been found
between parent reports of children’s PA and accelerometer-measured activity, depending on
type of activity and age group (Sarker et al., 2015). It is possible that children react to being
monitored by increasing their PA (Ddssegger et al., 2014); on the other hand, social desirability
bias could cause parents to under- or over-report their children’s PA based on weight status

(Koning et al., 2018).

Another important variable to consider is sedentary behavior (SB), which is defined as
resting behavior with very little expenditure of energy (Owen et al., 2010). Factors contributing
to prolonged SB in children may include increased access to television, computers, and phones

(Dunton et al., 2011; Matthews et al., 2008) . Prolonged SB has long-term health consequences,
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such as increased body weight, cardiovascular diseases, and type 2 diabetes (Biswas et al.,
2015; Ekelund et al., 2008). In a recent systematic review, only two of six studies comparing
the prevalence rates of SB reported greater participation in SB by children with ASD than TD
children (Jones et al., 2017). However, children with ASD (aged 8—18 years old) spent 62%
more time on screen activities compared to their TD siblings, as reported by parents (Mazurek
& Wenstrup, 2013). Furthermore, children with ASD spent more hours per day playing video
games (both boys and girls), but spent less time using social media or playing interactive video
games (Mazurek et al., 2012; Mazurek & Wenstrup, 2013). The social and behavioural
challenges associated with the ASD place children at risk for inactivity due to decreased

opportunities for PA and higher opportunities for SB (Pan & Frey, 2006).

Overall, the relationships between time spent in MVPA or SB and the propensity for
children with ASD to be overweight or obese were not directly investigated in the reviewed
studies. It is important to note that ASD severity may influence these relationships by affecting
behavior as well as social and motor functioning (MacDonald et al., 2014). Indeed, McCoy et
al. (2016) found an association between higher parent-reported levels of autism severity,
increased odds of being obese, and decreased odds of PA (McCoy et al., 2016). In the future,
research based on objective measures of MVPA and SB (e.g., accelerometer data) could yield
insights into differences in these variables between children with ASD and TD children.
Further sample stratification based on ASD severity could further clarify how symptoms

moderate the relationship between PA and SB among children with ASD.

2.6 Genetics

Genetic vulnerabilities and syndromic causes of ASD and obesity have been explored
extensively, albeit independently. Both conditions are heritable; thus, understanding possible
shared genetic links may yield insights into their interplay. Specifically, sibling and twin
studies have shown that ASD tends to run in families (Constantino et al., 2010; Sandin et al.,
2017). However, although having a high heritability, ASD has a lot of genetic heterogeneity.
Likewise, genetics also play a role in childhood obesity (Chesi & Grant, 2015). When
compared to adopted siblings, the risk of being obese is higher among individuals with affected
siblings and parents who are already obese (Serensen & Stunkard, 1993). Because both ASD
and obesity have heritable components, investigation of any genetic overlap in their pathways

may help explain the higher rates of obesity among individuals with ASD.
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Sharma et al. (2012) hypothesized that a common molecular pathway may contribute
to the pathogenesis of ASD and obesity, as a pathway-based analysis revealed 36 common
genes between these two conditions (Sharma et al., 2012). Specifically, one study has shown
that ASD, Attention Deficit Hyperactivity Disorder (ADHD), developmental delays and
obesity are highly associated with a microdeletion involving 11p14.1 (Shinawi et al., 2011).
Furthermore, deletions in 16p11.2 were associated with genetic vulnerabilities related to both
obesity and ASD (Bachmann-Gagescu et al., 2010; Walters et al., 2010). More recently, in a
genetic analysis of very obese children with ASD, Cortes and Wevrick (2018) focused on de
novo mutations and found that very obese ASD probands had loss of function mutations in

DNMT3A and POGZ (Cortes & Wevrick, 2018).

In addition, Prader-Willi Syndrome (PWS) is a genetic disorder caused by paternal
15q11-13 deletions (Dykens et al., 2011). PWS is characterized by hyperphagia, elevated
ghrelin concentrations, and increased risk for obesity (Dykens et al., 2011; Haqq et al., 2008).
PWS is also associated with higher rates of social-communication impairments and repetitive
behaviors (Bennett et al., 2017), although the degree to which symptoms meet diagnostic
criteria for ASD varies across studies, emphasizing that ASD symptom measures require
careful consideration of developmental profile and overall clinical context (Bennett et al., 2017;
Dykens et al., 2017). That said, genetic mechanisms underlying the association between Prader
Willi and ASD may underlie obesity risk related to hyperphagia in a subset of individuals with
ASD (Ramos-Molina et al., 2018).

In summary, although evidence indicates that certain genetic vulnerabilities are
associated with both ASD and obesity, there is a need to further investigation, such as pathway-
based analyses to reveal how genetics influence the complex etiologies of both conditions. In
addition, it is not currently clear what proportion of children with ASD and obesity would be
accounted for by these rare genetic variants; future efforts to parse the relative contribution of
genetic versus non-genetic associations would provide important insights into this topic.
Genetic testing, in the form of clinical microarrays, are increasingly becoming standard of
practice for ASD diagnosis (Anagnostou et al., 2014) and determining whether there are
deletions in areas such as 16p11.2 may allow for early interventions and targeted molecular

therapy, with potential to prevent obesity in children with ASD.
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2.7 Medications

Medications may be another contributing factor to unhealthy weight gain due to
interventions to manage symptoms of ASD as well as comorbid conditions, such as ADHD and
depression, which may often manifest in ASD (Linke et al., 2017). To manage these and other
behavioral symptoms, psychotropics including stimulants, selective serotonin reuptake
inhibitors (SSRIs), and antipsychotics are often prescribed (Nihalani et al., 2011). The
prescription rate of these drugs in children with ASD has been reported at 27-64% (median
41.9%) (Coury et al., 2012; T. W. Frazier et al., 2011; Jobski et al., 2017; Spencer et al., 2013).

A 2016 meta-analysis by Park (2016) found that 1 in 6 children with ASD were
prescribed anti-psychotic medication (Park et al., 2016). Second-generation anti-psychotics
(SGA) such as risperidone and aripiprazole, are often prescribed to alleviate behavioral
symptoms comorbid with ASD such as hyperactivity, irritability and aggression (Fallah et al.,
2019; Fung et al., 2016), but are associated with substantial weight gain (Fallah et al., 2019;
Maneeton et al., 2018). A systematic review of seven randomized controlled trials (RCTs) of
risperidone use among children and adolescents with ASD, revealed weight gain as an adverse
event (Maneeton et al., 2018). Furthermore, dose-related increases in blood glucose, insulin,
and leptin have been reported (Srisawasdi et al., 2017) and metabolic changes (e.g., leptin)
track closely with changes in fat mass (Shimizu et al., 1997). In addition, a systematic review
looking at two RCTs of apriprazole use in children with ASD reported a mean difference of
1.13 kg of weight gain in children using apriprazole compared to a placebo after 8 weeks of
treatment (Hirsch & Pringsheim, 2016). Other commonly prescribed antipsychotics in ASD
are olanzapine and clozapine (Hsia et al., 2014; Murray et al., 2014). A 2014 meta-analysis
found that olanzapine and clozapine were also both associated with severe weight gain (Bak et
al., 2014). The mechanism of action behind weight gain associated with atypical antipsychotics
relates in part to serotonin receptor blockade and reduction in dopamine (D2) receptor-
mediated neurotransmission (Meltzer & Massey, 2011), implicated in weight regulation
(Roerig et al., 2011). Thus, monitoring adverse effects of antipsychotics are important to
alleviate behavioral symptoms without detrimental effects on metabolic health (Pringsheim et
al., 2011).

Selective serotonin reuptake inhibitors (SSRIs) are another class of medications
commonly prescribed to children with ASD for comorbid anxiety, depression and obsessive-
compulsive behaviors (Reekie et al., 2015; K. Williams et al., 2010). Previous research on the

efficacy of citalopram (King et al., 2009) and fluoxetine (Hollander et al., 2012) in children
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with ASD have not examined changes in weight gain. However, other research has suggested
SSRIs such as citalopram may cause weight gain (Blumenthal et al., 2014). The degree and
persistence of weight gain with these medications, particularly from long term use, are not

known in children with ASD, and thus would benefit from further study.

2.8 Emerging Factors
2.8.1. Breastfeeding

Breastfeeding is a maternal-mediated pathway which is implicated as a predictive factor
in long term maternal-and child body weight outcomes (Amir & Donath, 2007). Breast milk
provides energy, nutrients and antibodies, and reduces risks for various infections during
infancy (Stolzer, 2011). Researchers have also studied how breastfeeding affects children’s
cognitive development. Mothers who breastfeed experience greater weight loss and gains in
long-term cardiovascular health (Stuebe, Michels, et.al, 2009) and their babies, compared to
formula-fed babies, are shown to be less susceptible to childhood and adult obesity overall
(Grummer Strawn & Mei et al., 2004).

The rate and duration of exclusive breastfeeding also appears to be a potential risk
factor for ASD (Tseng et al., 2019). For example, Boucher et al. (2017) found associations
between longer durations of breastfeeding and better cognitive development and fewer autistic
traits in children, after controlling for relevant demographic and social confounding variables
(Boucher et al., 2017). Tseng et al. (2019) also reported that children with ASD were
significantly less likely to have been breastfed than children without ASD (Tseng et al., 2019).
Tseng et al. (2019) highlighted some proposed explanations for the role of breastfeeding in
ASD pathophysiology, such as the nutrition theory (Al-Farsi et al., 2012), oxytocin stimulation
(Shafai et al., 2014), and the secretion of neurotrophic factors (Steinman, 2006; Tseng et al.,
2019).

Researchers have also found that breastfeeding may lower the risk of childhood obesity
(Ortega-Garcia et al., 2018; Umer et al., 2015). In their meta-analysis, Yan et al. (2014) showed
a dose-response effect between breastfeeding duration and reduced risk of childhood obesity
(Yan et al., 2014). These studies highlight that reduced breastfeeding may be a contributing
factor to obesity, although they did not specifically examine these relationships in ASD. Thus,
future studies could examine how breastfeeding affects the growth patterns and long-term

weight status of children with ASD.
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2.8.2 Sleep

The mechanisms of the sleep-wake cycle play an important role in controlling our
bodies homeostasis such as our blood pressure and hormone levels. Thus, inadequate sleep can
impair the circadian rhythm of our body and consequences of this can include impaired motor,
emotional, immune, and endocrine functioning (National Sleep Foundation, 2011). It is
recommended that preschoolers (children between 3 and 5 years old) sleep between 10 to 13
hours per 24-hour period, school age children sleep 9 to 12 hours per 24 hours, and teens sleep
8 to 10 hours per 24 hours.

Evidence suggests that sleep duration and quality of sleep are risk factors for becoming
overweight or obese (Beccuti & Pannain, 2011). Numerous studies have confirmed an inverse
correlation between sleep quantity, BMI, and the risk for overweight and obesity (Xiaoli Chen
et al., 2008; Patel & Hu, 2008). A 2016 meta-analysis found an association between poor sleep
quality (independent of sleep duration) and overweight and obesity in children (Fatima et al.,
2016). Decreased quality of sleep can lead to endocrine changes affecting appetite regulation
and glucose metabolism, with implications on body weight gain (Knutson, 2012). As such, an
inverse relationship between total sleep and ghrelin levels has been reported, as well as a
positive relationship between total sleep and leptin levels (Chaput et al., 2011). Ghrelin and
leptin are appetite regulating hormones that influence food intake. Childhood obesity can
present with sleeping problems such as obstructive sleep apnea (OSA) (Narang & Mathew,
2012). OSA is associated with inadequate duration and poorer quality of sleep and may be
associated with specific metabolic markers such as insulin resistance and hypertension (Narang
& Mathew, 2012).

Studies have found that children with ASD have higher rates of sleep problems when
compared to TD controls (Maxwell-Horn & Malow, 2017). One study found associations
between poor sleep quality and weight status among children with ASD, with 86% of the obese
group presenting with clinically significant sleep problems compared to 76% of those with
healthy weight (Zuckerman et al., 2014). Children with ASD are more likely to be diagnosed
with insomnia, circadian rhythm disorder, or sleep-disordered breathing such as OSA (Elrod et
al., 2016). Metabolic risk factors, as well as day-time sleepiness, may reduce daytime activity
levels, contributing to unhealthy weight gain (Zuckerman et al., 2014). Although many findings
suggest that children with ASD are at greater risk for sleep problems, associations with BMI

remain underexplored within this population. However, sleep duration and quality are
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important factors to consider, because increased findings of sleep problems may be

compounding the risk for unhealthy weight gain in children with ASD.
2.8.3. Microbiota

Gastrointestinal (GI) disorders, such as diarrhea, chronic constipation (Bresnahan et al.,
2015), and abdominal pain are common in ASD (McElhanon et al., 2014). In a study including
163 preschoolers with ASD, 25.8% of the participants reported having at least one severe GI
symptom (Prosperi et al., 2017). Studies have also shown that children with ASD and GI
problems have higher levels of affective problems, including anxiety, than children with ASD
who have normal GI functioning (Ferguson et al., 2017; Mazefsky et al., 2014; Prosperi et al.,
2017). This link between GI and behavior disorders suggests that gut microbiota may influence
developmental course in ASD (Mayer et al., 2014).

Data from several pediatric studies reveals a unique gut microbiota profile in children with
ASD compared to those with TD, but inconsistent findings on the characterization of the
bacterial communities (Strati et al., 2017). While one study reported decreased bacteria of the
genera Prevotella, Coprococcus and Veillonellaceae, other studies found
increased Lactobacillus, Clostridium, Candida spp., and the Firmicutes/Bacteroidetes ratio
(D.W. Kang et al., 2013; Strati et al., 2017; B. L. Williams et al., 2011; M. Zhang et al., 2018).
Similar to what has been seen in ASD, studies exploring the gut microbiome in obesity have
reported an increased Firmicutes/Bacteroidetes ratio, and this ratio could be positively
associated with BMI in children and adults with obesity (Chakraborti, 2015; Indiani et al.,
2018; Koliada et al., 2017). To further understand the implications of obesity on gut
composition, animal studies comparing lean, wild-type, and obese mice (leptin-deficient) have
demonstrated an increase in the Firmicutes/Bacteroidetes ratio in obese mice, independent of
diet (Ley et al., 2005). Indeed, a high-fat diet was shown to promote more profound increases
in Firmicutes (Murphy et al., 2010). Certain features of the gut microbiota, such as individual
variability, may explain the lack of a consistent microbiota signature in ASD and obesity. As
the gut microbiota is assembled mainly during infancy, before the age of 2 years, diverse factors
including birth mode, antibiotics, feeding practices, and environmental exposure to bacteria
shape the gut community and contribute to this individual variability (Béckhed et al., 2015).
Thus, characterizing the microbiome from an ecological perspective (bacterial diversity,
abundance, community interactions, metabolic profiles), may be more informative in

understanding the interplay between gut microbiota, ASD prognosis, and weight gain.
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Growing evidence suggests that decreased gut microbiota diversity in ASD (D.W. Kang
et al., 2013; F. Liu et al., 2019) may be associated with behavioral and GI symptoms. Sharon
et al. took this hypothesis a step forward, reporting that offspring of germ-free mice receiving
gut microbiota from individuals with ASD indeed exhibited behaviors related to those observed
in ASD (Sharon et al., 2019). This finding, however, must be interpreted with caution given
the small sample size used in the experiments and relevance to behavioral expression in the
human condition.

Gut microbiome dysbiosis, which refers to changes in the composition and function of gut
microbiome especially early in life, are associated with increased production of pro-
inflammatory cytokines and alterations in the dynamics of the communication between the gut
and brain, known as the gut-brain axis (Jazani et al., 2019; Siniscalco, Brigida, et al., 2018;
Siniscalco, Schultz, et al., 2018). These cytokines affect the inflammation pathways, which
have been implicated in ASD development (Fiorentino et al., 2016; Siniscalco et al., 2018;
Siniscalco et al., 2018). Inflammatory cytokines and an increased gut permeability also
promote metabolic endotoxemia (Cani et al., 2007), which plays a role in the development of
obesity and metabolic diseases (Boulangé et al., 2016). Indeed, gut microbiome dysbiosis has
also been reported in obesity (Y. Kang & Cai, 2017).

A much-debated topic is whether gut permeability contributes to ASD development
(Siniscalco, Schultz, et al., 2018), with evidence remaining limited and controversial. To our
knowledge, only three studies have investigated gut permeability in children with ASD using
varied biomarkers (de Magistris et al., 2010; Esnafoglu et al., 2017; Kushak et al., 2016).
Specifically, children with ASD exhibited greater gut permeability than TD children, as
assessed by zonulin concentrations (Esnafoglu et al., 2017) or sugar probes (lactulose and
mannitol) (de Magistris et al., 2010). In contrast, no difference in gut permeability using the
lactulose and rhamnose probe was observed in children with ASD compared to TD children
(Kushak et al., 2016). There were marked differences in the design of these studies; in
particular, with respect to the selection of comparison groups. One study included children with
and without GI complaints in both study (e.g., children with ASD) and control (e.g., children
with TD) groups; another study excluded children with GI symptoms from the control group
only; and in the third study, all children (study and control groups) had mild GI disorders. Thus,
it is not clear whether gut permeability is increased due to the presence of ASD or Gl-associated
disorders per se. Furthermore, studies have shown significantly lower short-chain fatty acids
(SCFAs) in ASD (Adams et al., 2011). As SCFAs are produced by gut microbiota (from dietary

fiber fermentation), and their production promotes gut barrier and mucosal integrity (Morrison
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& Preston, 2016), it could be speculated that individuals with ASD may have decreased ability
to repair the intestinal barrier.

Dietary intake has a direct impact not only on obesity development, but also on the
microbiome composition (Valdes et al., 2018); the role of diets in ASD could thereby be
explored as a possible way to alleviate both irritable bowel syndrome symptoms and some ASD
problem behaviors. An interesting avenue to explore would be fiber interventions in ASD,
especially in those children with concomitant obesity. Many studies have found that fiber
intake in children with ASD, as well as TD, does not meet recommended levels (L. G. Bandini
et al., 2010; Hyman et al., 2012). Fiber-rich foods can alleviate GI symptoms, such as chronic
constipation and increase feelings of fullness, as these foods take longer to digest (J. Yang et
al., 2012). Fiber intake could also promote a healthier metabolic profile by mediating the gut
microbiota (Deehan & Walter, 2016; Zou et al., 2018). Our bodies produce SCFAs by
degrading fiber in the gut, which results in the release of anorexigenic gut hormones (Larraufie
et al., 2018), improvements of the gut barrier (Willemsen et al., 2003), and triggering of anti-
inflammatory cytokines (Macia et al., 2015; Mirmonsef et al., 2012). More specifically, the
SCFA propionate was shown to promote increases in peptide YY (PYY) and glucagon like
peptide-1 (GLP-1) levels in an in vitro study using human colonic cells (Chambers et al., 2015).
Subsequent in vivo studies were conducted in human adults; while acute intake of inulin-
propionate ester reduced energy intake by ~14% with increases in plasma PYY and GLP-1,
supplementation over 24 weeks reduced rate of weight gain and intra-abdominal adiposity
(Chambers et al., 2015). In addition to alleviating GI symptoms associated with ASD, SCFAs
thus also prevented obesity and its comorbidities (De Vadder et al., 2014). However, sensory
aversions (e.g., to food texture) associated with ASD may create challenges with increasing
intake of fiber rich foods.

Further delineating the microbial signature of individuals with comorbid ASD and
obesity may provide further insight into the complex etiologies of both conditions. Although
more studies are needed, there is emerging evidence of a dysbiotic gut microbiome influencing
children with ASD. If supported by more definitive studies (e.g., metagenomics), evaluation of
novel therapeutic strategies would be warranted, such as dietary interventions and fecal
transplantations. Some challenges in this area include the need for approaches to directly
sample the gut mucosa in order to reliably characterize the microbiome in various group and
regions (Zmora et al., 2019). Furthermore, animal studies remain difficult to translate because
of the precise control over genetics, the environment, and diet; which is not possible in human

studies, making the human microbiome a lot more heterogeneous (Zmora et al., 2019).
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2.8.4. Endocrine Influences

Researchers have also begun to explore the role of endocrine factors in the pathogenesis
of ASD. It has been hypothesized that specific chemical messengers, such as endocrine
hormones, and neuropeptides work together with neurotransmitters (e.g., dopamine and
serotonin) to influence the developing fetal brain (Tareen & Kamboj, 2012). Thus, imbalances
in the chemical transmissions could lead to defective encoding, which could in turn lead to
some of the social behaviors exhibited by those with ASD (Tareen and Kamboj, 2012).
Research in this area has been focused on understanding how hormonal imbalances and
differences may contribute to the pathogenesis of ASD. In this section, we review evidence

related to specific appetite hormones, leptin, adiponectin and ghrelin.

2.8.5. Leptin

Leptin is an anorexigenic (satiety) hormone that regulates how much one consumes and
inhibits appetite (Ahima, 2008). Produced by adipose tissue in amounts proportionate to fat
mass (Klein et al., 1996), leptin is an important hormone involved in energy homeostasis and
growth (H.-K. Park & Ahima, 2015). Evidence suggests that obese individuals exhibit leptin
resistance, whereby the brain no longer responds to leptin by inhibiting energy intake and
increasing energy expenditure (Mazor et al., 2018; M. G. Myers et al., 2010).

Several studies have reported higher circulating concentrations of leptin in individuals
with ASD compared to control groups (Al-Zaid et al., 2014; Ashwood et al., 2008; Blardi et
al., 2010; Hasan et al., 2019; Raghavan et al., 2019; Rodrigues et al., 2014), summarized
in (Table 2.2). Ashwood et al. (2008) found higher concentrations of peripheral blood leptin
in individuals with ASD compared to age-matched controls, despite no group differences in
BMI (Ashwood et al., 2008). Leptin plays an important role in growth (H.-K. Park & Ahima,
2015) and rapid growth has also been independently implicated as a risk factor for ASD
(Chawarska et al., 2011). One study found that children born small-for-gestational age (SGA)
had lower leptin cord levels; among those born SGA, children with the most rapid weight gain
had the highest childhood leptin levels and were more likely to be diagnosed with ASD
(Raghavan et al., 2018), suggesting differences in early weight trajectories between children
with ASD and TD children (Hill et al., 2015). Hasan et al. (2019) measured fasting serum
concentrations for 20 children with ASD and 20 TD children; the BMI of the group with ASD
was significantly lower compared to the control group; however, no children in either group
were found to be of obese status (Hasan et al., 2019). The study found that the children with

ASD had higher leptin concentrations and lower BMI (Hasan et al., 2019), suggesting that
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leptin concentrations could be higher among individuals with ASD, regardless of weight status.
The studies summarized in (Table 2.2) have consistently found higher concentrations of leptin
in children with ASD when compared to TD children. In the future, leptin concentrations could
be analyzed based on BMI percentile stratifications to explore relationship to obesity among

children with ASD.
2.8.6. Adiponectin

Adiponectin is a protein hormone secreted by the adipocytes (Lihn et al., 2005). Plasma
adiponectin levels and BMI are strongly negatively correlated in both men and women (Arita
et al., 1999). Adiponectin is an anti-inflammatory protein (Ouchi & Walsh, 2007); decreased
levels may lead to increased expression of adhesion molecules and inflammatory molecules,
resulting in higher risk for cardiovascular diseases associated with obesity (Kawano & Arora,
2009). Therefore, adiponectin and its receptors may be therapeutic targets for individuals who
are obese or overweight (Achari & Jain, 2017; Kawano & Arora, 2009). Adiponectin plays a
pivotal role in energy metabolism and concentration of both total adiponectin decreases in
obesity and increases after weight loss (Nigro 2014).

Disturbances in immunoinflammatory factors and adipocytokines have been reported
among individuals with ASD relative to age- and weight-matched TD controls (Ghaffari et al.,
2016). Table 2.3 summarizes published data on adiponectin concentrations in children with
ASD compared to controls (Blardi et al., 2010; Fujita-Shimizu et al., 2010; Raghavan et al.,
2019; Rodrigues et al., 2014). One study reported lower serum adiponectin levels among
individuals with ASD relative to age- and sex-matched healthy controls (Fujita-Shimizu et al.,
2010), but two other studies showed no significant differences (Blardi et al., 2010; Rodrigues
et al., 2014). Differences in findings among the three studies may be explained by differences
in exclusion and inclusion criteria and sample composition, particularly by sex and age. For
example, Rodrigues et al. (2014) and Blardi et al. (2010) included both males and females,
whereas Fujita-Shimizu et al. only included males (Blardi et al., 2010; Fujita-Shimizu et al.,
2010; Rodrigues et al., 2014). Past studies have found sex differences in adiponectin levels and
body composition (Ohman-Hanson et al., 2016; Song et al., 2014), whereby adiponectin
concentrations decrease into late puberty and become significantly lower in males by adulthood
(Ohman-Hanson et al., 2016). Furthermore, recent findings also suggest a link between a high
leptin/adiponectin ratio (e.g., higher concentrations of leptin and lower concentrations of
adiponectin) and abdominal obesity (Rueda-Clausen et al., 2010). Although higher

concentrations of leptin among individuals with ASD is a relatively consistent finding, the role
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of adiponectin is less clear. Exploring the relationship between these two hormones and its
potential role in the propensity for individuals with ASD to become overweight or obese

warrants further examination.

2.8.7. Ghrelin

Ghrelin is an appetite-stimulating hormone (Cummings & Shannon, 2003), but its exact
role in obesity is poorly understood, as, counterintuitively, ghrelin is often suppressed in obese
individuals, and concentrations increase with weight loss (Makris et al., 2017). Evidence about
the role of this hunger hormone in children with ASD is also unclear. Researchers have
explored serum ghrelin concentrations in two case control studies of children with ASD (Table
2.4). One study found that male children with ASD had significantly lower concentrations of
acylated, des-acylated, and total ghrelin (Al-Zaid et al., 2014). However, findings from a more
recent study, that included both boys and girls, showed a trend towards lower concentrations
of ghrelin, although not significant, in children with ASD when compared to age-matched TD
children (Hasan et al., 2019). Previous studies have found that ghrelin levels can be modified
by an increase in sex hormone (Lebenthal et al., 2006), whereby testosterone can lead to marked
decreases in ghrelin (Lebenthal et al., 2006), which may contribute to differences in findings
between these two studies. Future studies should examine ghrelin levels relative to weight
status as well as ASD diagnosis and consider sex differences.

Although researchers have begun to explore the role of hormones in contributing to
higher rates of obesity among children with ASD, they have focused primarily on hormonal
differences in relation to ASD pathogenesis. Furthermore, some of the studies discussed above
did not report a difference in BMI or weight status among children with ASD, when compared
to TD children. However, the relatively smaller sample sizes, compared to larger scale studies
(which have reported greater rates of obesity in children with ASD), may have contributed to
these differences in findings (Hill et al., 2015; Zheng et al., 2017). Future studies, which stratify
study groups based on weight status (overweight, obese, etc.), sex, and age would help to
understand whether there are potential biological differences associated with specific weight
status. Therefore, further research into possible differences in these hormones’ concentrations,
in children with ASD, may yield insights into hormonal impacts on unhealthy weight gain and

obesity.
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2.8.8. Maternal Metabolic Disorders

Although maternal metabolic disorders such as diabetes, hypertension and obesity
could place children with ASD at higher risk for becoming overweight or obese, this hypothesis
has not been explored directly. Instead, researchers have focused on examining maternal
metabolic disorders as potential risk factors for ASD in children; separately, others have
studied how maternal metabolic disorders may increase risk of obesity in children.

Maternal obesity prior to pregnancy is a risk factor for ASD (Li et al., 2016; Reynolds
et al., 2014; Sanchez et al., 2018). Evidence has also shown significant associations between
maternal diabetes and hypertension and ASD risk (Krakowiak et al., 2012; H. Wan et al., 2018;
Xu et al., 2014). Several mechanisms may contribute to these in-utero effects. In a systematic
review, Xu et al. suggested several potential pathways through which maternal diabetes may
increase the risk for ASD in offspring: (a) maternal hyperglycemia can result in hypoxia and
impair neural development in the fetus (Burstyn et al., 2011; Eidelman & Samueloff, 2002;
Kolevzon et al., 2007) (b) maternal hyperglycemia can cause oxidative stress associated with
ASD risk (Xinhua Chen & Scholl, 2005; Ming et al., 2005), and (c) increased maternal
adiposity can cause chronic inflammation that can affect neuronal development (Onore et al.,
2012; Xu et al., 2014).

Concurrently, there has been considerable research on how maternal metabolic
disorders may increase children’s obesity risk. In their systematic review, Wang et al. (2017)
found a strong positive association between parental and child obesity and overweight status
across various countries, indicating a genetic predisposition toward obesity, with other factors
playing a mediating role, such as obesogenic lifestyles and behaviors (Wang et al., 2017). In
another recent systematic review and meta-analysis, Kawasaki et al. reported an association
between gestational diabetes mellitus and higher BMI z-scores among offspring (Kawasaki et
al., 2018). Deierlein et al. (2011) found an association between fetal exposure to maternal
glucose concentration in the high-normal range and children being overweight or obese at 3
years of age, independent of maternal pre-pregnancy BMI (Deierlein et al., 2011). Furthermore,
Lawlor et al. conducted a sibling analysis to control for shared genetics and environment and
reported that children exposed to diabetes in utero had higher BMI than their unexposed
siblings (Lawlor et al., 2011).

These findings may help explain how certain maternal metabolic disorders increase risk
for obesity. Factors such as lifestyle behaviors and genetic predisposition may have

compounded effects on weight gain for children with ASD. Additional research on in-utero
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effects of maternal metabolic disorders may help explain why many children with ASD tend
to become overweight or obese. Longitudinal studies to assess parental weight status and track
neurodevelopmental outcomes and weight in offspring would provide important insights into
the extent to which parental obesity status influences the development of obesity in children
with ASD. A better conceptualization of the role of maternal metabolic disorders and any
shared pathophysiology between ASD and obesity would help mothers understand how to best

reduce their children’s risk for both health conditions.

2.9 Future Directions and Perspectives

The current treatments for childhood obesity generally involve a combination of (1)
non-pharmacological interventions (e.g., behavioral treatments, weight-reducing diets), (2)
pharmacological interventions, (3) and surgical treatments (Han et al., 2010). Typically,
behavioral treatments and weight-reducing diets, such as family-based interventions, are the
first therapeutic steps (Ash et al., 2017). However, these may be problematic for children with
ASD, who struggle with social and behavioral communication, changes in routine, and sensory
processing difficulties (Jones et al., 2017; Leekam et al., 2007). Furthermore, challenges with
self-management and, in many cases, impairments in decision-making skills play an important
role in the challenges associated with this first line of treatment in children with ASD (E. A.
Bennett et al., 2017). The second line of intervention is through common pharmacological
treatments for childhood obesity, such as orlistat, sibutramine, and metformin. These, however,
may cause abdominal pain, fecal incontinence, nausea, and vomiting (Freemark, 2007; Heck
et al., 2000). Administering medications that can cause GI problems to children with ASD,
who typically already have co-morbid GI disorders, may cause additional difficulties (L. W.
Wang et al., 2011). Moreover, because many children already take medication to manage
symptoms of ASD and other comorbid medical conditions, additional medications may
increase the risk of side effects, as well as pharmacological interactions and medication burden
(Mohammed et al., 2016; Taylor, 2008). Finally, severe and morbid forms of pediatric obesity
may warrant surgical interventions such as bariatric surgery (Canoy & Yang, 2015). Although
the prevalence of severe morbid obesity (that would warrant consideration of bariatric surgery)
among children with ASD is unclear, a study reported that children with the de novo 16p11.2
deletion, which is associated with autism, were also severely obese (BMI > 120% of 95th
percentile) (Bochukova et al., 2010). Bariatric surgery, however, also comes with its risks and
complications associated with Roux-en-Y gastric bypass, such as pulmonary embolism, shock,

intestinal obstruction, postoperative bleeding, staple line leaks and severe malnutrition (Han et
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al., 2010). Furthermore, adolescents are more likely to have remission of type 2 diabetes and
hypertension after bariatric surgery, when compared to adults (Inge et al., 2019), emphasizing
that optimal timing for surgery in order to reverse metabolic complications of obesity is still
unclear. Furthermore, little research has been done in this area to address treatment needs that
may be specific to this population (Bennett et al., 2017). A systematic review looking more
broadly at children with intellectual disabilities suggested the need for further research into
how obesity treatment can be more specifically tailored for children with intellectual
disabilities (Bennett et al., 2017). Finding more intensive treatments and combination of
techniques are warranted for children with intellectual disabilities, such as more training for
parents to support children with defiant behaviors (Bennett et al., 2017; Maiano et al., 2014).
Furthermore, although much is known about behavioral and lifestyle factors, little is
known about possible biological drivers of obesity among children with ASD. There is also a
need to identify whether specific biological drivers can be monitored and assessed at an earlier
age, such as at the time of ASD diagnosis. Research in this area is particularly important,
because evidence suggests that weight trajectories, at an earlier age, may be different among
children with ASD. Therefore, clinical health surveillance of these weight trajectories in ASD
and monitoring of growth patterns may serve as a useful method in preventing unhealthy
weight gain and obesity. Based on this review, biological factors (gut microbiota, endocrine
hormones, maternal metabolic disorders) may be driving increased propensity to become
overweight, but further research is needed. Finally, given some of the unique challenges faced
by children with ASD, results from pediatric obesity trials in the general population may not
generalize to patients with ASD. Thus, as a field, we may require more targeted treatment
options and ASD-specific randomized, controlled trials. In an era of precision medicine, there
is a need to take into account the interplay between behavioral and biological characteristics

influencing unhealthy weight gain in ASD.

2.10 Conclusion and Recommendations

Body weight is determined by energy balance, which is influenced by environmental
(e.g., nutrition), behavioral (e.g., food selectivity, PA, SB), and biological (e.g., genetics,
metabolic dysfunction) factors. Because the aetiologies of ASD and obesity are so complex,
risk factors specifically associated with one condition or the other are difficult to disentangle.
Nevertheless, it is important to understand that many risk factors for becoming obese or
overweight are heightened in individuals with ASD, as suggested by growing evidence. Figure

2.1 summarizes the risk factors discussed within this review. A limitation of this narrative
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review is that we compared various risk factors for unhealthy weight gain and obesity in
children with ASD to TD children. Although similarities were found with regard to specific
risk factors between children with ASD and TD children (e.g., physical activity, etc.), this does
not necessarily mean these are not clinically relevant to children with ASD and should still be

taken into account in future studies, including clinical trials.

Overall, evidence suggests that oral sensitivities may mediate food selectivity and food
and nutrient intake and other factor such as PA, SB, sleep, genetics, and medication usage may
all contribute to some degree, and ultimately have a compounded effect on weight gain in ASD.
Additionally, researchers have begun to investigate the roles of sleep problems, the gut
microbiome, the endocrine system, and developmental risk factors. Going forward, studies of
obesity in ASD should incorporate assessment of both biological and lifestyle-related factors,
as well as test for mediating and moderating relationships such as ASD severity, oral
sensitivities, and sex and age differences. It is important to consider these multiple factors in
conjunction with individual factors to clarify whether unhealthy weight gain affects children
across the entire ASD spectrum, or whether certain children are more vulnerable than others.
Understanding each of these individual risk factors and components is important to effectively
prevent and treat unhealthy weight gain among children with ASD and to facilitate the
development of potential early intervention strategies. An understanding of individual risk
factors would enable the development of personalized approaches to help children with ASD
manage their weight, including dietary recommendations, medical therapies, and nutrition and
exercise regimens. Overall in conjunction with the clinical guidelines for pediatric obesity
(Styne et al., 2017) and ASD care (Anagnostou et al., 2014), clinicians should consider more
tailored medical surveillance in children with ASD that considers the above factors in a care

and management plan.
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2.11 Tables

Table 2.1 Physical activity in ASD

Design Study Control Measure Result BMI
Study
Group Group
Bandini Cross- 53 male 58 male Accelerometer  Similar daily MVPA for both groups (ASD:  No significant difference between the
et al. sectional and and data 50.0 min/day; TD: 57.1 min/day). two groups
2013 femal female TD . . . . .. . _
( ) cirﬁgrf:n cirﬁgrf:n Questionnaire Children with ASD participate in BMI-z score not significantly
with ASD  (age: 3-11 (parent report significantly fewer types of physical associated with percent time spent in
(age: 3— cars) on type and activities (6.9 vs. 9.6, p <0.0001) and spend MVPA
1 1g éars) y frequency) less time annually participating in these
Y activities than TD children (158 vs. 225 h per
year, p < 0.0001).
Stanish  Cross- 35 male 60 male Accelerometer  Children with ASD who are younger than 16  N/A
et al. sectional and and data (total spend less time in MVPA (ASD: 26 min/day
(2017) female female TD average daily vs. 51 min/day) and participate in fewer
children children PA) activities.
ith ASD D 13— . . . . .
W . 5 (age Questionnaire No significant difference in MVPA among
(age: 13— 18 years) o
21 years) (type and individuals older than 16 years.
frequency of
PA)
Must et  Cross- 53 58 TD Parent report An inverse correlation between the total No significant difference in BMI
al. sectional children children questionnaire number of barriers reported and the number  percentiles
(2015) with ASD  (age: 3—11 (type and of PA hours per year (ASD: 119 h; TD 169
(age: 3— years) frequency) h; p <0.05).
11 years)
McCoy Cross- 915 male 41,879 Parent report Adolescents with ASD are less likely to Adolescents with ASD are more
et al. sectional and maleand  questionnaire engage in PA (p<0.05) likely to be overweight and obese
(2016) female female TD (type and . . o . . (ASD: 22%; TD 14.1%; p< 0.05).
. . Higher autism severity is associated with
children children frequency) . .
with ASD  from the increased odds of being obese (OR: 2.8;
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(age: 10— 2011- 95% CI: 1.39, 3.74), and decreased odds of
17 years) 2012 PA (OR: 0.30; 95% CI: 0.20, 0.46).

National

Survey of

Children’s

Health

(age: 10—

17 years)

Healy Cross- 67 male 74 Parent report Significantly lower participation in MVPA (p  No statistically significant difference
et al. sectional and randomly  questionnaire < 0.001) and sports reported for children with between the two groups in mean BMI
(2017) female selected (type and ASD (p <0.001). and overweight/obese status.

children male and  frequency)

with ASD  female TD

(age: 13 children

years) (age: 13

years)

Abbreviations: ASD, Autism Spectrum Disorder; TD, Typically Developing; MVPA, Medium—Vigorous Physical Activity; BMI, Body Mass Index.
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Table 2.2 Leptin in ASD.

Study Design Study Group Control Group Measure Result BMI
Ashwood Case control 70 male and 50 age matched Peripheral plasma Leptin levels were higher in No statistical differences
et al. female children TD children concentrations of leptin children with autism in BMI or z-scores
(2008) with ASD compared with typically between ASD or controls

(age: 2-15 developing non-ASD controls
years) (p <0.006)
Blardi et al. Case control 35 male and 35TDsexand  Baseline: 6 mL blood Leptin concentrations of No significant difference
(2010) female children age matched sample after an overnight  children with ASD were between children with
with ASD children fast significantly higher than TD ASD and TD children on
(mean age 14.1 1 year after: 6 mL blood children at baseline (p < weight or height at
years) sample after an overnight ~ 0.001) and after a year (p < baseline or after 1 year
fast 0.001) BMI z-score not provided
Al-Zaid et  Case control 31 male 28 age- and 7 mL of venous blood Leptin concentrations were Weight was higher in the
al. (2014) children with sex-matched samples were collected higher in the group with ASD  children with ASD (19.3
ASD TD children after an overnight fast when compared to the TD kg in TD children and to
(age: 3-8 (age: 3-8 years) group (p <0.01) 22.7 kg in children with
years) ASD) (p =0.05)
No significant difference
in BMI between groups
(p=0.28)
Rodrigues  Case control 30 male and 19 TD children = 10 mL plasma blood Plasma levels of leptin were Article suggests
et al. female children matched for samples higher (p < 0.01) in children differences in BMI
(2014) with ASD (ages age, gender, with ASD, compared to TD (unclear of significance
not provided) maternal age at children and values)
child birth
Raghavan  Prospective 39 male and 616 male and Plasma umbilical cord Mean cord leptin was lower in ~ Birthweight was greater
et al. cohort female children female TD blood sample and non- children later diagnosed with ~ in TD children and
(2018) with ASD children fasting childhood (median  ASD (p = 0.05) compared to children

age= 18.4 months) venous
blood sample

Children with the highest
leptin levels had an increased
ASD risk (OR: 5.41; 95% CI:
1.53, 19.05)

with ASD (p = 0.03)

Extremely rapid weight
gain was associated with
greater ASD risk
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Hasan et al. Case control 20 children 20 age matched 5 mL blood samples from  Serum levels of leptin were
(2019) with ASD (16 TD children (13  participants (serum) higher in children with ASD
males and 4 males and 7 compared to TD children (p =
females) females) 0.038)
(mean age: 5.9  (mean age: 6.0
years) years)

TD children had greater

mean weight (p < 0.001),
height (»p < 0.001), and
BMI (p < 0.05),

compared to children
with ASD

Abbreviations: ASD, Autism Spectrum Disorder; TD, Typically Developing; BMI, Body Mass Index
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Table 2.3 Adiponectin in ASD.

Design Study Group Control Measure Result BMI
Study
Group
Blardi et al. Case 35 male and 35TDsex  Baseline: 6 mL Adiponectin levels in ~ No significant difference between children
(2010) control ~ female children and age blood sample autistic patients were with ASD and TD children on weight or height
with ASD matched after an overnight not significantly at baseline or after 1 year
(mean age 14.1  children fast different from those BMI z-score not provided
years) found in controls at
1 year after: 6 mL .
each time.
blood sample
after an overnight
Fujita-Shimizu  Case- 31 male 31 age- Fasting blood Serum levels of No significant difference in weight, height,
et al. (2010) control  children with matched samples adiponectin in the waist circumference, and BMI between the two
ASD (age: 6-19 male TD group with ASD were  groups
years) children significantly lower (p . .
(age: 6-19 = 0.005) than the TD BMI.(zi—Zcore or BMI weight categories not
years) group provide
Rodrigues etal.  Case 30 male and 19 TD 10 mL of blood No difference in the Articles suggests differences in BMI (unclear
(2014) control ~ female children  children (plasma) plasma concentration  of significance)
ith ASD hed f f adi in i
wit S. (ages  matched for © .adlp onectin In BMI z-score or BMI weight categories not
not provided) age, gender, children with ASD .
provided
maternal compared to TD
age at child children
birth
Raghavan etal.  Prospect 55 male and 792 male Plasma umbilical ~Mean cord blood Birthweight was greater in TD children and
(2018) ive female children  and female cord blood sample adiponectin was higher compared to children with ASD (p = 0.03)
cohort with ASD TD and non-fasting in TD children E I d weight oai ated
children childhood compared to the group xtremely rapid weight gain was assoctate

(median age =
19.03 months)
venous blood
sample

with ASD (p = 0.01)

No significant
difference in early
childhood adiponectin

with greater ASD risk

Abbreviations: ASD, Autism Spectrum Disorder; TD, Typically Developing; BMI, Body Mass Index.
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Table 2.4 Ghrelin in ASD.

Design Study Group Control Measure Result BMI
Study
Group
Al-Zaid et Case control 31 male 28 age- 7 mL of venous Acylated ghrelin Weight was higher in the children with ASD (19.3
al. (2014) children with and sex- blood samples concentrations were kg in TD children and to 22.7 kg in children with
ASD (age: 3-8 matched were collected lower in the group with ASD) (p =0.05)
years) TD after an overnight ASD than TD children (p No significant difference in BMI or height
children — fast =0.001) BMI z-score or BMI weight categories not
(age: 3— Deacylated ghreli ~ & s
eacylated ghrelin provided
8 years) concentrations were
lower in group with ASD
compared to TD children
(p <0.005)
Hasan etal. Case control 20 male and 20 age- 5 mL blood Serum levels of ghrelin TD children had a greater mean weight (31.17
(2019) female children matched samples from were lower in children kg), height (1.32 m?), and BMI (17.6 kg/m?)
with ASD (16  healthy  participants with ASD compared to compared to children with ASD with a mean
males and 4 control  (serum) TD children, but not weight of 21.26 kg, height of 1.17 m?, and BMI of

females) (mean children

age: 5.9 years) (13
males
and 7
females)
(mean
age: 6.0
years)

statistically significant (p
=0.32)

15.5 kg/m?

BMI z-score or BMI weight categories not
provided

Abbreviations: ASD, Autism Spectrum Disorder; TD, Typically Developing; BMI, Body Mass Index.
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2.12 Figures

Unhealthy
Weight Gain
in Children

with ASD

Primary Secondary Emerging

Figure 2.1. Risk factors for becoming obese or overweight among individuals with ASD. Primary factors include risk factors which have been
directly implicated in obesity and unhealthy weight gain, in children with ASD. Secondary factors are those which are not specific to children
with ASD but could result in unhealthy weight gain. Emerging factors are those on which we have postulated hypotheses based on indirect
evidence. *Created with BioRender.
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Chapter 3 Assessing the Difference in Energy Balance Hormones and Mealtime
Behaviors Among Children with Autism Spectrum Disorder (ASD).

3.1 Preface

The following chapter is based on data collected from 21 youth with Autism Spectrum
Disorder, 15 of normal weight status and 6 of overweight or obese status, at the University of
Alberta. The study aimed to examine any differences in concentration of hormones (ghrelin,
leptin, GLP-1, and PYY) according to weight status among children with ASD. We also

explore the role of mealtime behaviors on weight status among children with ASD.
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3.2 Introduction

This research study was carried out to examine differences in hormonal levels and
mealtime behaviors, between children with ASD of differing weight statuses. As there are
increasing reports of higher rates of obesity and overweight among children with ASD
(Kahathuduwa et al., 2019), there is a need to explore metabolic and clinical parameters within
this group which may then provide further insight into whether these factors may be possible
contributors to some children gaining unhealthy amounts of weight, while others do not.
Findings may allow for the development of clinical health surveillance strategies at an earlier
stage (such as at the time of ASD diagnosis), and thus allow for possible prevention of
unhealthy weight gain and obesity.

We explored various hormonal regulators of appetite due to the role they play in energy
intake and weight status (Austin & Marks, 2009). Literature suggests there may be increased
leptin concentrations and decreased ghrelin levels among children with ASD, relative to TD
children (Al-Zaid et al., 2014; Ashwood et al., 2008). Leptin is an orexigenic hormone, and
levels are positively correlated with fat mass (Hallioglu et al., 2003; Sahu, 2003) and ghrelin
is an appetite-stimulating hormone (Nakazato et al., 2001). Because these hormones have
various roles in regulating appetite, we wanted to explore whether they may also have a role in
the higher rates of overweight and obesity we see in this population. We also measured GLP-
1 and PYY levels, as exploratory measures, because they also have functions on satiety and
appetite regulation (Bloemendaal et al., 2014; Guo et al., 2006).

We also considered specific mealtime behaviors due to the role that these behaviors can
have on the type and amount of energy consumption. Problematic eating behaviors are
consistently reported among children with ASD (Mayes & Zickgraf, 2019; Stough et al., 2015).
These disruptive mealtime behaviors (e.g., refusing to eat certain types of food) are another
factor that has been associated with weight status among children (Dubois et al., 2007).
Therefore, we wanted to examine if mealtime behaviors might be related to weight status
among children with ASD. We measured mealtime behaviors through the Brief Autism
Mealtime Behavior Inventory (BAMBI), a questionnaire designed to gather information on
specific feeding challenges in children with ASD (Lukens & Linscheid, 2008). The BAMBI
collects information around three factors: Food Refusal, Limited Varieties of food, and
Features of ASD (Lukens & Linscheid, 2008).

The main objectives of this study were to explore: (1) how hormones involved in the

regulation of appetite and energy balance (leptin, ghrelin, GLP-1, PYY, insulin) may vary
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based on weight status and (2) to examine whether mealtime feeding behaviours (measured by
the BAMBI) may differ based on weight status among children with ASD. For objective one,
we hypothesized that there would be a significant difference between both groups, with the
group with ASD of overweight and obese (ASD+OWOB) status having lower ghrelin and
higher leptin concentrations and increased insulin resistance relative to the group with ASD of
normal weight (ASD+NW) status. For objective two, we hypothesized that we would find
significant differences in BAMBI scores with the ASD+OWOB group scoring significantly
higher (i.e., more problematic eating behaviours) than the ASD+NW group. As a secondary
exploratory aim, we also examined any potential moderating effect of ghrelin and leptin levels

on the relationship between BAMBI scores and BMI Z-score.

3.3 Materials and Methods
3.3.1 Population

This cross-sectional study was completed in one visit to the Human Nutrition Research
Unit (HNRU) at the University of Alberta. Participants included 21 children with a confirmed
diagnosis of ASD between the ages of 5-12 years (4 females and 17 males). Two groups of
children with confirmed diagnoses of ASD were recruited: (1) children of obese/overweight
status, (2) children of normal weight status. We collected anthropometric measurements, blood
samples, and information about mealtime/feeding behaviors (among other questionnaires).
This age group was selected to understand weight status before possible influences of pubertal
status on weight gain and development. Recruitment of participants was done primarily through
registrants of an ongoing research program (the ‘Autism Treatment Network’ or ATN, in the
local Edmonton area), through local clinics, and snowballing sampling techniques. The study
was approved by the University of Alberta's Health Research Ethics Board (ID: Pro00082489).
Inclusion Criteria included (1) a diagnosis of ASD confirmed by a medical professional using
DSM-5 or DSM-IV-TR criteria, and in most cases, using standardized symptom measures such
as the Autism Diagnostic Observation Schedule, (2) children between the age 5 to 12 years old,
and (3) written informed consent obtained from parents/legal guardians (as well as
written assent, as applicable, from participants) and their willingness to complete study
procedures. Assent was assessed through the willingness to have blood drawn while
considering both verbal and non-verbal cues, such as opening up the arm at the time of blood
collection. Respect for specific requests was also regarded through the availability of social

stories, distraction tools (e.g., an iPad), and lidocaine 2.5% and prilocaine 2.5% (EMLA)
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numbing cream. Exclusion criteria included: (1) chronic diseases impacting body composition
such as diabetes mellitus, inflammatory bowel disease, liver or kidney disease, and (2) recent
(within 3 months) hospitalizations due to severe infections or surgery. Eligibility and exclusion
criteria were assessed through a Medical History Questionnaire, which provided information

around relevant medical diagnoses.

3.3.2 Experimental Design

Participants, along with a parent/guardian, arrived at the HNRU at the University of
Alberta between 0730 and 0900 after an overnight fast. After signing consent and assent forms,
anthropometric measurements of height, weight, and waist circumference were collected.
Blood samples (11ml per sample) were drawn through a butterfly clip before snack
consumption (after 8 hours of fasting). Parents were also asked to complete the following
questionnaires: Children’s Physical Activity Questionnaire (C-PAQ), Tanner Scale, Brief
Autism Mealtime Behavior Inventory (BAMBI), Medical History Questionnaire, and the
Social Responsiveness Scale 2 (SRS-2). The Automated Self-Administered 24- Hour (ASA-

24) Dietary Assessment Tool was completed at home.

3.3.3 Anthropometric Measurements

Anthropometric assessments included measurements of the participants’ height, weight
and, waist circumference. Height was measured in triplicate using a Heightronic Digital
Stadiometer (235 Heightronic TM, Concepts, Quick Medical, Snoqualmie, WA) to the nearest
0.1 cm. Participants were asked to stand straight with their back, shoulders, and heels against
the wall and ensuring their head was in the Frankfurt plane. The mean of these three
measurements was used. Bodyweight was measured in triplicate using a calibrated digital scale
(Health o meter® Professional Remote Display, Sunbeam Products Inc., FL, USA, capacity of
5001b x 0.2 1b /227 kg x 0.1 kg) to the nearest 0.1 kg. Waist circumference was measured in
triplicate using a Lufkin W606PM anthropometric measuring tape (centimeters) at the top of
the iliac crest and after a normal expiration. The mean of the three measurements was

calculated.
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3.3.4 Puberty Assessments

Puberty was assessed using the Tanner staging scale for children at or above the age of
9. Pubertal stages were collected to understand the degree of sexual maturation of children, as

this can often impact body weight and hormonal status (Appendix A).

3.3.5 Brief Autism Mealtime Behavior Inventory (BAMBI)

Participants and primary caregivers/parents were asked to complete the BAMBI. The
BAMBI is a questionnaire that assesses the mealtime behaviors of children within the last six
months (Lukens & Linscheid, 2008). It is a validated questionnaire designed to capture
mealtime behaviors, specifically in children with ASD. The BAMBI assesses mealtime
behaviors in 3 categories: 1) Limited Variety, 2) Food Refusal, and 3) Features of Autism.
Feeding problems were defined as eating a limited number of food, inadequate variety of foods,
and displaying food rejection, which can thus impact nutritional intake, weight gain, and linear
growth (Field et al., 2003; Lukens & Linscheid, 2008; Munk & Repp, 1994). The test sample
included the primary caregivers of children (between the ages of 3 and 11 years old) with a
caregiver-reported diagnosis of ASD and TD children. The three subscales produce an overall
score which allows for an identification of 81% of problematic feeders (DeMand et al., 2015).
Information from this questionnaire will be supplemented by diet information collected
through the Automated Self-Administered 24-Hour Assessment (ASA-24). Psychometric
properties of the BAMBI include internal consistency Cronbach’s alpha= 0.88; an alpha
coefficient of 0.87 for the Limited Variety factor; 0.76 for the Food Refusal factor; and 0.63
for the Features of Autism factor. The overall test-retest reliability is » (33) = 0.87, p <0.01;
and inter-rater reliability (» (16)) = 0.78, p< 0.01), for total scores. Food refusal is defined as
the rejection of food, which may also have an impact on the number of calories necessary for
development (Field et al., 2003; Lukens & Linscheid, 2008). The ‘Limited Variety’ factor is
used to capture data on specific food preferences and likes and dislikes. And finally, the
‘Features of Autism’ factor is used to collect information on the child’s characteristic
symptoms of ASD at the time of meals (e.g., flexibility with routines, aggressive behaviors,
etc.). The BAMBI has been evaluated for criterion-related validity by assessing correlations
between the BAMBI total frequency score and Behavioral Pediatric Feeding Assessment
Scale. Significant positive correlations between the total BAMBI score and child behavior
frequency score and parental feelings/strategies scores were found. Construct validity for each

factor of the BAMBI has been evaluated through correlations between individual factor scores
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and external criterion measures (such as servings of meat, vegetables, and fruits which were
negatively correlated with BAMBI scores). Finally, construct validity has been evaluated
through examining the ability of the BAMBI to discriminate between the group of children
with ASD and TD children (¥ (1,106) = 72.91, p <.01) (Lukens & Linscheid, 2008) (Appendix
D).

3.3.6 Automated Self-Administered 24-Hour Dietary Assessment (ASA 24)

Parents were asked to fill out a food diary through the ASA 24 system. A 24-hr recall
collects information on total calories consumed, as well as information on specific breakdowns
of macronutrients (e.g., carbohydrates, proteins, etc.) and micronutrients within a 24-hour
period- this dietary information provided further insight into interpreting findings from the
BAMBI. The ASA 24 asks respondents to report eating occasions and time of consumption. It
was collected in order to compare total intake of calories (KCal) and macronutrient breakdowns

between groups.

3.3.7 Medical History Questionnaire

Data was collected on information related to birth history, relevant medical diagnoses
such as diabetes mellitus, medications, digestive/GI disorder, etc., and relevant family history

such as overweight/obesity, type 2 diabetes (Appendix C).

3.3.8 Social Responsiveness Scale, Second Edition (SRS-2)

The Social Responsiveness Scale, 2nd Edition (SRS-2) is a 65-item questionnaire
completed by the primary caregiver/parent or teacher (Constantino, 2013). The SRS-2 was
completed by the primary caregiver/parent who attended the study visit with the child. It
provides an overall rating of social impairment as well as scores on five ASD-specific
subdomains: (1) Social Awareness, (2) Social Cognition, (3) Social Communication, (4) Social
Motivation, and (5) Restricted Interests and Repetitive Behaviors. It is designed to assess
individuals from age 2.5 years to adulthood. Total scores are standardized as T-scores (e.g.,
mean =50, SD = 10). This scale is used for children clinically affected by ASD as well as
among children in the general population (T. W. Frazier et al., 2014). Psychometric properties
of the SRS-2 include internal consistency alpha= 0.95-0.97; test-retest reliability= 0.72-0.95;
and inter-rater reliability= 0.61-0.91.
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3.3.9 Children’s Physical Activity Questionnaire (C-PAQ)

Information around physical activity was also collected as this was hypothesized to be
a potential covariate in the study between hormonal concentrations and weight status. The C-
PAQ asks parents to report on their child’s physical activity and sedentary activities across
school time and leisure time over the past seven days (Corder et al., 2009). It collects
information across four areas of activity: sports, leisure time, activities at school (e.g., physical
education classes), and other activities (e.g., sedentary activities such as TV viewing, computer
use, homework, play). A total is calculated using the time spent within each category

(Appendix B).
3.3.10 Preparation of Samples

Blood plasma samples were collected into polypropylene tubes containing AEBSF
(4mM final) and serum separator tubes supplemented with aprotinin (10 uL per ImL plasma
or serum) and centrifuged. The plasma was treated with 1IN HCI (200uL. 1N HCI per 1mL
plasma) and stored at -80°C until the date of analysis. Following centrifugation, both plasma
and serum were stored at -80°C. Plasma samples were assayed using MesoScale Discovery
(MSD). All analyses were measured in triplicate. We were unable to analyse glucose
concentrations at this time, due to delays in non-essential lab services (COVID-19

circumstances).

3.4 Statistical Analyses

The Statistical Package for the Social Sciences (SPSS) software (version 24; IBM
Corp., Armonk, NY, USA) was used to analyze the data. Baseline demographic and biological
data was described as Median (Interquartile Range). These values were reported due to the
non-normal distribution of many variables (Table 3.1).

For objective one, ASD+NW and ASD+OWOB groups were compared, with respect
to hormonal concentrations, using the Mann- Whitney U test, presented in (Table 3.2). Values
were reported as Mean (Median) + Standard Deviation (Interquartile Range). These values
were reported due to the non-normal distribution of many variables and small sample size in
order to assess any standardized mean differences which may be important group differences
but not detected statistically. This was followed by testing for correlations between age, BMI
z-score, SRS-2 scores, pubertal status, insulin, leptin, ghrelin, GLP-1, and PYY through a
Spearman’s Rank-Order correlation (due to non-normality of data). Spearman’s Partial

correlation analyses were further performed to evaluate the relationships between leptin
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concentrations and ghrelin concentrations and insulin, leptin, ghrelin, GLP-1, and PYY
adjusted for potential confounders (age, sex, and pubertal status).

For the second objective, ASD+NW and ASD+OWOB groups were compared, with
respect to mealtime behaviors, using the Mann- Whitney U test, presented in (Table 3.3).
Correlation analyses, through a Spearman’s rank order correlation, were performed to assess
the relationship between BAMBI scores and clinical and biochemical parameters. Furthermore,
as a secondary exploratory aim, given that leptin and ghrelin influence appetite, we proposed
that these hormones would moderate the relationship between BAMBI scores and BMI Z-
score. This was assessed through a moderator analysis, while controlling for age and pubertal
status and bootstrapping of standard error estimates. We used the PROCESS macro for SPSS,
written by Hayes (2017). BAMBI scores were selected as the dependent variable, and BMI Z-
scores were the independent variable. Moderators can impact the direction and strength of the
relationship between the independent and dependent variables (Baron & Kenny, 1986). They
are a third variable that can enhance, buffer, or be antagonistic to the predictor and outcome
variable relationship (P. A. Frazier et al., 2004). To test our proposed moderation relationship,
we used Model 1 in PROCESS to analyze the interaction model (Hayes & Matthes, 2009).
PROCESS uses bootstrapping, a nonparametric approach of standard error estimates that uses
resampling (Hayes, 2018).

The original target sample size was set at 20 participants per group. This would have
allowed for an 80% power to detect a moderate effect size (ES) of approximately 0.6
standardized deviations in ghrelin concentrations, with a significance level of 0.05 using a two-
sided two-sample t-test. However, given some challenges in recruitment due to factors such as
parental concerns about blood draws and timeline, we were unable to reach these targets; thus,
our current study is likely underpowered for some design and test combinations. However, as
described above, adaptations were made to the original statistical plan to ensure adequate
power for some primary analyses. Effect sizes for the available sample sizes are also presented
in the data tables. The magnitude of the group differences were examined using Cohen’s (1992)
operationally defined values for effect sizes (= 0.10— 0.29 suggests a small; 0.30— 0.49, a
moderate; and > 0.50, a large effect size) (Cohen, 1992). Our original analytic plan involved
all null hypotheses for between group comparisons at baseline to be examined using an
independent sample #-test. To test Hypothesis 1, we planned to complete a MANOVA with
group (ASD vs TD) and weight status (obese or overweight vs. non-overweight) as the two
predictor variables, and hormone levels as the dependent variables, with posthoc group

comparisons including age, sex, and pubertal status as covariates. To test Hypothesis 2, we
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planned to conduct a similar comparison of atypical eating behaviours, indexed by BAMBI
scores. We also planned to test the relationship between hormonal factors and BMI Z-score
within and between groups using multiple linear regression techniques with adjustment for
covariates as above. However, due to recruitment challenges (including parental concerns with
blood draws and a lack of recruitment of a control TD group) and consequently a small sample

size, these statistical plans were modified as described above.

3.5 Results
3.5.1 Clinical characteristics of participants

The final sample included 21 participants with baseline characteristics presented in
(Table 3.1). There were no statistically significant differences in age, female/male ratio,
physical activity hours within a one-week period, total calories consumed per day, and SRS-
2 total scores between NW and OWOB groups. However, when comparing standardized
mean differences, the mean age of the OWOB group (9.47 + 2.07 years in the NW group and
10.67 £ 1.97 years in the OWOB group) differed by > 1 year. Although this difference was not
significant (p=0.15), it may still have contributed to group differences in pubertal status. More
male participants took part in the study with a ratio of about 1 female to 4-5 males, in line
with current literature on the sex ratio in ASD (Ofner et al., 2018). The median BMI Z-score
in the group with NW was -0.14 (IQR: -0.43-0.33) and 1.45 (IQR: 1.02-2.22) in the group
with OWOB (p<0.005). Five participants in the group with NW reported taking either an
SSRI or antidepressant, and one participant in the group with OWOB reported taking a
stimulant medication. We were unable to collect blood samples from two participants, due to
the unavailability of a nurse/phlebotomist at that time of the blood draw, and one participant
was unwilling to have their blood drawn (three in total). We also had three participants from
whom we were not able to collect the SRS-2 data, due to this questionnaire being added to
the protocol at a later time; thus, we were unable to get a hold of some families to complete
this questionnaire retroactively. For these missing data points, group mean imputations were

inserted (Khan et al., 2018).
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3.5.2 Hormonal levels between groups

Under fasting conditions, the NW group had lower plasma leptin compared to the
OWOB group (p=0.018). The groups did not differ in fasting concentrations of ghrelin, GLP-
1, PYY, and insulin (Table 3.2).

3.5.3 BAMBI scores between groups

The ASD+NW group had lower median scores on the BAMBI of 39.00 (IQR 30.00-
48.00) compared to the ASD+OWOB group, which reported median scores of 49.50 (IQR
41.75-56.75) (p=0.045). When comparing each factor within the BAMBI, it was found that
the ASD+OWOB scored higher in eating more Limited Variety of foods and displaying more
Features of ASD (p=0.014 and p=0.006, respectively) (Table 3.3).

3.5.4 Correlations Between Leptin and Metabolic Parameters

Correlation analyses was further performed to assess the relationship between specific
clinical and biochemical parameters and leptin concentrations. The analyses showed a positive
correlation of leptin concentration with age, pubertal status, insulin concentrations (» = 0.62, p
=0.003; » =0.48, p = 0.028; and r = 0.45, p = 0.041) and a negative correlation with ghrelin
concentrations (r=-0.52, p=0.016) (Table 3.4). No significant correlations were found between
leptin and SRS-2 scores, PYY levels, GLP-1 levels in children with ASD. After adjusting for
age, sex, and pubertal status, leptin concentrations showed a positive correlation with BMI Z-

scores (r=10.73, p=0.001) (Table 3.4).

3.5.5 Correlation Between Ghrelin and Metabolic Parameters

Correlation analyses were performed to assess the relationship between specific
clinical and biochemical parameters and ghrelin levels. The analyses showed a negative
correlation of ghrelin concentration with age, pubertal status, insulin and leptin concentrations
(r =-0.78, p < 0.0005; » = -0.54, p = 0.011, » = -0.65, p = 0.010, and r=-0.52, p= 0.020)
(Table 3.5). After adjusting for age, sex and pubertal status, ghrelin concentrations showed no

significant correlations (Table 3.5).
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3.5.6 Correlations Between BAMBI Scores and Metabolic Parameters

Correlation analyses between levels of these hormones (leptin and ghrelin), and clinical
parameters and BAMBI scores were tested through a Spearman’s rank-order correlation.
Results presented in (Table 3.6) highlight that BAMBI scores were significantly correlated
with BMI Z-scores (r=0.44, p=0.044). We did not find any correlation between leptin and

ghrelin concentrations and BAMBI scores.

3.5.7 Moderator Analysis of Ghrelin and Leptin Levels on BAMBI scores and BMI Z-scores

Our exploratory aim was to examine whether the relationship between mealtime
feeding behaviors (measured by the BAMBI) and weight status of children with ASD, may be
moderated by levels of leptin and ghrelin. This aim was assessed through a moderator analysis
while controlling for age, sex, and pubertal status.

For the moderator analysis of leptin and ghrelin levels on BAMBI scores and BMI Z-
score, linearity was observed, as assessed by partial regression plots and a plot of studentized
residuals against the predicted values. There was independence of residuals, as assessed by a
Durbin-Watson statistic of 2.16. There was homoscedasticity, as assessed by visual inspection
of a plot of studentized residuals versus standardized predicted values. There was no evidence
of multicollinearity, as assessed by tolerance values greater than 0.1. There were no outliers as
assessed through casewise diagnostics, not revealing greater than £3 standard deviations and
values for Cook's distance above 1. For the moderator analysis of ghrelin concentrations on
BAMBI scores and BMI Z-scores, linearity assessed by partial regression plots and a plot of
studentized residuals against the predicted values. There was independence of residuals, as
assessed by a Durbin-Watson statistic of 1.59. There was homoscedasticity, as assessed by
visual inspection of a plot of studentized residuals versus standardized predicted values. There
was no evidence of multicollinearity, as assessed by tolerance values greater than 0.1. There
were no outliers as assessed through casewise diagnostics, not revealing greater than +3
standard deviations and values for Cook's distance above 1.

Moderation analyses indicated that leptin and ghrelin levels did not influence the
relationship between BAMBI scores and BMI Z-scores. The results of this analysis with

BAMBI scores as a moderator can be seen in (Tables 3.7 and 3.8).
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3.6 Discussion

The main findings of our study included increased leptin concentrations in the
ASD+OWOB group compared to the ASD+NW group. Furthermore, leptin was positively
correlated with BMI Z-score, after controlling for age, sex, and pubertal status. We also found
total BAMBI scores to be higher in the ASD+OWOB group, and comparisons of individual
factors also revealed higher scores in the ‘Limited Variety’ and ‘Features of Autism’

subdomains in the ASD+OWOB group.

3.6.1 Leptin Findings

Leptin is an adipokine produced primarily by the white and brown adipose tissue
(Cancello et al., 1998; F. Zhang et al., 1997). Plasma leptin levels are positively correlated with
body fat mass, which was also found in our study (Al Maskari & Alnaqdy, 2006). Leptin has
action in the hypothalamus in regulating food intake and body weight through anorexigenic
signals (Sahu, 2003). Obesity is often associated with increased leptin concentrations, known
as leptin resistance (Enriori et al., 2006; Lin et al., 2000). Therefore it is theorized that it’s
expected anorexigenic effects may be diminished in obesity, due to factors such as a disrupted
negative feedback loop which blocks leptin signaling (Knight et al., 2010; Perry & Wang,
2012).

In our study, we found leptin concentrations to be significantly higher in the
ASD+OWOB group compared to the ASD+NW group. Secondary analyses found positive
correlations between leptin and both age and pubertal status. We were expecting to see these
correlations, with previous studies finding a positive correlation between leptin and age and
pubertal status in children (Antunes et al., 2009). We also found a positive correlation between
leptin and BMI Z-scores, after controlling for age, sex, and pubertal status, in line with previous
studies (Antunes et al., 2009; Bahrami et al., 2014; Fleisch et al., 2007). For example, Antunes
et al. (2009) found a positive correlation between serum leptin concentrations and BMI Z-score
in children between the ages of 2-19 years old (= 0.136; p= 0.010). Similarly, Fleisch et al.
(2007) found baseline leptin concentrations to be a positive predictor of increased BMI (p =
0.0147). Bahrami et al. (2014) also found leptin levels correlated with BMI in children between
the ages of 10-18 (#=0.272, p<0.001). Thus, consistent with findings in non-autistic children
research, the anorexigenic effect of leptin may be diminished in the presence of obesity, leading

to disrupted leptin signaling and thus higher concentrations in the ASD+OWOB group.
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We also found a significant difference between the NW and OWOB group on parent-
reported sexual development (as assessed through the Tanner staging scale). However, this
finding may be due, in part, to mean standardized differences in age between the two groups,
with the OWOB group being older. Clinically it is also often reported that children with obesity
go into puberty, generally, at an earlier age (Chen et al., 2017). Previous studies have also
found a possible role of leptin in sexual maturation and puberty development in children
(Farooqi, 2002; Lebenthal et al., 2006; Sanchez-Garrido & Tena-Sempere, 2013).

When analyzing leptin levels, in relation to other hormones, we found a positive
correlation between leptin and insulin, before adjusting for age, sex, pubertal status. Previous
studies have also reported this positive correlation among children (Bahrami et al., 2014; Zuo
et al., 2013). Because obesity and overweight often involve leptin resistance and insulin
resistance (Soliman et al., 2012; Zimmet et al., 1999), these findings in children with ASD are
in line with what has been reported in the TD population. We also found a negative correlation
between leptin and ghrelin, before adjusting for age, sex, and pubertal status. This negative
correlation has been previously reported among children and adolescents (H. S. Park et al.,
2005; Stylianou et al., 2007; Wilasco et al., 2012). For example, Wilasco et al. (2012) found
an inverse relationship between leptin and total ghrelin, in their study of children aged 4 months
to 11 years (r=—0.237, p =0.012). This is likely due to their antagonistic roles in appetite
modulation. Ashwood et al. (2008) compared mean plasma leptin concentrations between
children with ASD and TD children. Leptin concentrations ranged from 0.87-3.4 ng/ml in the
group with ASD and 0.49-1.66 ng/ml in the TD group (Ashwood et al., 2008). Our present
study found a mean of 9.355 ng/mL in our group with ASD+ NW group and 16.144 ng/mL in
the ASD+OWOB group. One possible factor which may account for differences in
concentration levels between both studies may be due to differences in age groups recruited.
For example in the Ashwood et al. (2008) research, children were 4.25 years old (2.4-15.5),
however in our current study the median age was 10.00 years (IQR: 8.5-11.5), and previous
findings have suggested a positive correlation between leptin and age (Bahrami et al., 2014).

Previous research findings of elevated leptin concentrations in children with ASD,
compared to TD groups, coupled with current findings of it being positively correlated with
BMI Z-scores, could allow for future studies to examine whether leptin concentrations are
markedly higher in ASD+OWOB groups compared to TD+OWOB groups. This research
direction may help to inform further understanding of the potential implications of hormonal
differences both between children with ASD and TD children and children with ASD of

different weight statuses.
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Previous research has also suggested that leptin may be a possible early-onset
phenotype of ASD, with elevated leptin levels earlier on in children with ASD (Ashwood et
al., 2008; Hasan et al., 2019). Specifically, Raghavan et al. (2018) followed a Boston Birth
Cohort and found that of the children that were born small for gestational age and had lower
cord levels of leptin, those with the most rapid weight gain went on to have the highest
childhood (median age of 7.5 years) leptin levels and were also more likely to be diagnosed
with ASD (Raghavan et al., 2018). This finding suggests that leptin should be monitored more
closely in children with ASD to assess the possible relationship it has on both the development

of ASD and possible downstream metabolic effect on weight status.

3.6.2 Ghrelin Findings

Ghrelin, the hunger hormone, is an orexigenic gastric peptide hormone (Inui, 2001). It
is produced by stomach cells, the hypothalamus, and the pituitary (among other tissues)
(Delporte, 2013). Both central and peripheral administration of ghrelin regulates appetite and
energy balance (Nakazato et al., 2001; Tschop et al., 2000). In obesity, fasting ghrelin levels
have been found to be lower than NW controls (Cummings et al., 2002). Ghrelin rises right
before a meal, but the expected post-prandial fall has been found to be attenuated in obesity
(English et al., 2002). In our study, univariate analyses found that ghrelin concentrations were
not significantly different between groups (p= 0.30, d=0.24), when stratified based on weight
status (Table 3.2); however we also considered the standardized mean differences (NW=
1487.98 pg/mL + 443.83, OWOB= 1223.81 pg/mL + 655.11) due to previous studies finding
decreased ghrelin concentrations in children with ASD (Al-Zaid et al., 2014; Hasan et al.,
2019). Further correlation analyses of ghrelin concentrations were compared to clinical
parameters and found to be negatively correlated with age and pubertal status. Ghrelin
concentrations were also negatively correlated with both insulin and leptin, in line with
previous studies (Stylianou et al., 2007). However, after adjusting for age, sex, and pubertal
status, there were no correlations between ghrelin and the various clinical and biochemical
parameters. These findings may suggest that ghrelin is more regulated by age, sex, and pubertal
status than insulin, leptin, or weight status, however further studies would need to be completed
in order to confirm this.

Previous research has shown that ghrelin concentrations are suppressed in TD groups
with OWOB (Shiiya et al., 2002; Tschop et al., 2001). In addition, studies have shown that

ghrelin concentrations may decrease with puberty (Whatmore et al., 2003). Due to the small

51



sample size and small effect size (d=0.24) we had insufficient power to draw any conclusions
on possible differences in ghrelin concentrations between groups. A larger sample size would
allow for detection of smaller ghrelin concentration differences between ASD+NW and
ASD+OWOB groups than was possible in the current study. Al-Zaid et al. (2014) found
significantly lower plasma acylated and desacylated ghrelin concentrations in children with
ASD compared to TD children, that did not differ substantially in BMI, although the group
with ASD reported significantly higher mean weight (kg) (Al-Zaid et al., 2014). They found
170.5 £ 59.3 pg/mL of acylated ghrelin in the TD group and 116.7 £+ 50.3 pg/mL in the group
with ASD. They also found 299.3 = 139.7 pg/mL of desacylated ghrelin in the TD group and
214.4 + 80.5 pg/mL in the group with ASD. Our study, on the other hand, considered total
ghrelin concentrations. Hasan et al. (2019) found lower serum concentrations of ghrelin among
children with ASD compared to controls, however the BMI of the group with ASD was
significantly lower than the TD group (Hasan et al., 2019). This information, taken together,
may suggest that ghrelin may indeed be lower in children with ASD, and BMI status may also
contribute to decreased ghrelin levels. Our present findings, coupled with previous research on
overall lower concentrations of ghrelin in children with ASD, may provide some insight into

hormonal dysregulation and implications for weight status in these patients.

3.6.3 Insulin Findings

Insulin is involved in maintaining glucose homeostasis and also has a role in signalling
the brain for energy balance (Miller, 2017; Plum et al., 2006). Its levels are found to be
proportional to the degree of adiposity (Cammisotto et al., 2005). Insulin is produced by
pancreatic beta cells (Schuit et al., 2001). It is critical for the integration of several peripheral
metabolic signals and is also able to stimulate the synthesis and secretion of leptin from white
adipose tissue (Perry & Wang, 2012). In obesity, there is a decrease in insulin sensitivity (Kahn
& Flier, 2000; Kahn et al., 2006). In our study, we found that although there was no significant
difference in the NW and OWOB in levels of insulin, there may have been trends towards
significance (p=0.080, d=0.39), with higher mean insulin levels in the ASD+OWOB group.
Further analyses also revealed a positive correlation with leptin, which may be further
indicative of some of the roles they share in food intake and energy metabolism (Paz-Filho et
al., 2012). Previous research has found insulin resistance (characterized by increased
concentrations of insulin) among OWOB weight status groups (Bahrami et al., 2014;

Hrafnkelsson et al., 2009). For example, Bahrami et al. (2014) found insulin levels to be higher
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in their overweight group compared to the NW adolescents (p=0.040, d= 0.19). Furthermore,
Hrafnkelsson et al. (2009) found that in a cross-sectional study of 7-year-old children, those of
overweight status had higher serum fasting insulin levels (p<0.001, d= 0.66). The role of insulin
regulation in children with ASD would be further informed by examining plasma glucose
concentrations. This would allow for the calculation of Homeostatic model assessment insulin

resistance (HOMA-IR) (Conwell et al., 2004).

3.6.4 PYY Findings

Peptide YY (PYY) is a satiety hormone (Guo et al., 2006). It belongs to the pancreatic
polypeptide family and is produced by the L cells of the gut (De Silva & Bloom, 2012).
Circulating levels of PYY are influenced by meal composition and are lowest during fasting
and increase post-prandially (Guo et al., 2006). Some research has reported that in obesity,
there are lower circulating fasting levels of PYY, which may reduce satiety, and that
concentrations may have a smaller rise postprandially (Batterham et al., 2003; Miller, 2017).
Studies have also shown that in obesity the stimulation of PY'Y through caloric intake may be
blunted (Mittelman et al., 2010). However, other studies have not reported differences in PYY
levels between groups of different weight status (Cahill et al., 2014). PYY’s levels and actions
may also depend on the form of obesity (e.g., diet-induced vs. genetic) (Vrang et al., 2006).
For example, PY Y336, the main circulating form of PYY, has been to reduce food intake and
adiposity, when injected into mouse models of diet-induced obesity (Adams et al., 2006; Vrang
et al., 2006). In our study, we did not find any significant group differences in baseline PYY
levels between the OWOB and NW group. In order to understand the role of PYY, and any
differences between groups, further research that compares pre- and post-prandial fluctuations
and various meal compositions (e.g., high vs. low protein) is warranted (Van der Klaauw et al.,
2013). This research would help determine whether there are different fluctuations between
groups and how this may go on to impact nutrient breakdown and metabolism. Currently, our
findings suggest that fasting levels of PY'Y do not vary based on weight status in children with
ASD.

3.6.5 GLP-1 Findings

GLP-1 is an incretin hormone released from the small intestine and L-cells of the colon

in proportion to nutrients ingested (Gutzwiller et al., 1999; P. E. MacDonald et al., 2002; Perry
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& Wang, 2012). GLP-1 has been shown to delay gastric emptying and enhance satiety (Nauck
et al., 1997; Tang-Christensen et al., 1996; D. L. Williams et al., 2006). It is released into
circulation after nutrient ingestion (P. E. MacDonald et al., 2002). Hira et al., (2019) reviewed
the role of GLP-1 in obesity and found mixed findings on the secretory response of GLP-1
post-meal ingestion and at basal levels (Hira et al., 2020). In our study, we did not find any
significant group differences in baseline fasting GLP-1 levels between the OWOB and NW
group. However, similar to PYY, GLP-1 levels also differ based on meal consumption, thus
comparing levels pre- and post-prandially would allow us to understand whether its actions

vary between groups (Van der Klaauw et al., 2013).

3.6.6. Mealtime and Feeding Behavior Findings

In our study, BAMBI scores were significantly higher in the ASD+OWOB compared
to the ASD+NW group. Comparing the groups on each BAMBI factor, we found that the
ASD+OWOB group tended to score higher on eating more Limited Varieties of foods and
displaying more Features of ASD. One previous study, conducted by Ismail et al. (2019) found
that when they stratified children with ASD based on weight status (with underweight and NW
children in one group and OWOB in another group), overall BAMBI scores did not differ
between groups. However, after comparing each factor ‘Food Refusal” was significantly higher
in the group of underweight and NW status (Kamal Nor et al., 2019). Our study was not able
to detect any difference in ‘Food Refusal’ scores between both groups, although mean
differences suggested ‘Food Refusal’ may have been detectably higher in the ASD+NW group
(9.20 £ 3.23 vs. 7.17 + 3.54; p= 0.11, d=0.35) if we had a larger sample. Kamal Nor et al.
(2019) also included children of underweight status, which was a group not present in our
current study (Kamal Nor et al., 2019). This study also included a wider age range of children
(2-18 years of age), and thus, this may have impacted reported eating behaviors, which tend to
evolve from infancy to adolescence (Birch et al., 2007).

Furthermore, our ASA-24 data considered breakdowns of various macronutrient
groups; we found a significant difference in the total sugar consumed by the OWOB group
compared to the NW group. Previous literature has shown that increased food variety can
promote obesity, due to the role it can have on increased food intake (Epstein et al., 2009;
McCrory et al., 2012). However, the type of macronutrient content also has an impact on the
direction of the weight change (Johnson & Wardle, 2014). For example, a study conducted in

adults (18-50 years) found snack food intake was associated with higher BMI, whereas grains
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and protein intake was negatively correlated with BMI (Sea et al., 2004). Therefore, our dietary
findings of greater total sugar consumption and limited food varieties may have contributed, in
part to weight gain in this group. However, due to the relatively small sample size of
participants who completed these online food records, more dietary data would need to be
collected before drawing conclusions about between-group differences.

Correlation analyses found BAMBI scores to be positively correlated with BMI Z-
scores. This finding suggests that higher levels of atypical feeding behaviors are associated
with higher BMI Z-scores. Previous research has found that obesity may be correlated to ASD
severity (Levy et al., 2019), which is in line with our findings of significantly higher scores of
‘Features of Autism’ in the OWOB group. The ‘Features of Autism’ factor describes a child’s
characteristic symptoms of ASD at the time of meals (such as flexibility with routines,
aggressive behaviors, etc.) (Lukens & Linscheid, 2008).

Our second aim involved examining whether ghrelin and leptin levels had a moderator
effect between BAMBI scores and BMI Z-score. We proposed that because leptin and ghrelin
have roles in feeding circuits affecting body weight homeostasis (Cowley & Grove, 2004) and
ghrelin is a regulator of hedonic eating behaviors (Malik et al., 2008), these hormones may be
moderating the relationship between mealtime behaviors and BMI Z-score. Ghrelin acts
through the growth hormone secretagogue receptor (GHSR), and these receptors interact with
ghrelin in several brain areas (e.g. the midbrain, an area important for reward processing
(Perell6 & Zigman, 2012). Buss et al. (2014) also found a positive correlation between ghrelin
levels and hedonic eating behaviours in NW and OW groups (Buss et al., 2014). However,
these eating behaviors were weak or tended to be negatively correlated in the groups with
obesity (Buss et al., 2014). This was postulated to be due to the impaired ghrelin signaling in
obesity (Briggs et al., 2010; Buss et al., 2014). We did not detect any moderating effects after

controlling for age, sex, and pubertal status.

3.7 Future Directions

Previous studies comparing ghrelin and leptin concentrations between children with
ASD and TD children have focussed on how these altered levels may be an early onset
phenotype for ASD (Ashwood et al., 2008; Raghavan et al., 2018). It has been suggested that
these endocrine factors, along with neurotransmitters, may be facilitating the encoding of
different social behaviors in the developing brain (Tareen & Kamboj, 2012). Therefore,
understanding whether these endocrine factors have downstream effects on weight status is a

critical avenue to continue exploring. Future studies that can also examine mealtime behaviors

55



longitudinally could inform the understanding around whether problematic feeding behaviors
arise early in life and whether they track closely with weight trajectories. Problematic feeding
behaviors may emerge as early as infancy in children with ASD, with Lucas and Cutler (2015)
finding some mothers reporting dysregulated breastfeeding (vigorous sucking without
stopping) among their infants, who were later diagnosed with ASD (Lucas & Cutler, 2015).
The current approaches for the treatment of childhood obesity generally involves a
combination of non-pharmacological interventions (e.g., behavioral therapies, weight-reducing
diets), pharmacological interventions, and surgical treatments (Han et al., 2010). Approaches
are typically no different among children with intellectual disabilities, such as in some cases of
ASD; however, there is a need for further research into how obesity treatment can be more
specifically tailored for children with intellectual disabilities (Bennett et al., 2017). Although
our hormonal findings are not clinically relevant to practice presently, further studies on any
unique hormonal signatures in children with ASD may allow for novel avenues for treating
unhealthy weight trajectories among this population. Research into physiological drivers of
weight gain is particularly important, because evidence suggests that weight trajectories may
be different among children with ASD, with obesity arising at an earlier age in ASD (Hill et
al., 2015). This may suggest that obesity arises even before some lifestyle risk factors (e.g.
decreased PA and increased SB) are associated with weight status. Therefore, clinical health
surveillance of anthropometric parameters and monitoring of growth patterns may also serve

as a useful method in preventing unhealthy weight gain and obesity.

3.8 Strengths and Limitations

The major strengths of our study included its collection of relevant clinical parameters
such as pubertal status, ASD severity, and mealtime behaviors to assess many possible factors
that may be contributing to weight status in children with ASD. In addition to this, the
stratification based on weight status allowed for an assessment of hormonal level differences
and mealtime behaviors differences between groups with ASD of varying weight status.

Limitations of our study include the limited sample size and the lack of a TD control
group. A larger sample size would allow for sufficient power in detecting group differences in
both clinical and hormonal parameters. Furthermore, the cross-sectional design only allowed
for comparisons at one time point. Therefore, a longitudinal study would allow for an
assessment of whether changes in hormone levels are associated with changes in weight gain
over time. It could also further the understanding around whether these differences in hormone

levels are causative of the weight gain or associative with the different weight status’. The
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current design does not allow for causality between hormonal concentrations and other
parameters to be established. Another limitation was the lack of a TD control group. Without
the TD group, we cannot confirm whether previously reported findings of altered ghrelin and
leptin levels in ASD are also true of our study. Furthermore, a TD control group would allow
for a better understanding of how the present findings of increased leptin levels in the
ASD+OWOB compared to the TD+OWOB group. This would further our understanding of
possible leptin dysregulation in ASD. Despite these limitations, the present study’s findings
suggest that there are differences in leptin concentrations between NW and OWOB groups with
ASD. Thus, further research into characterization of hormonal signatures between each weight
status, may allow for a better understanding of how endocrine regulation may be impacting
weight status among children with ASD. Furthermore, the finding of higher reported
problematic feeders in the ASD+OWOB group is another important finding because this could

allow for mealtime behaviors to be monitored more closely in this group.

3.9 Conclusion

The major findings of this research were that there are significantly elevated levels of
leptin in the ASD+OWOB group compared to the ASD+NW group. We also found that
BAMBI scores were significantly higher in the OWOB group and there was a correlation
between BMI Z-scores and BAMBI scores. The ASD+OWOB group scored higher in eating
more ‘Limited Varieties’ of foods and displaying ‘Features of ASD’. Overall, these findings
are informative to our current understanding of leptin in ASD. There is a need to track leptin
levels longitudinally in children with ASD in order to examine if it is indeed an early-onset
phenotype for ASD development and also for the possible role it may have in weight status
among children with ASD. In addition, it is essential to evaluate problematic mealtime
behaviors in children with ASD due to its associations with BMI Z-scores. Further research
into hormonal level differences and mealtime behaviors may further develop the understanding
around what health care providers, parents, and individuals with ASD may be able to do to

prevent or treat unhealthy weight gain.
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3.10 Tables

Table 3.1. Baseline characteristics of children with Autism Spectrum Disorder (ASD) Stratified into Normal Weight and Overweight and Obese Weight
Status

Characteristic N ASD ASD P Value d
Normal Weight Overweight-Obese
Age,y 15,6 9.47 (10.0) £ 2.07 (8.0-11.0) 10.67 (11.5) = 1.97 0.15 0.33
(9.25-12.0)
N of Females/males 3/12 1/5 0.87
BMI z-score 15,6 -0.14 (-0.43-0.33) 1.45 (1.02-2.22) <0.005 0.76
Tanner Stage 15,6 1.5 (1.00-1.86) 3.0 (3.00-4.00) 0.036 0.47
C-PAQ 15,6
Sports (hrs) 3.50 (1.50-7.00) 2.38 (0.00-3.25) 0.095 0.37
Leisure (hrs) 5.40 (3.75-15.75) 2.38 (1.06-5.93) 0.066 0.41
School (hrs) 1.67 (1.00-2.50) 1.25 (0.75-3.13) 0.79 0.060
Other (hrs) 37.5 (33.77-61.00) 51.1 (27.65-70.13) 0.79 0.068
ASA24 Total 3,3 1360.36 2259.97 0.28 0.45
Calories/Day
Carbohydrates (g) 3,3 175.30 316.96 0.13 0.62
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Protein (g) 3,3 83.83 65.13 0.51 0.27

Total fat (g) 3,3 54.47 67.92 0.83 0.09
Total sugar (g) 3,3 80.33 127.71 0.050 0.80
SRS-2 (T-score) 14, 4 76.67 (78.00) + 11.81 (76.00-85.00) 82.33 (83.5) + 6.59 0.21 0.28

(79.00-86.75)

Data reported as Median (IQR) and Mean (Median) + SD_(IQR) for the SRS-2 T-scores; Two-sample Wilcoxon Rank-Sum test Sum (Mann-Whitney) used. p
values for statistically significant differences are shown in bold.
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Table 3.2. Hormonal Levels of children with Autism Spectrum Disorder (ASD) Stratified into Normal Weight and Overweight and Obese Weight Status

Characteristic N ASD Mean £SD ASD Mean £SD p value d
Normal Weight Overweight-Obese
Median (IQR) Median (IQR)

Leptin pg/mL 12,6 9863.42 (6818.30- 9354.88 + 15945.27 (10669.35- 16143.81 + 0.018 0.51
11604.88) 3965.75 22373.33) 6597.16

Ghrelin, pg/mL 12, 6 1487.98 (1126.99- 1487.98 + 1048.13 (627.57- 1223.81 £655.11 0.30 0.24
1683.84) 443.83 1857.05)

GLP-1, pg/mL 12,6 58.65 (53.80-61.37)  58.65+8.12 57.66 (52.17-77.60) 57.32 £6.96 0.42 0.19

PYY, pg/mL 12,6 233.88 (219.411- 248.04 +48.27  233.86(192.62-308.84)  247.49 + 63.79 0.85 0.05
265.05)

Insulin, pIU/mL
(n=12,6) 12,6 63.08 (50.75-70.74)  63.08 + 15.41 89.15 (56.90-107.30) 85.79 +£25.89 0.080 0.39

Data reported as Median (IQR) and Mean + SD; Two-sample Wilcoxon Rank-Sum test Sum (Mann-Whitney) used. p values for statistically significant
differences are shown in bold.
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Table 3.3. BAMBI scores of children with Autism Spectrum Disorder (ASD) Stratified into Normal Weight and Overweight and Obese Weight Status

Characteristic N ASD Mean = SD ASD Mean = SD P Value d
Normal Weight Overweight-Obese
Median (IQR)
BAMBI Score 15,6 39.00 (30.00-48.00) 38.53 +10.85 49.50 (41.75-56.75) 48.83 + 6.27 0.045 0.44
Limited Variety 20.00 (14.00-25.00) 20.07 +7.35 30.00 (26.75-32.25) 29.00 + 4.69 0.014 0.57
Food Refusal 9.00 (6.00-11.00) 9.20+3.23 5.50 (5.00-9.50) 7.17 +£3.54 0.11 0.35
Features of ASD 9.00 (6.00-11.00) 8.33 +£2.69 13.00 (10.75-14.75) 12.67 +£3.27 0.006 0.57

Data reported as Median (IQR) and Mean + SD; Two-sample Wilcoxon Rank-Sum test Sum (Mann-Whitney) used. p values for statistically significant
differences are shown in bold.
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Table 3.4. Spearman correlations of leptin concentration to other clinical and metabolic parameters in children with ASD and non-parametric
partial correlation of leptin concentrations, controlling for age, sex, and pubertal status.

Parameters r D Adjusted r Adjusted p
Age 0.62 0.003

Pubertal status 0.48 0.028

BMI z-score 0.41 0.063 0.73 0.001
SRS-2 0.18 0.43 0.093 0.72
Insulin, pIU/mL 0.45 0.041 -0.083 0.74
Ghrelin, pg/mL -0.52 0.016 0.20 0.42

PYY, pg/mL -0.15 0.51 -0.15 0.54
GLP-1, pg/mL -0.045 0.85 -0.16 0.53

ASD: Autism Spectrum Disorder; BMI Z-score: body mass index Z-score; SRS-2: Social Responsiveness Scale 2; PYY: Peptide YY; GLP-1: Glucagon-like
peptide 1. p values for statistically significant differences are shown in bold.
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Table 3.5. Spearman correlations of ghrelin concentrations to other clinical and metabolic parameters and non-parametric partial correlation of
ghrelin concentrations, controlling for age, sex, and pubertal status.

Parameters r P Adjusted r Adjusted p
Age -0.78 P<0.0005

Pubertal status -0.54 0.011

BMI Z-score 0.058 0.803 0.077 0.76
SRS-2 -0.13 0.58 0.061 0.81
Insulin, pIU/mL -0.65 0.01 -0.26 0.30
Leptin, pg/mL -0.52 0.02 0.20 0.42

PYY, pg/mL -0.04 0.85 -0.033 0.90
GLP-1, pg/mL -0.012 0.96 0.11 0.66

ASD: Autism Spectrum Disorder; BMI Z-score: body mass index Z-score; SRS-2: Social Responsiveness Scale 2; PYY: Peptide YY; GLP-1: Glucagon-like
peptide 1. p values for statistically significant differences are shown in bold.
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Table 3.6. Spearman’s correlations of BAMBI scores to other clinical and metabolic parameters in children with ASD

Parameters r D

Age -0.033 0.887
BMI z-score 0.44 0.044
Pubertal status 0.21 0.369
SRS-2 0.318 0.160
Leptin, pg/mL 0.177 0.442
Ghrelin, pg/mL -0.070 0.764

ASD: Autism Spectrum Disorder; BMI Z-score: body mass index Z-score; SRS-2: Social Responsiveness Scale 2; PYY: Peptide YY; GLP-1: Glucagon-like
peptide 1. p values for statistically significant differences are shown in bold.
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Table 3.7. Leptin levels as a Moderator on the Relationship of BAMBI scores and BMI Z-scores. Controlling for age, sex, and pubertal status.

BAMBI Scores
Predictors B SEgs t p
Leptin 0022 .00080 2.93 011
BMI Z score -2.89 2.63 -1.089 .29
Interaction -.00060 .00040 -1.32 21
Age -6.79 1.60 -4.23 .00080
Pubertal status  7.70 2.53 3.044 .0088
Sex -15.11 7.65 -1.98 .068

ASD: Autism Spectrum Disorder; BMI Z-score: body mass index Z-score; BAMBI: Brief Autism Mealtime Behavior Inventory. p values for statistically
significant differences are shown in bold.
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Table 3.8. Ghrelin levels as a Moderator on the Relationship of BAMBI scores and BMI Z-scores. Controlling for age, sex, and pubertal status.

BAMBI scores

Predictors B SEgs t p
Ghrelin -0.0056 0.0068 -0.82 0.43
BMI Z score 2.83 2.35 1.20 0.25
Interaction -0.0025 0.0037 -0.68 0.51
Age -4.99 1.97 -2.53 0.024
Pubertal status 6.27 2.99 2.10 0.054
Sex 1.0097 5.94 0.17 0.87

ASD: Autism Spectrum Disorder; BMI Z-score: body mass index Z-score; BAMBI: Brief Autism Mealtime Behavior Inventory. p values for statistically
significant differences are shown in bold.
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Chapter 4 Discussion and Conclusions
4.1 Introduction

The higher rates of overweight and obesity in children with ASD is due to several
factors, and the specific combination of factors also varies from child to child. Some of the
reviewed contributors to unhealthy weight gain included selective eating behaviors, lack of
opportunity for physical activity, genetics, and secondary comorbidities (such as GI
disturbances like chronic constipation and diarrhea), among other factors (Dhaliwal et al.,
2019). In study 2, we aimed to further investigate two of these specific factors: hormonal level
differences and selective eating behaviors, to understand whether there may be any differences
among children of NW and OWOB weight status. Our first objective was to explore how
hormones involved in the regulation of appetite and energy balance (leptin, ghrelin, GLP-1,
PYY, insulin) may differ based on weight status among children with ASD. Our second
objective was to explore whether mealtime behaviors (measured by the BAMBI), would also
vary based on weight status. For objective one, we hypothesized that there would be a
significant difference between both groups, with the group with ASD+OWOB group having
lower ghrelin and higher leptin concentrations and increased insulin resistance relative to the
ASD+NW group. For objective two, we hypothesized that we would find significant
differences in BAMBI scores, with the OWOB group scoring significantly higher (e.g., more
atypical eating behaviours) than the ASD+NW group. We also hypothesized that ghrelin and

leptin levels would have a moderating effect on BAMBI scores and BMI Z-score.
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4.2 Risk Factors for Obesity and Overweight in ASD

Possible factors driving weight gain in children with ASD were explored in Chapter 2.
Generally, body weight is influenced by many factors ranging from environmental (e.g.,
nutrition), behavioral (e.g., physical activity and sedentary behaviors), and biological (e.g.,
genetics and hormonal regulation) factors. Studies have shown that many risk factors could be
heightening the risk for overweight and obesity among children with ASD. For example, oral
sensitivities may mediate food selectivity influencing food and nutrient intake among children
with ASD (Beighley et al., 2013; Cermak et al., 2010). There are also factors such as decreased
physical activity and increased sedentary behaviors, which could further promote an imbalance
in energy intake and expenditure (L. G. Bandini et al., 2013; Healy et al., 2017). Furthermore,
genetics, and medication usage (such as antipsychotics) may also influence BMI (Cortes &
Wevrick, 2018; S. Y. Park et al., 2016; Shinawi et al., 2011). Ultimately these factors may have
a compounded effect on increasing the risk for unhealthy weight gain in ASD.

We also explored more novel avenues that may have some role in the higher rates of
overweight and obesity among children with ASD. These ‘emerging’ factors included: sleep
problems (Maxwell-Horn & Malow, 2017), the gut microbiome (Strati et al., 2017), and
hormonal dysregulation (Ashwood et al., 2008; Hasan et al., 2019). Overall, understanding all
of these possible contributors allows for progress towards identifying and then effectively
managing unhealthy weight gain among individual children. Monitoring for risk factors could

also facilitate the development of potential intervention strategies.

4.3 Appetite-Regulating Hormones in ASD

Findings from Chapter 3 add to our current knowledge around how fasting levels of
leptin and mealtime behaviors vary between children of different weight status’ with ASD.
Previous research has focused on examining leptin with regards to the role it may play in ASD
pathogenesis. For example, increased leptin levels have been considered as a possible early-
onset phenotype, due to findings of higher levels among children diagnosed with ASD
(Raghavan et al., 2018, Ashwood et al., 2008). Our research study focused on understanding
whether there are any differences in hormonal levels between children with ASD of varying
weight status. Currently, after comparing hormonal levels based on weight stratification, we
found significantly elevated concentrations of leptin and trends towards -elevated

concentrations of insulin. These findings suggest that leptin levels might be elevated in ASD,
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regardless of weight status, although we know that obesity can also contribute to increasing
these levels.

Although the exact mechanism through which leptin may be associated with ASD risk
is not fully understood, leptin has an important role in immune system regulation, specifically
in neurodevelopment (e.g., neurogenesis and synaptogenesis) (Garza et al., 2008). In addition,
the alteration of leptin levels (e.g., from ingestion of the mother’s milk) in early life can also
impact hypothalamic development and feeding circuits (Bouret, 2010). Furthermore, maternal
obesity, which was highlighted as a possible risk factor for ASD in chapter 2, may also result
in impaired leptin signaling, with findings of elevated leptin levels in offspring (Kirk et al.,
2009).

In children with ASD, Ashwood et al., (2008) also found that when they stratified
children into regressive (when a child appears to be developing typically but then loses
acquired skills in area such as language and motor development) and early onset ASD, those
with early onset ASD had significantly higher plasma leptin levels compared to children with
regressive ASD (p <.042) (Ashwood et al., 2008; Mughal et al., 2020). Ashwood et al. (2008)
discussed that these altered leptin levels might be influencing its role in the neuropathology of
ASD by crossing the blood-brain barrier and promoting inflammation in certain brain areas
(Ashwood et al., 2008; Banks, 2001; Matarese et al., 2005). Therefore, future research that can
examine the role of leptin signaling in ASD and whether this early-onset form of ASD is also
associated with higher rates/higher severity of OWOB in this group, would contribute to the
understanding of the implications of elevated leptin levels in ASD.

Ghrelin has been found to have a neuroprotective role in conditions such as Alzheimer’s
and Parkinson’s disease (Santos et al., 2013). Ghrelin’s neuroprotective effect is related to its
role as a metabolic signal in targeting AMPK in dopamine neurons (Bayliss et al., 2016). To
understand ghrelin’s role in ASD, Yamashita et al. (2019) collected lymphoblastoid cell lines
from children with ASD and TD children. These were cultured with either Phosphate-buffered
Saline (PBS) or human ghrelin. The study found elevated concentrations of specific
inflammation-related genes (e.g., Tumor Necrosis Factor, TNF-a) in the group with ASD and
also found that ghrelin was able to reduce expression levels of certain inflammatory markers
(e.g., TNF-a), suggesting it may serve as a potential therapeutic anti-inflammatory agent
(Yamashita et al., 2019). Inflammation and neuroimmune dysregulation has been heavily
reported in ASD (Siniscalco, Schultz, et al., 2018; Tonhajzerova et al., 2015; Tsilioni et al.,
2019). Studies have also suggested that suppressed ghrelin signalling may be associated with

gastrointestinal disorders such as irritable bowel syndrome and chronic gastritis (Cheung &
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Wu, 2013; Koutouratsas et al., 2019), which are commonly reported among children with ASD
(McElhanon et al., 2014). Therefore, future studies should examine the role of ghrelin in ASD
pathogenesis as well as how any dysfunction in signalling may be impacting gastrointestinal
symptoms in this group. This may allow for a better understanding of ghrelin’s role in
influencing appetite, energy intake, and weight status in ASD.

Although previous studies have not compared insulin levels between children with
ASD and TD populations, insulin is another hormone that may be implicated in the
pathogenesis of ASD diagnosis and excessive weight gain. Maternal obesity and gestational
diabetes were discussed in chapter 2 as potential risk factors for ASD. Xiang et al. (2015) found
that maternal type 1 diabetes increased the risk for ASD in children (Xiang et al., 2015). They
suggested that mechanisms such as hypoxia in the fetus and oxidative stress were some possible
pathways that increased risk of ASD in offspring (Xiang et al., 2015). Obesity can also result
in impaired insulin signalling, such as through insulin resistance (B. B. Kahn & Flier, 2000; S.
E. Kahn et al., 2006). Therefore, future studies that can compare insulin levels between groups
with ASD and TD groups would allow for further understanding of whether insulin could be
another unique factor increasing the risk for obesity in ASD.

Ultimately, further studies need to be completed to examine whether these hormones
discussed above, may be additional possible direct drivers of this obesity and overweight we
see in children with ASD or instead if they are consequences of this unhealthy weight status.
This research would then allow for further clarification around whether these hormonal levels
need to be monitored (including at what stage of development) as possible factors influencing

physical growth and development.

4.4 Feeding Behaviors in ASD

Atypical feeding behaviors have been reported in ASD. These behaviors can range from
specific food preferences (e.g., inclusion and exclusion of particular textures of foods) to being
inflexible with mealtime routines (e.g., seating arrangements) (Lukens & Linscheid, 2008;
Martins et al., 2008). Some of the possible factors contributing to these feeding behaviors
include sensory sensitivities and processing impairments, which may lead to food selectivity
and refusal (Cermak et al., 2010). There is a lot of research around many specific mealtime
behaviors in children with ASD (e.g., flexibility with mealtime routines, preferring a specific
texture of food, etc.).

In our study, we found that BAMBI scores were significantly higher in the
ASD+OWOB group compared to the ASD+NW group. When looking at individual BAMBI

70



factors, it was found that the OWOB group scored higher on eating more ‘Limited Varieties’
of foods and showing more ‘Features of ASD’. Further analyses also showed that BAMBI
scores were positively correlated with BMI Z-scores. In their study, Kamal Nor et al. (2019)
reported lower ‘Food Refusal’ scores in their childhood overweight/obese population, and
lower scores were also correlated with higher weight in children with ASD (Kamal Nor et al.,
2019). Similar to this study, we found higher median scores of limited food variety and higher
median scores of ‘Features of ASD’, in the OWOB group. These results also further emphasize
previous findings of children with more severe symptoms of ASD being 1.7 times more likely
to be of overweight or obese weight status (Levy et al., 2019). The researchers suggested that
co-occurring behavioral challenges, in the more severe cases of ASD, may be further
perpetuating some of the currently known factors influencing weight status among this
population (Levy et al., 2019).

Interventions for feeding challenges among children with ASD warrants a
multidisciplinary approach; this could involve physicians, dieticians, occupational therapists,
behavioral psychologists, speech-language pathologists (SLP), etc. Primary care physicians
can determine the role of GI disorders (such as acid reflux and constipation), allergies, and
other secondary comorbidities that may be influencing feeding behaviors (Child Mind
Institude, 2020). Dieticians can assess food and dietary intake in children (such as monitoring
for any nutrient deficiencies) (Autism Ontario, 2012). They are also able to help individuals
and families plan meals, find alternative sources of nutrition, and identify problematic (e.g.,
picky eating) behaviors (Autism Ontario, 2012). Furthermore, occupational therapists can
assess sensory integration challenges, evaluate oral processing, and provide interventions such
as activities involving deep touch pressure to improve eating (Cermak et al., 2010). Behavioral
psychologists can also develop strategies such as systematic desensitization and operant
conditioning to increase the acceptance of foods (Chawner et al., 2019). Finally, and also
importantly, SLPs may be able to evaluate any feeding and swallowing challenges and develop
strategies to combat feeding problems (e.g., helping strengthen oral muscles) (American
Speech Language Hearing Association, 2020). These strategies highlight the need for a
standardized definition of problematic eating behaviors that can capture the many challenges
children with ASD face when it comes to feeding. These roles also offer insight into the
importance of multidisciplinary teams when considering prevention and intervention strategies

related to feeding behaviors in children with ASD.
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4.5 Limitations and Challenges

This research is novel in exploring fasting concentrations of specific appetite-regulating
hormones in order to understand any possible differences between OWOB and NW groups.
Some of the limitations include firstly that findings presented in Chapter 3 are from a cross-
sectional study and thus causation cannot be determined. Therefore, to understand the role of
these hormones as either contributing to weight status, or just being associated with weight
status, longitudinal studies that collect measures around various biochemical markers in both
TD children and children with ASD would need to be completed.

Secondly, present findings only considered baseline fasting hormones levels, therefore,
we did not explore possible differences pre- and post-prandially. Examining whether there is a
difference in how these specific hormones may be impacted by nutrient intake could develop
our understanding around their role in appetite regulation and metabolism.

Another limitation of our current study was the lack of a TD control group. A TD
control group would have allowed for a more robust interpretation of hormonal levels
differences in findings between the various weight groups. A TD control group would also
allow us to confirm previous research findings of differences in leptin levels in children with
ASD compared to TD children. This limitation was associated with challenges faced in the
recruitment of a TD group. There may have been less motivation to participate in a study as a
control group, and our recruitment rate ultimately did not allow us to include such a group at
this time.

Our current study used the ASA-24, an online tool for recording food and drinks
consumed over a specific period. However, this is another limitation because participants and
parents/primary caregivers completed these after the study visits, and thus, fewer records were
completed in relation to the questionnaires that were administered at the time of the study visit.
Also, the ASA-24 has not been validated among children. Therefore, before further
interpretations around these dietary findings can be made and generalized, more data on the
relationship between diet (e.g., through collection of a food frequency questionnaire) and
BAMBI scores would need to be collected (Olukotun & Seal, 2015). Parents described
challenges with logging into the system, not being able to find all the specific foods and drinks
in the database, and the burden associated with the amount of time required to complete each
record.

A challenge of our current study was the relatively small sample size, thus limiting our

statistical power. A larger sample size would allow for a better understanding of group
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differences. There were recruitment challenges due to parental concerns about the blood draw,
as some children with ASD can have specific sensitivities and anxieties around blood draws.
Some approaches taken to overcome this challenge included providing a social story to prepare

children before the study visit, numbing cream, and distraction tools such as an iPad.

4.6 Gaps in knowledge and Future Directions

Gaps in current knowledge include understanding whether these hormonal
concentrations are causative or associative of weight status in ASD. Furthermore, while there
is a comprehensive understanding of behavioral and lifestyle contributors to elevated weight
status in children with ASD, the role of physiological drivers (e.g., hormonal levels, gut
microbiota, maternal metabolic disorders, etc.) continues to be elusive. Future studies should
consider assessing hormonal regulation of satiety both pre and post-prandially, across various
weight groups to understand any fluctuations of hormonal control and how these signals
modulate appetite in ASD and how this could be impacting weight status. Greater insight into
hormonal differences at baseline between children with ASD and TD groups may allow for the
development of intervention strategies and identify children on unhealthy weight trajectories.

Another gap in knowledge is that there is no standard definition of problematic eating
behaviors in ASD. Bandini et al. (2010) defined it as a combination of food refusal and limited
food repertoire (Bandini et al., 2010), however the definition varies across studies. Therefore,
a standardized definition, along with specific criteria around what would be considered
problematic eating, would be beneficial in capturing these behaviors among children with
ASD. Future research should also consider how food selectivity can differ for individual
children with ASD, and if this may be influenced by factors such as ASD severity,
physiological factors (e.g., appetite-regulating hormones), and gastrointestinal symptoms.
Research that can further integrate biochemical data (e.g., hormonal levels) and feeding
behaviors could establish whether future research should consider hormonal factors or whether
there is no specific difference that would warrant further investigation.

Furthermore, anecdotal reports suggest that there may be food-seeking behaviors in
ASD (e.g., stealing food, thinking about food), which may result in increased energy intake.
However, there is a gap in current knowledge around these specific behaviors in ASD. Past
research, specifically assessing food-seeking behaviors in children with PWS has led to the
development of a hyperphagia questionnaire for this population (Dykens et al., 2007); however,
this has not been validated in children with ASD. Although current research seems to suggest

there is no difference in overall energy intake between children with ASD and TD children, the
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specific source of the calories and the range and variety within diets need to be investigated
further with respect to food-seeking behaviors.

Overall, future studies that consider possible factors contributing to weight status
among children with ASD should collect comprehensive data on feeding behaviors, diet,
physical activity via questionnaires and direct measurements (e.g., accelerometers),
information on secondary comorbidities and medication usage, sleeping behaviors, and
maternal history related to maternal metabolic disorders and breastfeeding. This
comprehensive collection of data would help understand how these factors together might

influence overall weight status in ASD.

4.7 Clinical Relevance of Findings

Findings from this thesis that are the most clinically relevant for the management of
obesity and unhealthy weight gain in ASD include: 1) the summary of risk factors presented in
chapter 2 and 2) findings of higher reported rates of problematic feeding in the ASD+OWOB
group in chapter 3. The review of risk factors can serve as an important tool that individuals
with ASD, families, and health care providers can use to understand what factors may be
contributing to individual risk. It can promote dialogue between health care providers and
families around evaluating possible risk factors for unhealthy weight, which could result in
strategies to combat the risk where needed. Furthermore, the findings of higher BAMBI scores
in the ASD+OWOB group can also help families identify specific eating behaviors (e.g., eating
limited varieties of foods) that need to be monitored more closely, due to the risk they may
pose for unhealthy weight status.

By having an understanding of the risk factors, health care providers and families can
engage in informed discussions around possible drivers of weight gain, specific to each child.
This allows for shared decision making around developing intervention strategies. The
literature review findings also serve as a tool through which health care providers may be able
to further monitor specific behavioral and lifestyle factors through a screening, brief
intervention, and referral to treatment (SBIR) approach (Agerwala & McCance-Katz, 2012).
SBIR approaches could involve interactive clinical skills development for physicians and
discussion around risk factors with families, even before the presentation of overweight or
obesity (Agerwala & McCance-Katz, 2012). Furthermore, SBIR approaches may also allow
primary care pediatricians to feel more adequately trained for managing obesity in children

with ASD (Walls et al., 2018).
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Current Canadian guidelines for growth monitoring among pediatric populations
recommend measurements (e.g., height, weight, etc.) at all primary care visits (Canadian Task
Force on Preventive Health Care, 2015). In addition to this, the American Academy of
Pediatrics (2015) also recommends that pediatricians utilize a life course approach to identify
children who may be at risk for obesity development (Daniels et al., 2015). Therefore, these
recommendations highlight the need for extra vigilance when assessing growth among children
with ASD, due to the elevated risks. Routine checkups in pediatric populations vary with age
and are recommended by the child's doctor (My Health Alberta & Healthwise Staff
2018). Specifically, from birth to 3 years old visits are much more frequent (e.g., 3 to 5 days
old, 1 month, 2 months, etc.) and then after 3 years old visits are typically scheduled annually
(My Health Alberta & Healthwise Staff 2018). More frequent checkups such as twice annually
after the age of 3 years, may be warranted in children diagnosed with ASD, however, because
the age of ASD diagnosis can vary (with a diagnosis as early as 2 years old although more
commonly diagnosed around the age of 4 to 5 years old) checkup schedules may vary and be
adjusted accordingly (Zwaigenbaum et al., 2019). Clinical surveillance of weight trajectories
in ASD may help prevent unhealthy weight gain and obesity. Furthermore, parents also play
an essential role in monitoring for problematic mealtime behaviors and growth in children.
Therefore, if parents have particular concerns, they should be followed up by health care

providers to examine any specific risks and discuss follow-up strategies.

4.8 Conclusion

The major findings of this research were that multiple risk factors, and likely some
combination of each, are resulting in higher reported rates of overweight and obesity in children
with ASD. Risk factors, including emerging factors, could broadly be described in three
categories: biological (e.g., genetics), developmental (e.g., maternal metabolic disorders), and
environmental (e.g., physical activity). From the original study, we found significantly elevated
levels of leptin in the group with OWOB compared to the NW group. Leptin levels also
correlated with BMI Z-scores, after controlling for age, sex, and pubertal status. We also found
some trends towards elevated insulin concentrations in our group with OWOB. From our
second objective, we found that BAMBI scores were significantly higher in the OWOB group
and were positively correlated with BMI Z-scores. Specifically, the ASD+OWOB weight
status scored significantly higher on eating more limited varieties of foods and showing more
‘Features of ASD’. Overall, considering this current study, along with previous research, there

is a need for future work that can provide further insight into ways we can better assess for,

75



prevent, and treat overweight and obesity in children with ASD. Some of the unique risk factors
and challenges children with ASD may face (e.g. oral sensitivities) highlight the need for more

tailored approaches so that we are able to prevent the burden of unhealthy weight status and its

secondary impacts in this population.
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Appendices

Appendix A. Example for the puberty assessment

Girls Tanner Scale

At your age, girls usually begin to experience many physical changes. Please mark any

changes you have experienced.

Breast Pubic Hair

Stage 1
Small / | | Mo pubic | "
nipples. No |/ | hair. |
breast, N :

Stage 2 1 :
Breast and Imitial

: iz Ty ¢l |/ - - | "y |

nipples have | |/ | growth of | |
Just started to a | | long pubic /
grow, The hairs, These are straight,
argola has become without curls, and of
larger. Breast tissue bud | hight color.
feels firm behind the
nipple.

Stage 3
Breast and \ | The pubic | __ [
nipples have < | [/ | hairis | 7 |
grown | || | more ' '
additionally. ' widespread. The hair is
The areola has become | darker, and curls may
darker. The breast have appeared.
tissue bud is larger.

Stage 4
Mipples and | More I
areolas are a1 | dense hair | ‘?
elevated and ! growth ' /
form an edge with curls and dark
towards the breast. The | hair. Stll not entirely as
breast has also grown a | an adult woman.
little larger.

Stage 5

Fully / 3
developed {
breast. 1y
Mipples are protruding,
and the edge between
areola and breast has
disappeared.

Adult hair | _ |
growth.
Dense, |
curly hair

extending towards the
inner thighs.

109




Boys Tanner Scale
At your age, boys usually begin to experience many physical changes. Please mark any
changes you have experienced. Please choose only ONE answer for each stage.

Genitals Pubic Hair
Stage 1 .
Nosigns | +y | |Nopubic | |
ofpuberty. | | | | hair. Y
Secrotum, ' ' A |
testes, and penis as in
childheood.
Stage 2
Initial | T | | Few hairs | ¥ '
growth of ] || around I |
scrotum the root of

and testes, The skin on
the scrotum has become
redder, thinner, and
more wrinkled, The
penis may have grown a
little in length,

the penis. The hairs are
straight, without curls, an
of light color,

Stage 3 |
The penis | ~l | Hairs iI 11
has now ] | | are | X
grown in darker ' I
length. Scrotum and and curlier and still
testes have grown. sparse, mosily located
The skin of the scrotum | at the penis root.
has become darker and
more wrinkled.

Stage 4
The penis | ‘s | | More | e |
has grown | 'i'- | dense, | i:
in both curly, and
length and width. The dark hair. The hair
head of the penis has arowth is reaching the
become larger. The inner thighs.
serotum and testes have
EIonwm .

Stage 5
Penis and Pubic hair ﬂ
scrotum ",-.' extends | 'z’l ‘
as an l ¥ upwards
adult. to the umbilicus. It is

dense and curly.

Girls and boys tanner scales adapted from “Validity of self-assessment of pubertal maturation,” by Rasmussen, A.
R., Wohlfahrt-Veje, C., Tefre de Renzy-Martin, K., Hagen, C. P., Tinggaard, J., Mouritsen, A., Main, K. M.
(2015), Pediatrics, 135(1), 86-93. doi:10.1542/peds.2014-0793. Adapted with permission
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Appendix B. Children’s Physical Activity Questionnaire (C-PAQ)

CHILDREN'S PHYSICAL ACTIVITY QUESTIONNAIRE (C-PAQ)

Parent Questionnaire

YOUF Child’s NAMEY ettt st
Your child’s date of birth (dd/mm/yy): ............ Y

Are you the child’s: mother / father / guardian / other

Please note: - this questionnaire will take approximately 10 minutes to complete
- please answer the questions in relation to the child named above

- please complete every line in the questionnaire

For further information, please contact:

Which of the following PHYSICAL activities did your child do in the PAST 7 DAYS?

Please complete this questionnaire for the following days: ................cooeiiiiiinns 10 S
MONDAY - FRIDAY SATURDAY — SUNDAY
Did your CHILD do the following activities How many times Total hours/minutes | How many times Sat- Total
in the past 7 days? Mon-Fri? Mon-Fri? Sun? hours/minutes Sat-
Sun?
EXAMPLE:
Bike riding No Yes 2 40 mins 1 15 mins
SPORTS ACTIVITIES
Aerobics No Yes
Baseball/softball No Yes
Basketball/volleyball No Yes
Cricket No Yes
Dancing No Yes
Football No Yes
Gymnastics No Yes
Hockey (field or ice) No Yes
Martial arts No Yes
Netball No Yes
Rugby No Yes
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MONDAY - FRIDAY

SATURDAY - SUNDAY

Did your CHILD do the following activities How many times Total hours/minutes | How many times Sat- Total
in the past 7 days? Mon-Fri? Mon-Fri? Sun? hours/minutes Sat-
Sun?
Running or jogging No  Yes
Swimming lessons No  Yes
Swimming for fun No  Yes
Tennis/badminton/squash/ No  Yes
other racquet sport
LEISURE TIME ACTIVITIES
Bike riding (not school travel) No  Yes
Bounce on the trampoline No  Yes
Bowling No  Yes
Household chores No  Yes
Play in a play house No  Yes
Play on playground equipment No  Yes
Play with pets No  Yes
Rollerblading/roller-skating No  Yes
Scooter No Yes
MONDAY - FRIDAY SATURDAY - SUNDAY
Did your CHILD do the following activities How many times Total hours/minutes | How many times Sat- Total
in the past 7 days? Mon-Fri? Mon-Fri? Sun? hours/minutes Sat-
Sun?
Skateboarding No  Yes
Sking, snowboarding, sledging No  Yes
Skipping rope No  Yes
Tag No  Yes
Walk the dog No  Yes
Walk for exercise/hiking No  Yes
ACTIVITIES AT SCHOOL
Physical education class No  Yes
Travel by wglkmg to school (to and from No Vs
school = 2 times)
Travel by C}I’clmg to school (to and from No  Yes
school = 2 times)
OTHER No  Yes

please state:
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Did your CHILD do the following activities

in the past 7 days?

MONDAY-FRIDAY

Total hours/minutes

SATURDAY-SUNDAY

Total hours/minutes

EXAMPLE:
Watching TV/videos No Yes 15hrs 6hrs 30mins
Alt & craft (eg. pottery, sewing, drawing, No Yes
painting)
Doing homework No Yes
Tmaginary play No Yes
Listen to music No Yes
Play indoors with toys No Yes
Playing board games / cards No Yes
Playing computer games (e.g. playstation / No Ves
gameboy)
Playing musical instrument No Yes
Reading No Yes
Sitting talking No Yes
Talk on the phone No Yes
Travel by car / bus to school (to and from No Yes
school)
. . o MONDAY-FRIDAY SATURDAY-SUNDAY
Did your CHILD do the following activities
in the past 7 days? Total hours/minutes Total hours/minutes
Using computer / internet No  Yes
Watching TV/videos No Yes
Other (please state): No  Yes

Corder K, van Sluijs EM, Wright A, Whincup P, Wareham NJ, Ekelund U. Is it possible to assess free-living physical
activity and energy expenditure in young people by self-report? Am. J. Clin. Nutr. 89, 862-870, doi:

10.3945/ajcn.2008.26739 (2009).
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Appendix C. Medical History Questionnaire

Patient ID: Date:

UNIVERSITY OF ALBERTA
MEDICAL HISTORY QUESTIONAIRE

For person filling out this_form

Relationship to participant:

Please list the current and recent medications that the participant is/has been on
MEDICATIONS (current and recent):

Drug Name Strength (e.g. 50 mg) How many times per day?

Anyrecent changes in the medications:

Othermedications yourchild has been on forthe last year:

BIRTH HISTORY
How much weight did mother gain during the pregnancy? (circle: 1bs/kg)
How many months was the pregnancy?
What was the birth weight? (circle: 1bs/kg)
Was the birth ____vaginal ____c-section?
If vaginal, was the baby _ head first _ legs first?

Any complications during the labour or delivery?
Were there any problems during the first month, such as jaundice or feeding problems?

Breast fed or Bottle fed? Age at weaning:

Page 10of 3
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Patient ID: Date:

MEDICAL HISTORY

Has the participant been diagnosed with or treated for any disease/disorders affecting these
organ/body systems? Check all that apply. If ves to any please specific in comments below.

< Diabetes Mellitus OYes or UNo 3 Digestive / GI UYes or UNo
& Cardiovascular OYes or UNo ¥ Kidney/Renal/Liver UYes or UNo
< Immune / Lymphatic OYes or UNo < Thyroid / Endocrine UYes or UNo
< Lungs / Respiratory OYes or UNo 2 Nervous System UYes or UNo
¥ Musculoskeletal OYes or UNo < Allergies UYes or UNo
< Psychiatric / Neurologic U Yes or UNo ~ Injuries: Uyes or UNo
< Other: UYes or UNo

& Please provide details, type, date of occuirence, interventions if any.
Comments:

U Surgeries or Surgical Interventions in the past 2 vears? [ Yes = (Please comment) U No
& Please comment on date, type etc.

Comments:
® Has medical history of IBD or other GI disorder. OYes ONo
o Has history of GI surgical interventions. Uyes UNo

Has your child had any teenage development? __ Y _ N Ifyes, when did you note:

Breast: Pubic Hair: Acne:
Vaginal Discharge: Menstrual periods:
Other signs of puberty:

Page 2 of 3
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Patient ID: Date:

FAMILY HISTORY: Does anyone in the family have (if YES. who is it?):
Overweight/Obesity Y N
Bariatric Surgery Y N
Type 2 diabetes Y N

Thank you for answering this questionnaire.
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Appendix D. Brief Autism Mealtime Behavior Inventory (BAMBI)

Think about mealtimes with your cluld over the past 6 months. Rate the following items according to how
often each occurs, using the following scale:
Never/Rarely Seldom Occasionally Often At Almost Every Meal
1 2 3 4 5
Circle YES if you think an item is a problem for you or NO if you think it is not a problem

1. My child cries or screams during mealtimes 1 2 3 4 5 YES NO

2. My child turns his/her face or body away 1 2 3 4 5 YES NO
from food

3. My child remains seated at the table until 1 2 3 4 5 YES NO
the meal is finished

4. My child expels (spits out) food that he/she 1 2 3 4 5 YES NO
has eaten

5. My child is aggressive during mealtimes 1 2 3 4 5 YES NO
(hitting, kicking, scratching others)

6. My child displays self-injurious behavior 1 2 3 4 5 YES NO
during mealtimes (hitting self, biting self)

7. My child is disruptive during mealtimes 1 2 3 4 5 YES NO
(pushing/throwing utensils, food).

8. My child closes his/her mouth tightly when 1 2 3 4 5 YES NO
food is presented

9. My child is flexible about mealtime routines 1 2 3 4 5 YES NO

(e.g. times for meals, seating arrangements,
place settings)

10. My child is willing to try new foods 1 2 3 4 5 YES NO

11. My child dislikes certain foods and won't 1 2 3 4 5 YES NO
eat them

12. My child refuses to eat foods that require a
lot of chewing (e.g. eats only soft or pureed 1 2 3 4 5 YES NO
foods)

13. My child prefers the same foods at each 1 2 3 4 5 YES NO
meal

14. My child prefers “crunchy” foods (snacks, 1 2 3 4 5 YES NO
crackers)

15. My child accepts or prefers a variety of 1 2 3 4 5 YES NO
foods

16. My child prefers to have food served in a 1 2 3 4 5 YES NO
particular way

17. My child prefers only sweet foods (e.g. 1 2 3 4 5 YES NO

candy, sugary cereals)

18. My child prefers food prepared in a
particular way (e.g. eats mostly fried foods, 1 2 3 4 5 YES NO
cold cereals, raw vegetables)

LUKENS, Colleen Taylor, and Thomas R. LINSCHEID. “Development and Validation of an Inventory to Assess Mealtime Behavior
Problems in Children with Autism.” Journal of Autism and Developmental Disorders, no. 2, 2008, p. 342.

117



