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Thesis Abstract

Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder characterized by social
and communication deficits as well as restricted and repetitive behaviors. It has a prevalence
rate of around 1 in 100 children, and a gender ratio of 4:1, males to females. A significant
challenge in the understanding of ASD lies in its heterogeneity, with up to 70% of patients
reporting an additional psychiatric, medical or genetic condition. Patients also present
differences in neuroimaging, genetic and immune factors, all of which greatly complicate the
understanding of ASD etiology. This widespread heterogeneity has caused difficulties in
biomarker isolation, possibly due to widely used case-control experimental designs that
combine ASD patients varying in behavioral, genetic and/or clinical profiles into one group.
Though a diagnosis is dependent on behavioral presentations (namely social and
communication deficits and repetitive behaviors), a high level of variation witnessed in
several other biological and clinical factors has contributed greatly to the complexity of ASD
symptomatology and etiology, making it difficult to develop proper therapies. Targeting only
patients with a ‘pure’ diagnosis to participate in studies excludes those representing different
ends of the functioning spectrum, ultimately impeding research. Such diagnostic ‘boxes’ can
separate individuals that express similar traits, such as is the case for a patient that just made
the cut-off versus one that just missed it. These two patients may in fact share symptoms and
underlying physiological mechanisms that are more similar than two patients within the
diagnostic threshold. Such practices may therefore confound information on the gradual

emergence of psychopathology along development and on the study of prodromal risk factors.

One way to disentangle variability in ASD studies involves the use of dimensional

approaches, which focus on the type and degree of several symptoms. Currently, the only way



to label an autistic individual is through diagnostic assessments, but often these assessments
do not take into account the spectrum of accompanying genotypes and phenotypes, which
makes it difficult to characterize patients on the biological level. The Research Domain
Criteria (RDoC) has recently gained interest as an approach to solve this issue of
characterization. RDoC is a framework for the investigation of psychiatric disorders,
proposing the integration of several levels of information in order to explore dimensions
spanning from normal to abnormal human behavior. Applying dimensional approaches,
however, does not fully solve the issue of inconsistent results in autism research. This further
necessitates the characterization of distinct subgroups of ASD. To this end, combining
dimensional approaches with subgrouping strategies proves most relevant in solving the issue

of inconsistent results across autistic literature.

Objectives

The global aim of this work is to better characterize autistic patients, which is vital in the
advancement of therapeutic strategies. We will aim to answer: can dimensionally refined
autistic subgroups provide us with more information on the etiology and underlying
biological mechanisms of patients versus studying autistic patients as a whole? Our proposal
is two-fold, such that to successfully handle and disentangle the variability present in autistic
patients it is crucial to, 1) apply dimensional approaches in order to recognize the disorder on
a continual level and to incorporate several different types of data; and 2) to subgroup patients
according to intra-group similarities in order to generate refined subpopulations. By applying
these methods in ASD research, we can significantly improve the biological understanding of
the disorder such that autistic patients can be better treated, whether preventatively or post-
disorder. Furthermore, autistic studies have traditionally utilized cohorts with limited sizes,

however this is slowly shifting towards increasingly available large multimodal cohorts.



Larger cohorts are necessary to perform the proposed approaches, as made possible by several
big data initiatives including the Healthy Brain Network Cohort and the EU-AIMS

Longitudinal European Autism Project Cohort, which will be used in this thesis work.

This work provides evidence of autistic and autistic-like subtypes, and confirms the necessity
of applying dimensional approaches and subgrouping strategies in order to extract meaningful
traits in autistic patients. We illustrate the importance of studying autism outside the realm of
its diagnostic status by incorporating several levels of information including behavioral,
neuroimaging, clinical, genetic and immunological data. We hope these approaches can
eventually reduce heterogeneity within the disorder and pave the way to better understanding
ASD etiologies and developmental pathways that will ultimately lead to the development of

improved therapies and interventions.






Acknowledgements

First of all, I would like to thank the members of the jury, Christine Deruelle, Hervé Lemaitre, Monica

Zilbovicius and Lisa Eyler, for agreeing to review my thesis manuscript. It is an honour.

My deepest gratitude to my supervisors, Vincent Frouin, Josselin Houenou and Cathy Philippe for
their unwavering support and mentoring. I was lucky to be granted such kind, patient and insightful
supervisors that truly made my entire PhD experience worthwhile. I learned a lot from you and it was

a great pleasure to have worked with you these last 4 years.

Additionally, I would like to thank my colleagues. Antoine, for your immense help on several aspects
of my work, and Lisa, for your constant support, kindness and your help on my scripts. Also, thank
you to Lisa, Antoine, Thomas, Héléne, and Sam for all the fun coffee breaks that helped make the days

more bearable!

I would like to exceptionally thank all the participants from the HBN and EU-AIMS cohorts, since this

work would not have been possible without them and the time they invested in participating.

To my dear friend Steven, for your constant support and belief in me, you cannot imagine how much
this motivated me throughout the years. And to my dear Izzy, I cannot thank you enough for your

motivation and always being there to lighten the mood with our silly jokes.

To my mom who came all the way from Canada for several months to help out at home, there is no
way I would have completed this work without you. And to my dad who has always supported me in

anything I do, and who can flip around even the most stressful of situations.

Most importantly, I would like to thank Galliano for his constant support, both emotionally and

scientifically. I am definitely lucky to have such a supportive husband.

Lastly, I would like to thank my darling daughter Amelia who was born half-way through this PhD,
and who therefore granted me an experience that was truly worthwhile. You gave me real purpose and

perspective.

This PhD work is dedicated to Ludmill Mihailov and Kiriaki Siampanis.

Vi



Abbreviations

ADHD
ADI-R
ADOS
ARI
ASD
BIC
CBCL
DAWBA
DMN
DSM
FSIQ
GWAS
HBN
HLA
ICD
1GI
MDD
MNS
MRI
OCD
OR
PCA
PDD-NOS
PGS
RBS
RDoC
ROI
SCARED
SD
SDQ
SRS
TD
VWA
WAIS
WISC

Attention Deficit/Hyperactivity Disorder
Autism Diagnostic Interview-Revised
Autism Diagnostic Observation Schedule
Affective Reactivity Index

Autism Spectrum Disorder

Bayesian Information Criterion

Child Behavior Checklist

Development and Well-Being Assessment
Default Mode Network

Diagnostic and Statistical Manual of Mental Disorders
Full Scale Intelligence Quotient
Genome-Wide Association Study
Healthy Brain Network

Human Leukocyte Antigen

International Classification of Diseases
Local Gyrification Index

Major Depression Disorder

Mirror Neuron System

Magnetic Resonance Imaging

Obsessive Compulsive Disorder

Odds Ratio

Principal Component Analysis

Pervasive Developmental Disorder Not Otherwise Specified

Polygenic Risk Score

Repetitive Behavior Scale

Research Domain Criteria

Region of Interest

Screen for Child Anxiety Related Disorders
Standard Deviation

Strength and Difficulties Questionnaire
Social Responsiveness Scale

Typically Developing (Controls)
Vertex-Wise Analysis

Wechsler Adult Intelligence Scale

Wechsler Intelligence Scale for Children

vii



Table of Contents

Thesis ADSIIacCt. ... oo il
ACKNOWIEAGEIMENILS. . ...ttt et ettt et et e et e et ettt e e teateeaeaeeanees vi
ADDIrevIiations. ... ... vii
Table of COMTENES........ ... e viii
PART It INtroduction...........oooi i e 1
Chapter 1: Autism Spectrum Disorders (ASD).......c.iiuiiriiiii e e 2
1.1.1. Evolution of Autism Spectrum DiSOTders...........ceveiriiriiiiiiiiie it eieaieiieaeanns 2

I O = 1o 2

1.1.1.B. Evolution of Diagnostic Criteria............courrinririreriterinieneenrenrennennennnn 3

1.1.1.C. DiagnoStiC ASSESSIMEIILS. ...\ uvuttnsentententententententetetententenennensenrennennennans 5

1.1.1.C.i. Autism Diagnostic Interview - Revised (ADI-R)..........c.cooiiiiiiiiiiiiit. 6

1.1.1.C.ii. Autism Diagnostic Observation Schedule - Generic (ADOS)..................... 6

1.1.1.C.iii. Diagnostic Interview for Social and Communication Disorders (DISCO)...... 6

1.1.1.C.iv. Childhood Autism Rating Scale — Second Edition (CARS-2)..................... 7

1.1.1.C.v. Developmental, Dimensional, and Diagnostic Interview (3Di).................... 7

R 273 1 (<3 1 ] (07 7

LL2 AL PTEVALRIICE. . ...e ettt e e e 7

L.1.2.B. SeX DifferenCes. ... cuunetitieee e e 8

L12.C. RiSK FaCLOTS. ...t 9
1.1.2.C.1. Prenatal Conditions. .........o.euiuiniiniiii e 10

1.1.2.C.ii. Sociodemographic Factors.........cuviiiiiiiit i 11

1.1.2.C.i11. Genetic FACIOTS. .. .ouutiiit ittt 11

Chapter 2: Heterogeneity in ASD ... ...c.oiuiiiiiiiiiii e eeneees 13
1.2.1. Clinical Outcomes in ASD Patients............cooiuiuiiiiiiii e, 13
1.2.1.A. Psychiatric ComOTDIdIties. ... .ouvteteteeteeeeee e ee et e e e e e e eeeeeeeeaneeans 13

1.2.1.B. Cognitive Profiles.........couviiiiiiiiii e e e 15

1.2.1.C. Medical Comorbidities. ... ...uouinetiiiti e 17

1.2.2. Genetics in ASD Patients. ... ....oouiuiititiii i 18
1.2.2.A. Twin Studies and Familial Heritability..............c.ccooiiiiiiiii e, 19

1.2.2.B. Associated Monogenetic DiSOrders........c.oovveiiiiiiiiiiiiiiiiiiii it eeenennes 20

1.2.2.C. GeNE VATIANTS. .. ... niti it 21

1.2.3. Immune Function in ASD... ... 22
1.2.3.A. Inflammatory Prenatal Environment.................oooiiiiiiiiiiiiiiiiiiiee 23

viii



1.2.3.B. The Immune System in ASD Throughout Life..................cooiiiiiiiiiiiiinnn 25

1.2.3.C. The Human Leukocyte Antigen in ASD...........coooviiiiiiiiiiiiiiiici e 27
Chapter 3: Neuroimaging Heterogeneity in ASD..........coviiiiiiiiiiiiiiiii e, 29
1.3.1. Brain mapping in ASD ...ttt 29
1.3.1.A. Structural MRI NeUIrOImMaging. ... ...cevutiniiiiiteitittete et eeeeeeeneeeeeaneanennns 29
1.3.1.B. Functional MRI NeUroimaging...........cceveeriiriireieeeaiaeaeieaeeeaneanenns. 34
1.3.1.C. Other Neuroimaging Modalities. ..........ceviuiiiiiiiiiiieiii et eieeieeeeeenns 36

1.3.2. Social Cortical Paradigms in ASD.........cooiiiiiiiiiiii e 37
1.3.2.A. Mitror NEUION SYSTOIM.....uieiitiittettittettetteteeteete et eneeeaeaneaneaneaneaneanes 38
1.3.2.B. Theory Of MINd........c.oiuiriiii e et e e ae e 39
1.3.2.C. Default Mode NetWork..........ocouiiiiiiii e 41
Chapter 4: Dimensional Approaches in Autism Studies............cooooiiiiiiiiiiiiiiiii 43
1.4.1. The Research Domain Criteria (RDoC)..........ocviiiiiiiiiiiiiii e 43
1.4.2. The Social Responsiveness Scale (SRS) as a Dimensional Construct........................ 45
1.4.3. Studies Applying Dimensional Approaches in ASD.............cooiiiiiiiiiiii.. 47
Chapter 5: Subgrouping in ASD ... ..t 49
1.5.1. The NecesSItY t0 SUDZIOUP. ... vttt ettt et ettt et et et et et et eeee et eeaneaneaneans 49
1.5.2. Studies Adopting Subgrouping Strategies in ASD...........cviiiiiiiiiiii i 51
PART II: Thesis ODbjJectives. ........ooooiiiiiii i e 53
PART III: Materials and Methods Background.........................iiiiiii i, 56
(O] T2 o173 I o] 4 Lo Xt 58
3.1.1. The Healthy Brain Network Cohort............ccoiiiiiiiiiiii e 58
3.1.2. The EU-AIMS Longitudinal European Autism Project Cohort.................coevvvinnnn 60
Chapter 2: Unsupervised Learning TeChNiqUes. .........ocvviiiiiiiiiiiiiiii i eee e 61
3.2.1. Principal Component ANalySiS........ouuiuiirtitetiniintet et et ateeeteneeeaeaeaeaneanes 62
3.2.3. Clustering Methods. . .......oiiii i et eaas 63
Chapter 3: Neuroimaging Methods. ..........oiiiiiiiii e ns 67
3.3.1. Magnetic Resonance Imaging...........c.ooeviiviiiiiitiii et eeeneaas 67
3.3.2. Main Structural Imaging AppProaches............ccouviiiiiiiiiiiiiii i eieeeas 69
3330 FreeSurfer TOOL. ... ..o 72
3.3.4. ComBat Tool: Harmonization of Multi-Site Imaging Data......................cooeeeennne. 75
Chapter 4: Genetic ANALYSIS. .. ...ttt ittt ettt et e erir ettt e e e e e eaneaneaneanenes 76
3.4.1. Imputation of Genomic Data............ooiiiiiiiiiiiiiii i 76
3.4.2. PyHLA: Allele and Amino Acid Association Analysis...........cevvvveiiiieiiieinennnnnn 77



PART IV: Studies Conducted in thisthesis......................oo 80
4.1. Study 1: Cortical signatures in behaviorally clustered autistic traits subgroups. a
POpUlation-based StUAY..............coouuu i 81
4.2. Study 2: In search of consistent behavioral and neuroimaging biomarkers in three

samples with different Qutistic CrIteria..............coovuiie ittt 102

4.3. Study 3: HLA alleles: a stratifying factor for cortical signatures in Autism Spectrum

e 7 2 P 145
ConCIUSION. ... 161
Résumé du Projet en Frangais..................oooiiiiiiiiiii e 166
Bibliographiy. ... e 173

A DS A S ... o 198



Part I: Introduction



Chapter 1: Autism Spectrum Disorders (ASD)

1.1.1. Evolution of Autism Spectrum Disorders

1.1.1.A4. History

In 1943, child psychiatrist and physician Leo Kanner, born in present-day Ukraine, offered the
first ever description of Autism, initially labelled ‘autistic disturbances of affective contact’!.
He reported 8 boys and 3 girls that expressed the inability to relate to others, as well as
disturbances in communication and apprehension following changes to non-social
environments'. He reported that most of the children did not speak, and for those that did, they
exhibited very unusual language such as echolalia, pronoun reversal and difficulties with
socially-related language. Kanner also observed several atypical behaviors including repetitive
motor movements involving arm flapping or body rocking. Kanner offered the example of one
boy who preferred being alone, never cried to be with his mother, and attached extremely literal
and inflexible meanings to words. For a significant amount of time following these initial
reports, autism was thought to be an early onset form of schizophrenia. However, despite
several similarities between the two disorders, autism was eventually classified as its own
psychiatric disorder with a potentially strong genetic component. Kanner ultimately defined an
autistic child as having the following behavioral characteristics: 1) failing to develop
relationships before the age of 30 months; 2) deficits in normal language development; 3)
ritualistic behavior and insistence on ‘sameness’. He addressed these impairments using the

term ‘autism’.



Shortly after Kanner’s reports, Austrian pediatrician Hans Asperger published work discussing
a cohort of children who exhibited major issues in social interaction and motor function, despite
preserved verbal skills?. He even used the term ‘autism’ to describe the collection of symptoms,
unknowing of its use by Kanner. In general, Asperger described a cohort similar to that of
Kanner’s, however they were older and functioned at a higher level. He also described such
patients as exhibiting restricted interests interfering with the acquisition of other skills. Due to
the Second World War, publication of Asperger’s work did not reach the English world until
1981 when it was reviewed by Lorna Wing?. Though Asperger’s account of the disorder shared
similarities to those of Kanner’s, his work still heavily influenced the development of the

Autism Spectrum Disorders classification.

1.1.1.B. Evolution of Diagnostic Criteria

Following Kanner and Asperger’s initial reports, several studies validated the presence of such
disabilities in children, leading to the first operational definition of ‘Infantile Autism’, published
in 1980 in the Diagnostic and Statistical Manual of Mental Disorders (DSM-III), describing it
as a pervasive developmental disorder and officially separating it from childhood
schizophrenia®. Infantile Autism was to be classified in the first 30 months of life, and followed
a three-fold criteria: 1) showing a lack of interest in others; 2) severe communication deficits;
and 3) unnatural responses to the environment. This DSM-III definition was revised in 1987
dropping the first 30 months of life requirement and adding the mild diagnosis of pervasive
developmental disorder-not otherwise specified (PDD-NOS)?. Though the term ‘spectrum’ was
not yet incorporated into the title, this change already signified that autistic symptomatology

was heterogeneous and thus made up of a spectrum of conditions.



In 1994, the DSM-III was updated to the DSM-IV and first recognized autism as a spectrum of
disorders. The DSM-1V listed 5 conditions which included autism and PDD-NOS, and further
added Asperger’s Syndrome to the mild end of the spectrum, childhood disintegrative disorder
(CDD) to the most severe end of the spectrum, and Rett’s Syndrome®. However, by the year
2013, the DSM-IV was further updated to the DSM-5, where it adopted the classification of a
spectrum labelled ‘Autism Spectrum Disorders’ (ASD) characterized by two criteria: 1)
reciprocal social communication and interactions impairments, and 2) restricted and repetitive
behaviors (removing CDD and Rett’s Syndrome from the spectrum) (Table 1.1.1). The DSM-
5 also offers guidelines on levels of severity for each symptom’ (Table 1.1.2). This change from
the DSM-IV was warranted by a shift of interest in autism genetics, as it was believed that
finding associated genes, and eventually treatments, for this highly inheritable condition would

prove more plausible for one disorder with associated traits as compared to five>’.

ein———  prion

A. Persistent deficits in social communication and social
interaction across multiple contexts, as manifested by the
following, currently or by history.

1. Deficits in social-emotional reciprocity, ranging, for example, from abnormal social approach and
failure of normal back-and-forth conversation; to reduced sharing of interests, emotions, or affect; to
failure to initiate or respond to social interactions.

2. Deficits in nonverbal communicative behaviors used for social interaction, ranging, for example,
from poorly integrated verbal and nonverbal communication; to abnormalities in eye contact and
body language or deficits in understanding and use of gestures; to a total lack of facial expressions
and nonverbal communication.

3. Deficits in developing, maintaining, and understanding relationships, ranging, for example, from
difficulties adjusting behavior to suit various social contexts; to difficulties in sharing imaginative play
or in making friends; to absence of interest in peers

B. Restricted, repetitive patterns of behavior, interests, or
activities, as manifested by at least two of the following,
currently or by history

1. Stereotyped or repetitive motor movements, use of objects, or speech (e.g., simple motor
stereotypies, lining up toys or flipping objects, echolalia, idiosyncratic phrases).

2. Insistence on sameness, inflexible adherence to routines, or ritualized patterns or verbal nonverbal
behavior (e.g., extreme distress at small changes, difficulties with transitions, rigid thinking patterns,
greeting rituals, need to take same route or eat food every day).

3. Highly restricted, fixated interests that are abnormal in intensity or focus (e.g, strong attachment to
or preoccupation with unusual objects, excessively circumscribed or perseverative interest).

4. Hyper- or hypo-reactivity to sensory input or unusual interests in sensory aspects of the
environment (e.g., apparent indifference to pain/temperature, adverse response to specific sounds or
textures, excessive smelling or touching of objects, visual fascination with lights or movement).

C. Symptoms must be present in the early developmental
period (but may not become fully manifest until social
demands exceed limited capacities or may be masked by
learned strategies in later life).

D. Symptoms cause clinically significant impairment in social,
occupational, or other important areas of current functioning.

Table 1.1.1. DSM-5 criteria for diagnosing ASD.



Severity Level

Level3
"Requiring very substantial support”

Level 2
"Requiring substantial support”

Level 1
"Requiring support”

Social Communication Restricted and Repetitive Behaviors

Severe deficits in verbal and nonverbal social
communication skills cause severe impairments in
functioning, very limited initiation of social interactions,
and minimal response to social overtures from others.
For example, a person with few words of intelligible
speech who rarely initiates interaction and, when he or
she does, makes unusual approaches to meet needs only
and responds to only very direct social approaches

Marked deficits in verbal and nonverbal social
communication skills; social impairments apparent even
with supports in place; limited initiation of social
interactions; and reduced or abnormal responses to
social overtures from others. For example, a person who
speaks simple sentences, whose interaction is limited to
narrow special interests, and how has markedly odd
nonverbal communication.

Without supports in place, deficits in social
communication cause noticeable impairments. Difficulty
initiating social interactions, and clear examples of
atypical or unsuccessful response to social overtures of

Inflexibility of behavior, extreme difficulty coping with
change, or other restricted/repetitive behaviors
markedly interfere with functioning in all spheres. Great
distress/difficulty changing focus or action.

Inflexibility of behavior, difficulty coping with change, or
other restricted/repetitive behaviors appear frequently
enough to be obvious to the casual observer and
interfere with functioning in a variety of contexts.
Distress and/or difficulty changing focus or action.

Inflexibility of behavior causes significant interference
with functioning in one or more contexts. Difficulty
switching between activities. Problems of organization
and planning hamper independence.

others. May appear to have decreased interest in social
interactions. For example, a person who is able to speak
in full sentences and engages in communication but
whose to- and-fro conversation with others fails, and
whose attempts to make friends are odd and typically
unsuccessful.

Table 1.1.2. DSM-5 severity criteria for ASD.

The DSM-5 is not the only manual developed for the diagnosis of ASD. The International
Classification of Diseases (ICD, currently in its 11" edition) is also widely used around the
world and groups together several conditions into one ‘Autism Spectrum Disorder’, not

including Rett’s Syndrome, much like the DSM-5 (https://icd.who.int/browsel1/I-m/en).

Though these two manuals are widely used, they exhibit some differences. The ICD-11, for
example, is less culturally specific, distinguishes autism with and without intellectual disability,

and acknowledges that older patients and women can sometimes camouflage their symptoms.

1.1.1.C. Diagnostic Assessments

Various tests for diagnosing and characterizing ASD rely on parent/caregiver reviews, self-
assessments, or observational valuation. Reasons for this variability generally depend on the
reason for procurement such as whether this information will contribute to a research study or
to a clinical diagnosis. Most assessments are generally developed for early use in life since

autism is a disorder with early symptoms, however many can be adapted for use throughout



life®. This section will review some of the most common diagnostic assessments used to

measure ASD.

1.1.1.C.i. Autism Diagnostic Interview - Revised (ADI-R)

The Autism Diagnostic Interview — Revised (ADI-R) is considered to be a ‘gold standard’ semi-
structured assessment of ASD where parents or caregivers report information on an individual
assumed of having the disorder. This assessment is appropriate for children and adults above
the age of 18 months and provides a diagnostic algorithm compatible with both the DSM-5 and
ICD-11 criteria by assessing behavior across reciprocal social interaction, communication, and

restricted and repetitive behaviors®.

1.1.1.C.ii. Autism Diagnostic Observation Schedule - Generic (ADOS)

Along with the ADI-R, the Autism Diagnostic Observation Schedule - Generic (ADOS) is also
considered a ‘gold standard’ semi-structured assessment of ASD and evaluates social
communication, interaction and play in an observational manner. It contains a series of modules
adapted to the verbal capacity of the child or adult, which are each composed of activities
allowing the examiner to determine the presence of behaviors that are in line with an ASD

diagnosis!®.

1.1.1.C.iii. Diagnostic Interview for Social and Communication Disorders (DISCO)

The Diagnostic Interview for Social and Communication Disorders (DISCO) is a semi-

structured interview created for use with a suspected autistic patient by an assessor who is well



acquainted with the subject. It is meant for use in patients from infancy through to old age. This
questionnaire adopts a dimensional approach to allow for the delineation of behavioral patterns

that have developed over the course of many years!!.

1.1.1.C.iv. Childhood Autism Rating Scale — Second Edition (CARS-2)

The Childhood Autism Rating Scale — Second Edition (CARS-2), was developed to distinguish
between children with moderate or severe ASD, as well as between those with ASD and those
with other cognitive disorders including disorders involving developmental delay. It is a
measure often used in research studies and to support a clinical diagnosis in unison with other

assessments, and can be administered by either parents/caregivers, teachers or clinicians'?,

1.1.1.C.v. Developmental, Dimensional, and Diagnostic Interview (3Di)

The Developmental, Dimensional, and Diagnostic Interview (3Di) is a computerized
assessment taken by the parents of suspected autistic patients, ranging from childhood to
adulthood, to measure the intensity of symptoms across the autistic spectrum as well as offering

information about potential comorbidities'?.

1.1.2. Epidemiology

1.1.2.A4. Prevalence

Initial studies of autistic prevalence took place in the 1970s indicating a rate of 4 cases per 10

14—

000 children, implying a rare occurence!*'®. Prevalence rates have since increased to as many



as 1 in 100 children!”'®, Indeed, such increases may be linked to environmental effects!'®,
however more likely explanations for such a sharp increase in diagnoses include changes in
diagnostic information and criteria, increased awareness and recognition, improved diagnostic

methodologies, and an average overall younger age of diagnosis!®2%-2!,

1.1.2.B. Sex Differences

Gender differences in ASDs are highly unbalanced resulting in a generally accepted ratio of

2224 with several studies reporting ratios varying from 2:1 to 7:1, males

4:1, males to females
to females?>28, Explanations for such an imbalances have suggested a potential male bias
resulting in females being historically under-recognised, or alternatively, that females harbour
a protective effect making them less likely to develop autism. Some theories suggest females’
higher drive to empathize and to socially conform, as well as greater chances of female ASD
symptoms being presented through other conditions such as anorexia or borderline personality
disorders?. It has also been suggested that ASD is an expression of the ‘extreme male brain’,

which is a theory that emphasizes the better ability of females to empathize, while males have

a stronger ability to systemize (i.e. to analyze or construct rule-based systems)* L.

Biologically speaking, in relation to the extreme male brain theory, the fetal testosterone theory
suggests that higher levels of testosterone in the amniotic fluid of mothers causes offspring
having the improved ability to analyse and understand complex systems and patterns, while at
the same time diminishing empathetic traits. This implies that these higher levels of testosterone
push towards ‘male’ traits, as suggested by the extreme male brain theory, which in turn

suggests that autistic brains show an exaggeration of features typically observed in males?!.



Such features include a larger brain volume, over-connectivity within hemispheres, larger
amygdalae, and decreased inter-hemispheric connectivity as a result of a diminished corpus

callosum?32:33

. Moreover, studies have shown that children with an underdeveloped corpus
callosum were more likely to receive a diagnosis of autism®*. Lastly, further enforcing the
testosterone theory, higher levels of testosterone in both males and females have reportedly
been associated with autistic behavioral traits, such as avoidance of eye contact?®°. Finally, it
is possible that if a bias does not exist, that classical diagnostic tools (such as the ADI-R or

ADOS) are simply unequipped to detect the more subtle expression of autistic symptoms in

females?®.

1.1.2.C. Risk Factors

Considering that ASDs are regarded as a spectrum, this constitutes a multivariate profile that
can be attributed to a wide variety of risks including prenatal conditions, sociodemographic

backgrounds and genetic factors (Figure 1.1.1).

Chromosomal Mono/Dizygotic
Disorders Twins/Siblings

Genetics

Maternal

Parental Age Infection

: ASD  prenatal
Environment
Factors

Parental

Race/Education Pollution

Figure 1.1.1. Summary of main risk factors in ASD development.



1.1.2.C.i. Prenatal Conditions

The prenatal environment is a particularly significant factor in the risk of autism development
in children. Specifically, maternal drug intake, illness, immune response, stress, and exposure
to pollution have all been reported to affect autistic development in offspring. Maternal
substance abuse, as well as the intake of alcohol or drugs for mental illness treatments such as
selective serotonin uptake inhibitors and sodium valproate, have all been associated with an
increased risk for ASD*¢-3°, However, it also possible that the notion of drug intake, be it strictly
for mental illness or in an abusive manner, already indicates mental susceptibility of the mother
and thus implies a genetic component to the development of a psychiatric disorder in the
offspring. Maternal illnesses such as hypertension, obesity, asthma, diabetes and autoimmune
disorders have also been linked to potential autistic symptoms in children***3. As air pollution
has been recognized by the World Health Organization (WHO) as one of the biggest health
threats of our time, studies have not only shown that pregnant woman living in highly polluted
environments have a greater risk of having autistic children, but also that, postnatally, infants

and children have a greater chance of developing autism throughout life**4,

Maternal immune activation is one way in which the gestational environment can affect a
child’s neurodevelopmental outcome, and is thus a key area of research in ASD risk etiology.
The maternal immune activation (MIA) model involves infecting pregnant rodents and
observing effects in their offspring. This model posits that infected mothers cause
neurodevelopmental and behavioral changes in offspring associated with psychiatric disorders
such as schizophrenia and autism***%. One study by Shi et al., 2003, showed how pregnant

mice infected human influenza subsequently gave birth to pups exhibiting abnormal social
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interaction*’. Additionally, it is suggested that seasonality is a significant factor in the risk

development of autism due to variations in viral and/or other infections™°.

1.1.2.C.ii. Sociodemographic Factors

Several studies have reported associations between sociodemographic and socioeconomic
factors and the development of autism. Other than gender, which was previously discussed,
factors that have been shown to associate with ASD risk include parental age, race, income and
education. An American study conducted on consensus information in 2011 reported that white
non-Hispanic mothers were more likely to have a child diagnosed with ASD>!-53, This study,
in line with many other studies, also suggested that mothers and fathers over the age of 34 were
more likely to have children with ASD, as well as an increased risk of ASD in children whose
mothers have a higher level of education®**. Another study by Bhasin and Schendel et al.,
2007, has also suggested that higher maternal age, often accompanied by higher maternal
education and median income, was linked with an increased risk for ASD development in
children®®. A possible explanation for this correlation is that families with higher incomes and
education are more likely to be aware of potential developmental issues their children are
having. They are also more likely to have the means to invest (time and resources) in proper

assessments for their children.

1.1.2.C.iii. Genetic Factors

Though autistic etiology is currently poorly understood, several studies have suggested the

involvement of a genetic component. Studies have shown that within monozygotic twins, if one
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is diagnosed with ASD, the chances of the other having it ranges from 36%-95%°. The fact
that this rate is not 100% suggests that non-genetic factors are probably at play in the
predisposition of ASD development. In dizygotic twins however, if one sibling has ASD, the

5738 Finally, in non-twin

chances of the other having it plummets significantly to 0-30%
siblings, if one individual is diagnosed with ASD, his or her siblings only have a 4% chance of
also developing the disorder™. Patients having a genetic or chromosomal condition such as
Fragile X Syndrome tend to express higher levels of autistic symptoms®®®!. Taken together,

these studies provide evidence favoring a strong genetic component in ASD. Further details in

genetic mechanisms and associated genes will be discussed in section 1.2.2.
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Chapter 2: Heterogeneity in ASD

A significant challenge in the characterization and understanding of ASD lies in its
heterogeneity, with up to 70% of patients reporting an additional psychiatric, medical or
neurological condition®?-%%, Presence and intensity of ASD symptoms also considerably vary
between patients. Although a diagnosis is dependent on behavioral presentations (namely social
and communication deficits and repetitive behaviors), a high level of variation witnessed in
several other biological and clinical factors has contributed greatly to the complexity of ASD
symptomatology and etiology, thus making it difficult to develop proper therapies. In this
section, we will address this variability by discussing clinical, genetic and immunological

presentations in ASDs.

1.2.1. Clinical OQutcomes in ASD Patients

1.2.1.A. Psychiatric Comorbidities

Psychiatric comorbidities are well documented in ASD due to their common and consistent
occurrence, leading the DSM-5 to recognize simultaneous psychiatric diagnoses alongside
ASD. Widely discussed psychiatric comorbidities include Attention-Deficit Hyperactivity
Disorder (ADHD), Anxiety, Depression, Bipolar Disorder, Obsessive Compulsive Disorder
(OCD), Oppositional Defiant Disorder (ODD), Intellectual Disability and Childhood-onset

Schizophrenia®>%-%°, Behaviors often reported in ASD (aside from those defined in the
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diagnosis criteria) are often believed to reflect these disorders and include attention problems,

hyperactivity, anxiety, depression, irritability and aggression’®"2,

One of the most common psychiatric comorbidity in ASD patients is ADHD, with a prevalence
rate ranging from 29% - 55%. Both disorders also report higher instances of males over females
and high impairment in daily life’>. There are several biological, neuropsychological and
behavioral overlapping mechanisms and factors between the two disorders. Though less
consistent, neuroimaging studies have shown similarities between the two disorders in the form
of disruptions in both resting and active brain networks as well as frontal and cerebellar
alterations’*"?. Commonly affected neuropsychological components in both ASD and ADHD

8081 Aberrations in

include alterations in executive function and Theory of Mind (ToM
common biological mechanisms have also been reported between the disorders including in
pathways and genes linked to GABA and glutamate levels®>®3, Importantly, though several
parallels have been reported, significantly more unique and mutually exclusive signatures exist,

in all symptomatic aspects, which separate the two disorders and confirm their individual

psychiatric status®*.

Up to 80% of patients with ASD also present at least one type of anxiety disorder, with
separation anxiety being the most common, followed by generalized anxiety and social
phobia®*%>, Having anxiety as an ASD patient typically exacerbates symptoms resulting in
greater psychosocial dysfunction since patients exhibit more severe social avoidance, sleep

issues, and family and peer interaction deficits®. Patients on the less extreme end of the
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spectrum, as in Asperger’s Syndrome, tend to exhibit higher levels of anxiety because of their

awareness due to higher cognitive function®’.

Another frequently reported psychiatric condition includes depression (with a prevalence rate
between 10% and 50%), which is regularly mis- or under- diagnosed in ASD patients since
depressive symptoms are often masked by ASD traits®>%°, Obsessive Compulsive Disorder
(OCD) is another common disorder in ASD patients with a rate of up to 37%, however it is
difficult to differentiate since many features such as repetitive behaviors and intrusive thoughts
are present in both disorders®>®8, Bipolar disorder is frequently reported in patients and typically
emerges during adolescence, with up to 30% of Bipolar patients carrying an ASD diagnosis®®%’.
Both Oppositional Defiant Disorder (ODD) and autism are characterized by a behavioral
inhibition imbalance causing them to sometimes be co-diagnosed, with about one quarter of
autistic patients also meeting ODD criteria®®. Lastly, though schizophrenia is a disorder
diagnosed later on in life, young autistic patients can develop Childhood-onset Schizophrenia
(COS), which is a rare and severe form of schizophrenia occurring before the age of 13. Studies
have reported the co-diagnosis of COS and ASD in roughly 30% of children who require a

combination of aggressive pharmaco- and psychological therapy®’.

1.2.1.B. Cognitive Profiles

Social cognition comprises the means of processing implicit and explicit information in order
to attain understanding of others and self. This involves storing and applying information on
facial and bodily expressions in order to deduce the identity, actions, and emotional status of

another being and to elicit a suitable behavioral response®'. ASD patients often exhibit deficits
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somewhere along this interaction and consequently suffer greatly from social dysfunction.
Thus, the most pronounced cognitive deficits in autistic patients stem from social cognition and
perception and often involve atypical social interactions and communication. Furthermore,
many supplementary cognitive deficits that are part of the complex cognitive process of
socialization, and which have been found disrupted in ASD patients, include memory, attention,
language processing, inhibition, motivation and emotional functioning’®?%"2-%4 " Atypical
language processing and development has manifested in difficulties surrounding phonology,
grammar, syntax and semantic understanding. This can result in delayed and/or deviant
comprehension, such as exceedingly literal interpretations of regular semantics®®. Furthermore,
several models have investigated socially-related dysfunction involving eye gaze studies, which
have shown abnormal gaze and decreased eye contact in patients, as well as disruptions in face
processing”®®7. It has also been proven that patients do not perform well on non-verbal
communication, imitation, and affective empathy, sympathy and mentalizing (which involves
understanding the mental states of both self and others), as shown by deficits in theory of
mind®®”. Specifically, theory of mind (ToM) describes the capacity of individuals to

understand themselves and others by correctly characterizing self and others’ mental states, and

is said to be one of the cornerstones of effective social interaction!?,

Further forms of cognitive decline have also been observed in autistic children in executive
function and information processing domains. Executive function is defined as the mental
processes underlying goal-directed behavior, language, cognitive flexibility, inhibition,
working memory, and planning, and its dysfunction is implicated across development in both

101

the social and repetitive behaviors criteria of ASD symptomatology'®'. Information processing

is another domain in which autistic individuals show dysfunction, namely in the preferential
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balance between bottom-up (local) and top-down (global) processing. In healthy controls, a
preference for top-down processing is typically seen, while in ASD patients the opposite is
observed where patients display superior low-level sensory-perceptual processing!®2. This
could partially explain abnormal responsivity, in the form of hypo- or hyper-reactivity to one’s

environment as typically exhibited by patients!'%3.

1.2.1.C. Medical Comorbidities

Though not included in the diagnostic criteria, several well-reported medical comorbidities also
exist in autistic patients. The most common medical concerns described in patients with autism
include epilepsy, sleep difficulties, gastrointestinal disorders, immune disorders, genetic
disorders and neurological disorders such as tic and other motor disorders!®*-17, The presence
of epilepsy has been widely investigated and proven in up to 39% of ASD patients!'®®,
Furthermore, the relationship between sleep and epilepsy is generally believed to be
bidirectional, which could potentially explain the presence of both issues in autistic
patients'®!'0, Many autistic patients also show alterations in gastrointestinal physiology,
including increased intestinal permeability, higher levels of gut infections, and microbiota
dysbiosis. This could be associated with the fact that the gut microbiome can communicate with
the brain via the gut-brain axis by using signalling and immune-mediating molecules.
Therefore, disequilibrium on one side of this axis can result in disruptions observed in both

HLH2 - There is a tendency towards autoimmune disorders such as arthritis and

systems
thyroiditis in ASD patients and their families, probably linked to immune system dysregulation
in patients*®. Lastly, common neurological disorders reported in ASD patients include tic

disorders such as Tourrette Syndrome, which is typically worse during childhood and is

characterized by voluntary tics that rid the patient of the urge to execute a certain movement or
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action!'®. Several genetic disorders such as Fragile X Syndrome, Rett Syndrome, tuberous
sclerosis and Down Syndrome are likewise associated with ASD, which will further be
discussed in the following genetics section. Table 1.2.1 summarizes the most commonly

reported comorbidities.

Psychiatric Comorbidities
Attention-Deficit Hyperactivity Disorder
Anxiety

Depression

Bipolar Disorder

Obsessive Compulsive Disorder
Oppositional Defiant Disorder (ODD)
Intellectual Disability

Childhood-onset Schizophrenia

Medical and Other Comorbidities
Epilepsy

Gastrointestinal Disorders

Immune Disorders

Sleep Disorders

Neurological and Tic Disorders

Chromosomal Disorders

Fragile-X Syndrome
Rett Syndrome
Tuberous Sclerosis

Down’s Syndrome

Table 1.2.1. Summary of the most commonly observed comorbidities in ASD.

1.2.2. Genetics in ASD Patients

Since the delineation of autistic disorders, it has been clear that this syndrome relies on a genetic
component. In general, genes reported in ASD are typically involved at some point along the
molecular pathways of several cellular functions such as RNA processing and splicing,
signalling, chromatin remodelling, synaptic plasticity, synaptic transmission, transcriptional

regulation, translational control and nervous system development (Figure 1.2.1)!14!8, Though



it has been difficult to isolate specific genetic causes, several studies to date have proven the

existence of a strong genetic element in ASDs.

Transcriptional regulation

Metabolism

Nervous system development Synapse-related
. High-confidence & syndromic ASD-related gene (SFARI) ': & ‘, Cognitive function-related genes [81]
. ASD-related gene (SFARI) O Epilepsy associated genes (OMIM)

Current Opinion in Genetics & Development

Figure 1.2.1. A neuronal microexon network associated with nervous system development and ASD, indicating genes specifically linked
with autism (image from Gonatopoulos-Pournatzis et al., 2020).

1.2.2.A. Twin Studies and Familial Heritability

Twin studies have been pertinent in the understanding of genetic contributions to ASD
development. Twin studies taking place between the 1970s and early 1990s first brought to light
and revolutionized the understanding of a strong heritability in autistic disorders, and jump-
started the search for genetic factors in ASDs!!-!2%, This also eliminated the widely believed
(at that time) theory of ‘refrigerator mothers’, which attributes autistic traits and diagnoses to

distant maternal approaches'?!. Several studies since then have shown that the presence of ASD
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in one monozygotic twin predicts its development in the second twin with an up to 95% chance
(with an average of 80%)°¢. However, in dizygotic twins and non-twin siblings, the chances of
both developing ASDs are 30% and 4%, respectively>®>. These differences in rates between
different kinds of siblings highlight strong genetic underpinnings, but also the presence of
epigenetic factors. Though heritability is an important area of study in ASD genetics, it has
been proposed that families with multiple autistic children fall into one of two categories: 1) a
majority low-risk group where the presence of ASD in families is primarily explained by a de
novo variant; and 2) a minority high-risk group where the presence of ASD in families is
explained by inherited variants, with a dominant transmission for males and a protective factor
found in females!?%!23, Furthermore in multiplex families, ASD recurrence has been found in
almost 50% of later-born males, while only showing a 20% recurrence in later-born

females!22:124,

1.2.2.B. Associated Monogenetic Disorders

Early studies in genetic causation of ASD implicated the presence of genetic syndromes, which
account for 10% of ASD cases, including, but not limited to, Fragile X Syndrome, Rett
Syndrome, and tuberous sclerosis!?>~1?7. These associated genetic syndromes are well-defined
in the study of ASD due to their monogenic nature and thus relatively straightforward genetic
etiology. Fragile X Syndrome studies have reported that up to 50% of males with the syndrome
have ASD!?. Patients with Fragile X Syndrome show dysregulation in Fragile Mental
Retardation 1 protein (FMRP) production, resulting in deficient mRNA trafficking and synaptic
plasticity, which is regulated by the Fragile Mental Retardation 1 gene (FMRI). Furthermore,
FMR] regulates neuroligin, neurexin, and SHANK proteins, which are mutated in ASD!?. Rett

Syndrome is an X-linked disorder typically affecting females and characterized by extreme
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neurodevelopmental delay and seizures. It is estimated that up to 40% of Rett Syndrome
patients are co-diagnosed with ASD!28, Tt is caused by mutations in the methyl-CpG binding
protein 2 gene (MeCP2), which is heavily abundant in neurons of the mature nervous system
and has functions in the silencing of unnecessary and/or harmful genes. Lastly, up to 60% of
tuberous sclerosis patients are diagnosed with ASD. Tuberous sclerosis is a syndrome caused
by dysfunction with the 7SC/ or TSC2 gene, which functions in controlling dendritic

proliferation!2s.

1.2.2.C. Gene Variants

Studies have also revealed that ASD patients present genetic factors not linked to specific
syndromes with over 1000 identified genes'**!*!. Studies conducted by the Autism Genetic
Resource Exchange (AGRE) and the Simon Simplex Collection reported rates of rare de novo

132133 Of note, however, is that

copy-number variants (CNV) in ASD patients between 5%-10%
in almost two-thirds of cases where ASD-associated CNVs were identified in patients, affected
siblings did not share these same CNVs!'**, This genetic heterogeneity extends to the fact that
not only many genes have been identified in ASD (such as NRXNI, SHANK3 and PTEN)
indicating locus heterogeneity, but also that most genetic variants have a high degree of
pleiotropy (which means that they affect more than one phenotype)!**. Considering the diversity
of CNVs and number of genes, this enforces the widespread heterogeneity observed in autistic

patients, even at the genetic level. Nevertheless, it is necessary to determine the genetic leaders

underpinning autistic presentations.
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Rare and common variants are also of interest in the study of autism genetics, and may
sometimes even be presented together. Rare variants are frequently identified in autism and
manifest themselves in the form of Mendelian genetic syndromes, chromosomal abnormalities,
rare copy number variations, and de novo and transmitted point mutations, each having an
occurrence rate between 5% and 10%!36°138, Since several of these rare variants can be clinically
identified, genetic screening is recommended upon receiving a diagnosis'*®. Concerning
common variants, though several single nucleotide polymorphisms (SNPs) have been
1130,

identified, not one has a sufficient enough effect to be considered individually causa

Usually, common genetic polymorphisms together exert an additive ASD risk!3>.

1.2.3. Immune Function in ASD

The interaction between the immune and nervous systems has long been proven to be
responsible for various imbalances in the brain due to a complex interaction among several cell
types from both systems (Figure 1.2.2). In many psychiatric disorders, autism included, the
immune system has affected several neurodevelopmental processes related to neurogenesis,
synaptogenesis and synaptic pruning!4. This section will explore the link between the immune

system and autism.
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Figure 1.2.2. Dysregulated interactions between cell types of the nervous and immune systems may accumulate and cause an unbalanced
neuronal and synaptic architecture as well as unbalanced molecular functions. This could lead to several psychiatric disorders (image from
Meltzer and Van de Water, 2016).

1.2.3.A. Inflammatory Prenatal Environment

The gestational environment could affect a fetus’ development in several ways including
adverse effects due to maternal immune activation, even in the absence of an actual infection.
In particular, maternal immune system dysregulation and/or activation poses a risk in autism
development in offspring via the creation of an inflammatory environment marked by an
increased production of maternal cytokines that have the ability to target the placenta as well
as enter the fetal compartment. This is evidenced by various reports indicating a link between
bacterial or viral outbreaks at the time of pregnancy and increased rates of autism in later born
children. Such examples include the 1964 rubella outbreak in the United States that witnessed
a marked increased in autism prevalence in the children of mothers infected during that time,

as well as correlations between influenza infections and/or fever and risks of ASD
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development!#!~143, This evidence collectively suggests that the type of infection may not
necessarily be the culprit behind later ASD risks, but rather that the maternal immune activation

itself remains responsible for the gestational dysregulations leading to increased incidences.

The most substantial evidence thus far indicating that maternal infection poses an increased risk
for autism development comes from the maternal activation model, which was established
based on a study where researchers infected rodent models (using influenza and Escherichia
coli strains) and subsequently observed significant neurodevelopmental changes in pup
offspring*®#’. This model showed that offspring presented antisocial and repetitive behaviors

144,145 Concerning

upon maternal immune activation, with a higher incidence in males
mechanisms of action upon maternal immune activation, it is suggested that the disruption of
normal cytokine levels plays a role due to their pro-inflammatory functions. Cytokines are
immunomodulatory cell-signalling proteins that act as endocrine messengers and are produced
by two types of immune cells upon activation, namely innate and adaptive!*®. Studies have

shown that the injection of pro-inflammatory cytokines in pregnant mice causes their pups to

display autistic behaviors'¥’.

It has also been suggested that maternal autoantibody activity can increase ASD-risk in
children. Studies have reported that mothers with higher levels of anti-brain antibodies
circulating in their plasma were four times more likely to have children with autism!'#1%°,

Animal studies have also supported this claim as evidenced by several studies that involved

injecting pregnant mothers with the serum of mothers with autistic offspring, and subsequently
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observing pro-autistic behaviors in offspring!>®!3!, To collectively visualize all discussed

effects on maternal activation, refer to Figure 1.2.3.
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Figure 1.2.3. Activation of the maternal immune response can cause an increased risk for autism. Such activation can be attributed to a
combination, or independent effects, of autoantibodies, viral/bacterial infections, and an increased level of immune molecules such as cytokines
(image from Meltzer and Van de Water, 2016)*.

1.2.3.B. The Immune System in ASD Throughout Life

Evidence of immune dysfunction is also vastly reported in autistic patients themselves, however
progress in this aspect of ASD, as in all others, is obstructed by inherent heterogeneity.
Nonetheless, few consistent observations remain. Many studies have reported that children with
autism present higher levels of autoantibodies in their serum (compared to controls or their non-
affected siblings), which are linked to atypical development and are distinct from those

measured in the serum of their mothers during pregnancy %2155, A study by Piras et al., 2014,
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showed that autoantibodies in children with autism correlated with disorder severity, motor
impairment, IQ and social interaction!>®. They also reported that while a relationship exists

between maternal and child autoantibodies, both maintain their own unique characteristics.

Specific immunogenetic factors have also been reported in autistic populations. Studies have
found an association between autism and SNPs located in the promotor of the MET oncogene,
which codes for a pleiotropic receptor that functions as a negative immune regulator and is also
critical for neuronal migration in the development of the cerebellum!®?. Upon genetic ontology
analysis, it has been shown that the autistic transcriptome is heavily enriched for immune

response and neuronal activity-dependent genes'>®

. Furthermore, one study examined gene
expression in autistic and control brains and found that genes upregulated in patients held
inflammatory response and immunomodulatory functions!!4. It is important to understand that

genetic elements do not act alone, warranting a deeper understanding of their impact on ongoing

networks contributing to neuroimmune dysfunction in ASD patients.

General immune system dysregulation has been reported as imbalances in immune components
such as helper CD4+ and cytotoxic CD8+ T cells, natural killer cells, and immunoglobulins

such as IgG and IgM in autistic patients!'>°-16!

. Furthermore, same as reported in the serum of
pregnant mothers, autistic patients themselves also exhibit distorted levels of cytokines and
chemokines, including IL-6, IL-8, TFN, and IFN-y, linked to altered states of
inflammation'®%163, Several investigations have described pro-inflammatory states in autistic

patients, including a constantly stimulated neuroinfammatory environment with activated

microglia and astroglia, in the brains of autistic patients'6>!%4. Furthermore, increased levels of
g g p
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these pro-inflammatory cytokines have also been linked to increased severity in autistic

behaviors!'®.

1.2.3.C. The Human Leukocyte Antigen in ASD

The Human Leukocyte Antigen (HLA) genes are a highly polymorphic group of genes located
on the Major Histocompatibility Complex (MHC) on the short arm of chromosome 6, which
express HLA proteins responsible for regulating the immune system (Figure 1.2.4). These genes
have numerous alleles for the purpose of serving several sub-functions involved in fine-tuning
the adaptive immune system and its response, and aids in essential physiological processes
involved in brain development and homeostasis'®%1¢7. HLA-A, -B, and -C antigens are encoded
by HLA class I genes and help govern the cellular immune response; while HLA-DRBI, -
DQBI and -DPBI are encoded by the HLA class II gene cluster and offer crucial functions in
the mediation of the humoral immune response. The polymorphism in MHC manifests in
numerous alleles for these antigens. Since the immune response has been linked to changes in
neurodevelopment, this genetic region has proven to be one of the most significant genetic risk
loci for several severe psychiatric diseases, ASD included!®. The co-existence of inflammation
and autoimmunity reported in autistic patients indicate the potential presence of an essential

susceptibility marker located in the highly polymorphic HLA super-locus'®.
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Figure 1.2.4. Image showing the HLA complex located on chromosome 6 (Image from Westover et al., 2011)""°.

Since the 1980s, several studies have reported a connection between ASD diagnoses and HLA
alleles!”!72, In particular, class IT HLA allele differences have been extensively mapped in
autistic patients, with a particular focus on DRB1 and DQB1 HLA genes where DRB1*11 and
DQB1*04 have been associated with ASD-risk!7>~17>. Class | HLA genes have also been studied
in ASD individuals, namely HLA-A and HLA-C, with a higher incidence in patients and their
mothers!’®!"7. Though researchers have established an important relationship between HLA
genes and autism neurodevelopment, due again to the heterogeneous presentation of the

disorder, consistent and stable results are yet to be achieved.
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Chapter 3: Neuroimaging Heterogeneity in ASD

Widespread heterogeneity is often observed in the profiles of autistic patients, potentially
explaining the frequently inconsistent results in the literature. Unfortunately, this does not spare
neuroimaging markers. One source of this variability in the literature may be attributed to
widely used case-control experimental designs, which combine autistic individuals varying in
behavioral, genetic and/or clinical profiles into one group. Regions of the brain that have been
typically implicated in neuroimaging studies of autistic patients are said to be part of the “social
brain” network, and often include: temporal regions such as the fusiform face area and posterior
superior temporal sulcus, frontal regions including the inferior and superior frontal gyrus, the
insula, and the amygdala. The following sections will discuss important results observed in the
neuroimaging markers of autistic groups, as well as neuroimaging paradigms pertinent in the

brains of ASD patients.

1.3.1. Brain Mapping in ASD

1.3.1.A. Structural MRI Neuroimaging

Autistic patients demonstrate age-specific anatomical abnormalities, which is an important
factor to take into account during the development of any experimental design and in the
interpretation of research. One of the most well-reported and consistent structural result in ASD
patients is an abnormal early brain development, specifically a larger brain volume

overgrowth!”17 Autistic patients typically exhibit this early overgrowth in volume until six

29



to eight years old on average, for both males and females, when their brain size intersects with
that of typically developing controls. Subsequently, an accelerated decline in size is observed
in patients until adolescence, with possible degeneration continuing on until late middle age
(Figure 1.3.1)!8%181 Furthermore, this atypical neurodevelopmental trajectory is not consistent
across brain regions, with frontal and temporal lobes more affected than parietal and occipital
lobes, suggesting a temporally regional effect operating in the posterior-anterior direction'®?,
Physiological processes underlying this observation in brain volume remain unclear, and have
been attributed to fluctuating dynamics between cortical thickness and surface area!®s.
Specifically, these two cortical features present distinct aspects in their development (i.e. having
different progenitor cells) and structure (i.e. thickness is attributed to the number of neuronal
cortical columns, while surface area is attributed to the number of neuronal radial columns)'#4.
This abnormal development in the grey matter reflects the structural connectivity of the white
matter. For example, parallel to an early brain overgrowth in grey matter volume, studies have
also observed abnormal white matter tract organization in patients between the ages of six and
twenty-four months who were diagnosed with an ASD'®>, In general, with the exception of
accelerated age-related decline in brain volume (as well as its two components: thickness and
surface area), many cortical alterations reported throughout the literature are not always reliable

in autistic patients!86.
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Figure 1.3.1. A plot showing the general progression of brain volume growth for autistic patients (blue) and controls (red), indicating a typical
overgrowth early on in life, followed by an accelerated decline later in life for patients. Red arrows point to the sites of regional overgrowth in
autistic patients, namely the frontal lobe, the frontal parts of the temporal lobe, cerebellum and the amygdala (figure taken from Courchesne et
al., 2007)"%".

Across autistic patients, structural abnormalities in specific areas have been reliably reported
within regions such as the cerebellum, anterior and posterior cingulate, subcortical amydgala,
hippocampus, basal ganglia, the insula and global frontotemporal and frontoparietal regions!®’.
These regions are associated with behaviors that are often reported dysfunctional in autistic
patients, such as, and most importantly, social communication deficits (the temporal lobe, the
insula), as well as language abnormalities (Broca’s and Wernicke’s area), socioemotional
processing (amygdala), and repetitive behaviors (the frontal striatal system and basal
ganglia)!%8-192 Furthermore, autistic patients also display structural changes in brain regions
linked to external behaviors that are not part of the autistic diagnostic criteria, but that are

nonetheless present in the behavioral profile. A highly affected region in ASD patients is the
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cerebellum, which mainly holds functions in motor control and cognitive processing (in
executive functioning, visuospatial, and memory domains) and is frequently diminished in

volume in patients'®?

. The amygdala is a highly affected region in patients due to its functions
in aggression, fear, emotion, and social interaction, and is typically increased in size in autistic
patients!87-194195 ° Additionally, it has been reported that white matter integrity is diminished
between the amygdala and neocortical regions in ASD patients!*®. The frontal lobe has also
received considerable attention in the field of autism due to its implication in executive
functions, social behavior and communication, with abnormalities reported in cortical thickness

and volume!3%:197

. Another important region, the fusiform gyrus, is involved in face recognition
and therefore social functioning, thus its implication in ASD does not come as a surprise!®®,
Studies have reported both increased and asymmetrical volumes (between hemispheres) in the
fusiform gyri of autistic patients, as well as increases in cortical thickness!*2°!, An interesting
feature that frequently abnormal in patients is the degree of curvature, more specifically, the
gyrification. Increases in gyrification have been reported in autistic patients in the frontal lobes
of children and adolescents?*>2%3, Other changes in the cortical gyrification of patients includes
increases in temporal regions and decreases in the supramarginal gyrus?®*-2%, In particular,
results involving changes to gyrification are interesting since this feature is believed to be
developmentally determined?®. Lastly, one of the most reportedly altered regions in the brain
of autistic patients is the temporal lobe since it encompasses the superior temporal sulcus, the
fusiform gyrus, and temporal gyri, all of which are linked to autistic-like behaviors?*’-210, The
superior temporal sulcus is strongly implicated in language and social cognition, with several
studies reporting decreases in volume and several functional alterations, which will be
discussed in the next section’®-2!%, The discussed regions are also altered in structural

connectivity, with reports of decreased fractional anisotropy between areas responsible for

social cognition, specifically between the bilateral temporal lobes and amygdala, and regions
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adjacent to the superior temporal sulcus?!!. Weaker connectivity integrity was also found in the
superior longitudinal fasciculus, which is located between the superior temporal sulcus and the

inferior frontal gyrus in autistic patients?!2,

‘Communication deficits

OFC - Orbitofrontal cortex IFG- Inferior frontal gyrus OFC - Orbitofrontal cortex
ACC - Anterior cingulate cortex | (Broca’s area) ACC - Anterior cingulate cortex
FG — Fusiform gyrus STS — Superior temporal sulcus | BG - Basal ganglia
STS — Superior temporal sulcus | SMA — Supplementary motor area| Th — Thalamus
A— Amygdala mirror neuron regions| BG — Basal ganglia
IFG — Inferior frontal gyrus SN — Substantia nigra
PPC — Posterior parietal cortex Th —Thalamus
PN — Pontine nuclei cerebellum

TRENDS in Neurosciences

Figure 1.3.2. A diagram indicating many of the regions affected in ASD (figure taken from Amaral et al., 2008)*".

Indeed there are several well-reported cortical abnormalities in patients diagnosed with ASD
(Figure 1.3.2), however evidence has suggested that these abnormalities may not always be
disorder-specific. An example illustrating this concept involves amygdala alterations in autistic
patients. Differences in amygdalae morphology have been reported, in general, in disorders
exhibiting similar behaviors (i.e. in emotion and social interactions) including anxiety and
Oppositional Defiant Disorder or Conduct Disorder?'#2!>. This is suggestive of an observed
alteration being linked to a behavior versus a disorder, and alludes to the necessity of
investigating dimensional subconstructs within disorders as to better disentangle existing

heterogeneity.



1.3.1.B. Functional MRI Neuroimaging

Structurally altered regions observed in ASD patients often suggest network-level
abnormalities, therefore as expected, many of these regions also present functional irregularities
in patients. Functional MRI (fMRI) studies are often categorized into two types: 1) resting state,
which is a baseline measure that observes the brain’s functionality at rest; and 2) task-based,
which requires the participant to conduct a task while observing their functional cortical
response. In general, reduced brain activity is considered a main functional hallmark of several
cognitive disorders, including ASD and is typically seen in task-based fMRI?!'®. However, other

studies have reported increased brain activity, which is also seen in resting-state f{MRI.

In the context of functional studies that are conducted at rest, the Default Mode Network (DMN)
is an important brain network since it is active when an individual is in wakeful rest, such as
mind-wandering. This network comprises portions of the frontal lobe, the posterior midline
(including the cingulate and precuneus) and the inferior parietal lobule, and is often perturbed
in autistic patients?!72!8, Tt has been suggested that abnormal characteristics of the DMN could
be linked to atypical information integration, as well as inflexibility in processing and
responding to social stimuli in autistic patients, which contributes to the further exacerbation of
symptoms?!®. Studies have also shown differences in activity outside the DMN in regions
involving social processing in patients with ASD. Specifically, reduced functional connectivity
has been reported in ASD patients versus controls between the amygdala and the ventromedial
prefrontal cortex and, separately, between the amygdala and the inferior occipital gyrus?2%-22!,
Reduced functional connectivity has also been reported in autistic patients versus controls in

the superior parietal and visuospatial areas**?. Another study by Tyszka et al., 2014, reported

decreased connectivity in temporal and frontal regions without any global abnormalities??>.
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Alternatively, a small number of studies have also reported hyper-connectivity, particularly in

autistic patients with severe social dysfunction??*,

Task-based fMRI studies have likewise shown aberrant social networks in ASD patients. These
tasks often employ stimuli meant to invoke social networks in functions such as facial
processing, for example. A recent study investigated implicit and explicit facial expressions in
the form of gender and emotional recognition, respectively, in autistic patients compared to
controls and found decreased activity in numerous social regions of the brains when processing
emotional facial expressions (specifically in the amygdala, fusiform gyrus and superior
temporal sulcus)*?®. Another study measured ASD patients’ brain activity in response to
biological motion before and after being asked to conduct a ‘social skills’ training course
spanning 5 weeks. What they found was a significant positive correlation between activity in
the superior temporal sulcus and mentalizing scores post training??®. Additionally, studies have
reported reduced activity in the middle temporal gyrus, fusiform gyrus, amygdala, medial
prefrontal cortex, and inferior frontal gyrus of autistic patients in response to dynamic versus

225.227  These same studies observed diminished bi-directional

static facial expressions
connectivity between the primary visual cortex — middle temporal gyrus — inferior frontal gyrus
circuit in autistic patients compared to controls??’. Furthermore, in a study by Lynn et al., 2018,
ASD patients and controls were asked to encode and recognize images of faces and cars, which
showed diminished functional connectivity in autistic patients between the fusiform gyrus and
other regions (including the frontal and primary visual cortices) when looking at faces versus
cars??®, Another commonly studied task is the social rewards task, which often causes increased
activity in the anterior cingulate gyrus and left frontal gyrus and decreased activation in the

nucleus accumbens in autistic patients versus controls??’.
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1.3.1.C. Other Neuroimaging Modalities

A significant amount of neuroimaging research in ASD uses MRI data, however other
modalities such as electroencephalography (EEG), magnetoencephalography (MEG) and
positron emission tomography (PET) are also vastly used and can offer additional insight into
cortical pathologies. Data from these modalities can complement and fill gaps observed in fMRI
and structural MRI (sMRI) autistic research by providing high temporal resolution features,
offering complementary perspectives in the documentation of cortical (dys)functions in ASD

patients.

EEG is a non-invasive functional method that records the electrophysiological activity of the
brain by measuring the integration of neuronal ion current oscillations?*’. Several studies have
shown EEG irregularities in the brains of ASD patients, suggesting a potential diagnostic
validity in using EEG to characterize patients?*!"233, EEG studies are pertinent in the field of
ASD due to their utility in investigating epilepsy and sleep disorders, two conditions that are
extremely common in autistic patients with up to 46% of patients being diagnosed with

234 This prevalence in epilepsy in ASD patients suggests common physiological

epilepsy
mechanisms between the two disorders, namely in alterations in GABA-ergic
neurotransmission that is often reported in autistic patients and is linked to seizure

susceptibility?¥

. Approximately two-thirds of ASD patients also exhibit chronic sleep
disorders, including insomnia, often contributing to cognitive disabilities?*%?3”. Sleep issues are

measured via questionnaires, however many recent studies are shifting towards the use of EEG

and MEG techniques (including animal studies)?%2%°,
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MEG is a non-invasive functional neuroimaging method elucidating high-resolution temporal
and spatial neural activity. Though not currently used for diagnostic purposes, MEG techniques
have similarly been conducted on autistic patients in the name of research in order to better
comprehend paradigms used to understand cortical function, since many studies have shown
domain and resting-state differences in autistic patients using MEG?*. In particular, several
studies have employed MEG to investigate language acquisition, cerebral laterality, regional

connectivity and auditory hypersensitivity?+!=243,

PET is another functional imaging method using injected radioactive substances to measure
changes in metabolic brain processes through deviations in blood flow and regional chemical
composition?*. In particular, PET studies in autism have been conducted to better understand
how underlying biochemical mechanisms of neuropeptides such as oxytocin and serotonin
effect in the brain?**. PET studies have also been particularly useful in studying synaptic density
in neuropsychiatric disorders, including autism, through the development of PET ligands
capable of targeting synaptic vesicles, which offers a molecular perspective to cortical

abnormalities in the brain®*.

1.3.2. Social Cortical Paradigms in ASD

Cortical and functional alterations in the brains of autistic patients are not only expressed
regionally, but also at the network-level. Subsequent sections will describe some of the
abnormal cortical systems reported in ASD (some already briefly discussed) that are often

linked to behavioral symptoms typically witnessed in patients.
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1.3.2.4. Mirror Neuron System

The Mirror Neuron System (MNS) was first discovered in monkeys as a group of neurons that
fire during the performance of a goal-directed action and during the observation of others
performing that same action®*’. This second function of the MNS has inspired studies in
humans involving imitation and its applicability to social cognition in the understanding of

248 Tn humans, the MNS network is traced between the inferior

others’ intentions and emotions
frontal gyrus and inferior parietal lobule, with visual input originating in the superior temporal
sulcus (Figure 1.3.3)?*29, Due to this network’s implication in social cognition, it has been an
important framework of study in autism research with evidence from structural and functional
neuroimaging studies showing dysfunctions and cortical alterations in the MNS of ASD
patients. Autistic patients in particular have shown decreased activity in the MNS during social
tasks as well as correlations between symptom severity and MNS functionality, thus offering
the hypothesis that MNS dysfunction may be considered a core neuroanatomical deficit in
autistic patients?*®. Several neuroimaging studies have reported changes in or along the MNS
neural network including disordered functional connectivity between implicated regions, as
well as decreases in grey matter in MNS areas of the brain?*-?%!, Studies have likewise shown
reduced activity during imitation and social mirroring tasks, contributing to the overall large

volume of literature suggesting the MNS as an effective biomarker in autism?3223,
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Figure 1.3.3. The main regions involved in the Mirror Neuron System, including the superior temporal sulcus, the inferior parietal area, and
the inferior frontal gyrus (image taken from lacoboni et al., 2006)**.

1.3.2.B. Theory of Mind

Theory of mind (ToM) is synonymous to mentalizing and is defined as the capacity of
individuals to understand themselves and others by correctly identifying self and others’ mental
states, which is a vital component in successful social interactions!?. Rather than taking on an
emotional state, ToM describes objective knowledge about others’ mental states, thus adopting
more of a socio-cognitive process versus a socio-affective process (which involves emotions
such as empathy)?>2%, Brain regions comprising the ToM network include the ventral
temporoparietal junction, the superior temporal sulcus, the temporal poles, the medial prefrontal

cortex and the precuneus/posterior cingulate regions (Figure 1.3.4)%37:28,
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Figure 1.3.4. Main regions involved in the Theory of Mind (ToM) network, including the temporoparietal junction, the super temporal sulcus,
the temporal poles, the prefrontal cortex and the precuneus (image taken from Bowman and Wellman, 2014)*%,

Deficits in the theory of mind network are one of the most notable biomarkers in autistic
disorders. Alterations in this network often lead social, communication and behavioral
impairments®*°. Autistic patients generally exhibit decreased functional connectivity in medial
prefrontal, temporoparietal, posterior cingulate, motor and sensorimotor regions during
mentalizing as compared to controls, which are regions implicated in ToM and also further
enforce the general anterior-posterior pattern of functional and structural differences found in

autistic patients?0-263,

EEG and MEG studies have also provided some evidence in
dysfunctionality of the ToM network in autistic patients showing that during ToM tasks, greater
stimulation was reported in the temporoparietal junction of subjects with autistic traits
compared to controls!®¢. Additionally, though more indirectly, structural studies have further
offered insight into the study of ToM in the sense that regions typically involved in this network
have repeatedly shown structural abnormalities in ASD patients when compared to typically

developing individuals!87-208209.211,
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1.3.2.C. Default Mode Network

This network has already been briefly discussed in section /.3.1.B, however to briefly reiterate,
the Default Mode Network (DMN) activates upon wakeful rest such as mind-wandering, and
comprises portions of the frontal lobe, the posterior midline (including the posterior cingulate
and precuneus), and the inferior parietal lobule and posterior temporal areas, which are all often
perturbed in autistic patients (Figure 1.3.5)?!72!%, Dysfunction of the DMN affects information
integration, as well as inflexibility in processing and responding to social stimuli in autistic
patients, causing further symptom aggravation®!?. The DMN encompasses many of the regions
involved in the ToM network, as well as in social tasks, suggesting a high overlap between
these systems. This has lead scientists to suggest a direct link between physiological and
psychological ‘baselines’, proposing social cognition as the default mode of thought?6426%_ 1t is
widely accepted that the DMN significantly contributes to social cognition, or vice versa,
however mechanistic insights are yet to be further developed. Majority of DMN-related studies
in ASD patients have described deficits in the previously mentioned regions. Specifically,
functional connectively resting-state studies have consistently reported over-connectivity
between DMN regions in ASD children, as well as under-connectivity in adolescent and adult
patients. This suggests a developmental heterogeneity not normally seen in typically developing
peers?20:266.267  Even within the DMN itself, differences have been reported in the name of
hyper-connectivity between the posterior cingulate cortex and temporal and frontal regions, and
hypo-connectivity between remaining regions?!*-2%, Generally, the literature has converged on
two major connectivity observations in the DMN in ASD patients: 1) increased within-DMN
connectivity, particularly between the posterior cingulate and the medial prefrontal; and 2)
reduced connectivity between DMN nodes and outside brain regions, both of which acquire an
even more complex dynamic with age. Task-based studies have also offered insight into the

understanding of the DMN in autistic patients, particularly revolving around socially related
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tasks. Studies using self- and/or other- referential tasks generally involve the prefrontal cortex
as well as aberrant patterns between the posterior cingulate and frontal regions during self-
representation tasks in patients with ASD compared to controls?®”-2%8, Additionally, ToM tasks
typically show reduced function of the temporoparietal junctions and prefrontal cortex in
autistic adults®®. Lastly, as predicted, structural abnormalities also exist in the DMN in patients
with autism in several modalities including thickness, gyrification and volume. For example,
increased cortical thickness has been reported in the posterior cingulate and the prefrontal
cortex in all ages of autistic participants, as well as reduced grey matter volume in the right
temporoparietal junction?’*-272, Gyrification studies have shown reductions in the brains of
male autistic patients, but not females, in the medial prefrontal cortex when compared to
controls®”®. Structural neurodevelopmental studies have further reported atypical age-related
development in the DMN nodes throughout life in ASD patients, specifically, accelerated

thinning in the bilateral posterior cingulate, and slowed volume reduction in the medial

274,275

prefrontal cortex and temporoparietal junction

Figure 1.3.5. Main regions implicated in the Default Mode Network, including the frontal lobe, the posterior cingulate, the precuneus, the
inferior parietal lobule and posterior temporal areas (image taken from Kaplan et al., 2017)*.
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Chapter 4: Dimensional Approaches in Autism Studies

As numerously mentioned throughout this thesis, autism studies have seen an extensive array
of inconsistent results in almost all data modalities. This widespread heterogeneity points to
several underlying physiological and etiological differences that are evident in the disorder.
One way to try and disentangle this variability involves the use of dimensional approaches,
which focus on the type and degree of several symptoms rather than placing individuals into
one diagnostic category. This operates well in the study of diverse disorders such as autism and
psychiatric conditions in general. Indeed, the only way to label an autistic individual is through
diagnostic assessments, but often these assessments do not take into account the spectrum of
genotypes, behaviors, and physiological phenotypes that accompany an autistic individual,
making it difficult to characterize patients on the biological level. This section will consider

current insights in the field of autism dimensionality.

1.4.1. The Research Domain Criteria (RDoC)

The Research Domain Criteria (RDoC) is a framework for the investigation of psychiatric
disorders that proposes the integration of several levels of information (including genetic,
clinical assessments, biological, etc.), in order to explore dimensions spanning from normal to
abnormal human behavior. Over the years, diagnostic categories have failed to capture
underlying pathophysiological mechanisms of psychiatric disorders, and thus rarely

successfully explain the biological aspects of such disorders. Historically, many psychiatric
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disorders once thought to align in clinical presentations, have actually shown widespread
negative results. Mental illnesses are unlike diseases such as cancer, which can be quantified
and diagnosed with the help of laboratory tests (for the most part), therefore they are typically
characterized by behaviors that are often shared with other psychiatric disorders. Moreover,
these behaviors are challenging to quantify. Therefore, due to the qualitative nature of assessing
mental illnesses, as witnessed in the variability of patients qualifying for the same symptom-
based diagnosis, basing research on diagnostic categories can give rise to vast heterogeneity.
Additionally, the existence of various comorbidities in psychiatric disorders further complicates
the study of certain disorders in isolation. Therefore, targeting only patients with ‘pure’
diagnoses to participate in studies excludes those representing different ends of the functioning
spectrum, ultimately hindering research. Diagnostic boxes can separate individuals that are in
fact close in behavior, for instance a patient that just made the cut-off versus one that just missed
it. These two patients may in fact share symptoms and underlying physiological mechanisms
that are more similar than two patients within the diagnostic threshold. Such practices may
therefore confound true results in developmental psychopathology and on the study of

prodromal risk factors?’’.

The strategy behind the RDoC framework is implemented as a matrix of elements focusing on
six major domains of human functioning, which are further divided into constructs measured
using several units of analysis such as genetic, physiological, behavioral and clinical data points
(Figure 1.4.1). This framework was created in 2009 with the idea that it would be filled and
expanded as findings progress, eventually providing information on cognitive and biological
processes underlying mental illnesses and paving the way to the development of better tools,
diagnostic systems and treatments. While psychiatric disorders have until now been based on

limited clinically-based classifications, this paradigm hopes to shift focus by incorporating
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pathophysiological data to eventually help target better treatments and clinical decision making

for patients with mental illnesses?’”.

Negative Valence

Positive Valence

Cognitive Systems
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Arousal/Regulatory Systems.
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Figure 1.4.1. A schema of the RDoC framework showing the various levels of data constructs and dimensions needed in order to fully
comprehend the spectrum between normal and abnormal human psychology (source: https://www.nimh.nih.gov/research/research-funded-by-
nimh/rdoc/).

1.4.2. The Social Responsiveness Scale (SRS) as a Dimensional Construct

The Social Responsiveness Scale (SRS) is a qualitative measure assessing the continuum of
clinical autistic traits in both children and adults. It consists of 65 items divided into five
subscales representing different domains of social deficits including social awareness, social
cognition, social motivation, social communication and autistic mannerisms (restricted interests
and repetitive behaviors)?’®. Though not a diagnostic assessment, the SRS has proven to be a
valid measure of autistic traits and is highly correlated with an ASD diagnosis. It is also often
administered during clinical interviews to help provide a comprehensive understanding of ASD.

The SRS exhibits high inter-rater and cross-cultural reliability, and correlates greatly with



ADOS and ADI-R diagnostic assessments for autism from the DSM-5, making it a robust

measure in the dimensional study of ASD behaviors (Figure 1.4.2)278-281,
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Figure 1.4.2. Plot showing the significant concordance between the SRS scale and diagnostic assessments for autism (image taken from Kamio
et al., 2013). Non-ASD refers to patients with other psychiatric disorders.

As mentioned in the previous section, it is important to avoid excluding subjects falling short
of the autistic diagnosis cut-off, as these subjects may in fact have similar symptoms to
diagnosed patients and therefore be of great use in the search for biomarkers and therapies.
Using a continuous trait versus a categorical one (i.e. the SRS versus an ASD diagnosis) also
avoids selection and environmental biases that often accompany diagnosed individuals. It has
been suggested that autistic traits run along a continuum extending into the general population,
therefore a shift toward dimensional studies in this heterogeneous disorder has been steadily
increasing. Furthermore, autistic traits assessed by the SRS exhibited a continuous distribution
in the general child population (in a study conducted on 22 529 individuals) indicating no
evidence of a natural gap differentiating diagnosed vs. non-diagnosed patients?”®. This however
does not fully solve the issue of inconsistent results in autism research. Since etiological,

developmental and biological heterogeneity is nevertheless present, it is still enormously
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challenging to understand the disorder. This necessitates the characterization of distinct
subgroups of ASD, which will be discussed in the next section. To this end, achieving such
subgroups proves most relevant in combination with a dimensional approach, which promotes
stratification according to behavioral and biological features as suggested by the RDoC. The
SRS remains a strong candidate to use in such experimental designs when studying autism due
to its continuity within ASD and in the general population, making it a good candidate to enter
into the framework of RDoC. Furthermore, the SRS has already been employed in
understanding autism in a wide range of publications varying from behavioral, to genetic, to
neuroimaging studies?’8280.282-287 = Ag previously mentioned, the RDoC aims to integrate
various constructs, phenotypes, and genotypes in order to explore a spectrum ranging from
normal to abnormal human behavior, and as such, becomes conceivable in ASD when

combining the study of the SRS scale with other variables.

1.4.3. Studies Applying Dimensional Approaches in ASD

Indeed, the issue of heterogeneity in autism has shifted focus towards better characterizing the
disorder, resulting in the interest of using autistic traits as proxies in studying ASD. The SRS
has been used in several neuroimaging studies to test correlations between cortical morphology
and symptom severity, showing that more symptomatic individuals tended to have a thinner
cortices and decreased gyrification in temporal regions?$2-287-288 Furthermore, functional studies
have also used the SRS to deduce information in the field of autism. Namely, several studies
have reported altered activity in the cingulate region by comparing brain activity against the

SRS and the Autism Spectrum Screening Questionnaire (ASSQ)?*-?°!, These studies have
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concluded pertinent information in the study of autism by conducting investigations centralized

around autistic traits in the field of neuroimaging.

Autistic traits, as quantified by the SRS, have also been investigated and used in fields outside
of neuroimaging. For example, vitamin D deficiency as well as higher concentrations of
phthalate metabolites (which can be found in pollution and plastics) during pregnancy has lead
to offspring with higher autistic traits as measured by the SRS?*>2%3, The SRS scale has also
been used to show that patients with higher symptomatology are more inclined to suffer from
sleep disturbances and epilepsy, which are two well-documented factors experienced by autistic

patients?42%3

. Interestingly, dimensional approaches have further been applied in genetic
studies related to autism, including one study characterizing an increased incidence of autistic
traits (as measured by the SRS) in a pool of patients diagnosed with neurofibromatosis type 1.
Authors concluded that the neurofibromatosis type 1 gene is likely a quantitative trait locus of
ASD?%, All these studies prove that focusing on the dimensional aspect of autistic traits can

perhaps deliver comprehensive and less restrictive evidence in the development and

understanding of ASD.
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Chapter 5: Subgrouping in ASD

1.5.1. The Necessity to Subgroup

In addition to using dimensional approaches to better understand autism, another concept
extremely important in disentangling ASD heterogeneity is subgrouping. The inability to
establish consistent empirical biomarkers due to general case-control designs in the literature
has greatly impeded the understanding of autistic etiology and the development of proper
treatment and therapies (Figure 1.4.3). The issue with autism classification is that the DSM-5
bases a diagnosis on three major symptoms: social deficits, social communication issues and
restricted and repetitive behaviors. However, autistic patients actually manifest a wider variety
of abnormal behaviors extending outside these bounds and into differences in biological
outcomes. Thus, regardless of how often the DSM changes its definition of autistic disorders,
using a categorical label smooths over tons of information that can be useful in advancing
autism research. One example is that you can have an individual, 4, who presents severe social
deficits and negligible levels of repetitive behaviors as well as high levels of aggression and
anxiety, is epileptic and experiences sleep disturbances. On the other hand, individual B
presents minimal social deficits and high levels of repetitive behaviors as well as attention
problems and gastrointestinal issues, but presents no epilepsy, sleep disturbances, aggression
or anxiety. Since both of these patients are diagnosed with autism, could you administer them
the same treatment or therapy and expect an attenuation of symptoms? Probably not. At the
very least clinicians could probably suggest cognitive behavioral therapy for patient A4 to deal

with his severe social deficits (as well as additional medications to treat the epilepsy and sleep
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disorder), and serotonin receptor inhibitors for patient B to help alleviate the repetitive behavior
impulses®*’2%%. Thus, a clinician would be more likely to treat the individual symptoms,
dimensionally, versus giving a one size fits all autistic medication. Such a targeted treatment
does not seem to exist yet, and even if it did, it would probably not be useful for all patients
along the autistic spectrum. Furthermore, not only do a variable combination of symptoms exist
in ASD, but each symptom also fluctuates in severity. This could be one of the reasons as to
why case-control paradigms in the literature have failed to yield consistent and reproducible
results (of course with the exception of a few ground truths). Therefore, this thesis work
highlights the necessity to advance autistic research within the realm of dimensional models as
well as the need to further characterize common subgroups. Applying these approaches may

offer hope in disentangling and understanding the heterogeneity present in ASD.

Autism Subtypes
’ |
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Control Autism
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Figure 1.4.3. Conducting case-control experimental designs in the study of autism can smooth over important information about subjects.
Isolating autistic subgroups provides detailed information about the disorder, which is more likely to lead to the development of better targeted
therapies (image taken from Lombardo et al., 2019)*®.
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1.5.2. Studies Adopting Subgrouping Strategies in ASD

The variability of autism has perplexed researchers and clinicians alike, causing several of them
to begin subgrouping the disorder. Work has been conducted on fractionating autistic patients
according to cognitive profiles, clinical phenotypes, developmental patterns, genetic factors,
and/or biological data. For example, a study by Ellegood et al., 2015, used mouse models to
summarize the heterogeneity typically observed in neuroanatomical signatures of autistic
patients by clustering 26 different autistic mouse models, which separated into three distinct
subgroups each with unique cortical patterns®®. The authors advocated the importance of
subgrouping in autism research to better understand the disorder with supposition that each
subgroup’s homogeneous profile reflects a common underlying pathophysiology. Another
study by Stevens et al., 2019, applied Gaussian Mixture Models with Hierarchical Clustering to
identify behavioral subgroups of autism and subsequently examined treatment responses.
Authors looked at academic, cognitive, play, motor, executive, language and social variables
and isolated 16 subgroups including some subgroups that were similar in variables affected, but

different in severity®°!

. Authors also found that children within clusters responded more
similarly to proposed treatments compared to a group comprised of all children diagnosed with
ASD. What made this study particularly interesting was the incorporation of a treatment option
for patients within clusters showing that treatment options work better when decreasing some
of the heterogeneity, which is in line with the idea that homogenization of underlying
mechanisms permits a better treatment response. It is also worth noting that the treatments
administered in this study were ‘cluster-specific’, i.e. they were tailored to treat symptoms that
were deficit within each subgroup, indicating the use of a dimensionally-oriented approach.
Lastly, a study conducted by our group in Mihailov et al., 2020, revealed specific neuroimaging

signatures associated to behaviorally clustered autistic traits subgroups®®2. Particularly, these

signatures only appeared upon clustering, and disappeared in a case-control comparison, thus
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again enforcing the necessity to subtype heterogeneous patients. Furthermore, some of the
results in this study were also observed using another cohort where authors were able to
generate many of the same behavioral subgroups, as well as a similar neuroanatomical alteration
in one of the subgroups. Specifically, both studies generated an autistic traits subgroup high in
ADHD-like deficits with cortical alterations in the motor area of the brain (Mihailov et al., In
Preparation). Although replication between both studies was not impeccable, the fact that we
were able to observe a stable cortical phenotype associated with a certain behavioral profile in
an autistic traits subgroup already indicates the importance of limiting heterogeneity in search

of consistent biomarkers in the field of ASD.
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Part II: Thesis Objectives
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As thoroughly described in the preceding sections, and throughout this manuscript thus far,
autism is an enormously heterogeneous disorder differing in etiology, biological traits,
behaviors, clinical presentations, medical and psychiatric comorbidities. This established
heterogeneity has hardly been overcome by the research conducted in the field of autism over
the past couple of decades, most of which was centered around a case-control paradigm
typically leading to the introduction of rampant variability. It seems the time has come either to
retire this approach, or to introduce new and improved modes of analysis. The global objective
of this work is to better characterize autistic patients, which is vital in the advancement of
appropriate treatments and therapies. Our proposal to achieve this is two-fold, such that to
successfully handle the variability present in autistic patients and disentangle the complex
etiology of the disorder, it is crucial to: 1) apply dimensional approaches in order to recognize
the disorder on a continual level and to include several different types of data, extending out
from the core criteria necessary for an autistic diagnosis; and 2) subgroup patients according to
intra-group similarities in order to potentially identify common traits and shared underlying
pathophysiological mechanisms. By applying these approaches to ASD research, we hope to
improve the biological understanding of the disorder in order to help enhance the development

of therapeutic interventions.

The way this thesis work was able to achieve its goals was through the help of several specialists
from a vast network of fields. This multidisciplinary environment permit