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Thesis Summary

Both autism and schizophrenia are neurodevelopmental disorders. Autism is diagnosed early
in childhood, whereas schizophrenia and psychotic disorders have a later onset in
adolescence and early adulthood. A better understanding of the neurodevelopmental
trajectories that underlie these disorders would provide insights into their underpinning
biological mechanisms. Research indicates the neurodevelopmental abnormalities may also
be present in participants with specific traits of autism or in participants with attenuated
symptoms of schizophrenia. Autistic traits (e.g. social communication difficulties) can be
measured psychometrically and are thought to lie on a continuum with normality. Psychotic
experiences occur in 5-10% of the general population and are associated with an increased

risk for developing schizophrenia.

The thesis comprises of 4 studies: (1) A meta-analysis of total brain volume trajectories in
autism spectrum disorder (ASD); (2) An investigational study charting head circumference
trajectories from birth to age 15 years in individuals with autism and elevated autistic traits
relative to controls; (3) An investigational study charting head circumference trajectories in
participants with psychotic disorder and psychotic experiences relative to controls; (4) An
investigational study using magnetic resonance imaging (MRI) to explore grey matter brain

alterations associated with autistic traits.

In chapter 2, | present a meta-analysis of longitudinal studies measuring total brain volume
in ASD. | explore differences with controls at individual study timepoints as well as
longitudinal changes over time. We find evidence of early brain overgrowth in ASD before
the age of 5, but that changes in total brain volume over time were reduced, which is

indicative of slowing or arrest of growth in ASD.

Chapter 3 presents original research using data from the Avon Longitudinal Study of Parents
and Children (ALSPAC). Using linear mixed effects models, we charted head circumference
trajectories from birth to 15 years in individuals (a) with and without ASD, (b) and elevated
autistic traits. ASD was linked to larger head circumference from birth to adolescence
compared to controls, with a clear difference emerging at 2 months of age. Enlarged head

circumference was more pronounced in those with ASD and comorbid cognitive learning



needs. Children with autistic traits only, measured using the Social Communication Disorder

Checklist (SCDC), had smaller head circumference compared to controls.

Chapter 4 presents novel findings of head circumference trajectories associated with
psychotic experiences. Psychotic experiences measured using the semi structured PLIKS
interview in ALSPAC at age 18 were associated with reduced head circumference trajectories
in females but increased trajectories in males compared to controls. However, operationally
defined ‘psychotic disorder’ was associated with reduced head circumference in both sexes.
A subset of this sample also had neuroimaging at age 21 years, showing psychotic disorder

to be associated with reduced total intracranial volume and total grey matter volume.

Finally, in chapter 5, we explore alterations in grey matter volume associated with autistic
traits measured using the SCDC. We find that autistic traits are associated with grey matter
volume alterations in frontal and parietal brain regions. These cortical regions are thought to
contribute to deficits in higher-order cognitive functioning and atypical sensory processing.

We did not find an association with total intracranial volume and total grey matter volume.

These findings provide important insights into the neurodevelopmental trajectories
underlying ASD and psychotic disorder. Both conditions are associated with atypical growth,
with increased total brain volume and head circumference in ASD, whereas head
circumference and total brain volume was reduced in psychotic disorder.
Neurodevelopmental trajectories differ between ASD and those with autistic traits, as
autistic traits were associated with reduced head circumference, and no difference in total

brain volume, although alterations in brain regional volumes were found.

When comparing psychotic disorder patients to participants with subthreshold psychotic
experiences, females with psychotic experiences showed similar head circumference
trajectories to those with psychotic disorder, whereas males with psychotic experiences
showed larger head circumferences. Although reduced TIV and total grey matter volume was
seen in psychotic disorder, no differences were found in participants with psychotic
experiences compared to controls. In summary, more severe neurodevelopmental changes

are present in ASD and psychotic disorder compared to those with sub-threshold traits.



Impact Statement

Academic impact

This thesis has strengthened our theoretical understanding of neurodevelopmental
trajectories in individuals on the ASD and psychosis spectrums. Early brain overgrowth and
increased head circumference in ASD are well cited in the literature, however it was
unknown when this increase occurs, if it persists, and whether it manifests across the whole
ASD spectrum. For psychosis related disorders such as schizophrenia, research has
predominantly focused on birth (for measures of head circumference) and adulthood (for
brain volumes). The neurodevelopmental trajectory between these ages has not been
established. Furthermore, until now no research has explored head circumference
trajectories in individuals with subthreshold psychotic experiences. This thesis addresses
these gaps in the literature by utilising a variety of methodological approaches including a
meta-analysis, and data from a UK-based population cohort to explore longitudinal head

circumference measurements and cross-sectional volumetric neuroimaging data.

My thesis has shown that head circumference is atypical from birth in individuals with ASD
and psychotic disorder, with increased trajectories in the former and reduced in the latter.
We also add to the theoretical understanding of ASD as a continuum. Namely, we did not
find evidence of a continuum between autistic traits and ASD, as individuals with elevated
autistic traits had slightly reduced head circumference trajectories compared to controls.
However, we did find evidence of a continuum when investigating regional differences in
grey matter volume associated with elevated traits, as the regions correspond with those
cited in clinical ASD cases. Our meta-analysis provided evidence that TBV is enlarged in early
childhood while also highlighting the paucity of longitudinal data in adult ASD samples.

Future work is needed to investigate brain changes across the full lifespan.

Clinical impact / impact outside of academia

This thesis provided evidence that small head circumference at birth can predict psychotic
disorder, suggesting its potential use as a prognostic marker to guide diagnosis and
intervention. This thesis also demonstrates the utility of head circumference as a proxy

measure of brain development, and that collecting population measures of this variable



could be useful for public health. Furthermore, due to the low cost of head circumference as

a measure, our findings are applicable to many settings including low-income countries.

Dissemination
Of the four analytical studies, two have been submitted to journals for review, and two are
currently being drafted for journal submission. Work from all four studies has also been

disseminated through posters and oral presentations at several conferences, including:

e UCL Faculty of Brain Sciences PGR Conference (UK, 2022)*

e European Society for Cognitive and Affective Neuroscience (Austria, 2022)
e Epidemiology & Social Psychiatry Conference (UK, 2022)

e International Society for Autism Research (Sweden, 2023)

e Schizophrenia International Research Society (Canada, 2023)

e British Neuropsychiatry Association (UK, 2024)*

| am grateful to have received awards for my presentations at two of the above
conferences*. This highlights the importance of my findings to the wider academic
community, particularly in improving our theoretical understanding of these conditions and

opening discussions on the clinical utility of using head circumference as a diagnostic aid.
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Chapter 1: Background

1.1 Autism spectrum disorder

1.1.1 Introduction and diagnostic criteria

Autism spectrum disorder (ASD), as defined by the fifth edition of the Diagnostic and
Statistical Manual of Mental Disorders (DSM-5-TR),! is a neurodevelopmental disorder
characterized by pervasive impairments in social interaction and communication, and the
presence of restricted, repetitive patterns of behaviour. These symptoms emerge early in
development and are typically recognised from 12 months of age but may be seen earlier if

developmental delays are severe, or later if symptoms are more subtle.?

Severity is classified based on the level of support needed in social communication and
restricted/repetitive behaviours. Examples of social communication impairments include
deficits in social-emotional reciprocity, problems with initiating and maintaining
conversation, and gaze avoidance. Conversely, restricted, repetitive behaviours include but
are not limited to insistence on sameness, repetitive motor movements, intense or fixated
interests, and hypo/hyper-sensitivities to sensory information. For a diagnosis of ASD to be
made, these symptoms must cause clinically significant disruption to social, occupational,
and daily functioning. Furthermore, the presence of co-occurring intellectual disability
and/or language impairment may also be specified. Both verbal and nonverbal language is
affected in ASD, with between 25-30% of individuals with ASD non- or minimally verbal.3-
Delayed language and communication problems are also one of the first reported areas of
concern for parents of children later diagnosed with ASD, whereas concerns over repetitive

behaviours are often reported later in development.®

The spectrum model of ASD highlights the heterogeneity in both symptom presentation and
severity. Further support for a dimensional perspective to ASD comes from autistic trait
literature in subclinical populations. For example, autistic traits have are shown to have a
continuous distribution in the general population, and genetic studies report correlations
between the same genetic susceptibilities in ASD as those with autistic traits.” Autistic traits
are also more common in undiagnosed family members of individuals with ASD, suggesting a

strong genetic influence.?
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1.1.2 Epidemiology

Worldwide prevalence estimates suggest between 1-4% of individuals are diagnosed with
ASD,>1% with an average age of diagnosis being 5 years.!! Epidemiological studies report a
male bias in prevalence rates of ASD, with an average ratio of 4:1 frequently cited.!?
Although, a recent meta-analysis of 53,712 individuals with ASD reports that the ratio may
be closer to 3:1.13 Other studies have shown disparate results when accounting for cognitive
functioning, this can vary from 7:1 for high-functioning ASD to 2:1 for individuals with

intellectual disability.14

This thesis will examine data from the Avon Longitudinal Study of Parents and Children
(ALSPAC), a large population-based birth cohort study. Prevalence of ASD in the ALSPAC
cohort is slightly reduced compared to worldwide estimates, at 0.51% (or 51.1 out of
10,000) using multi-professional diagnoses by age 11 years, and 0.62% (61.9 out of 10,000) if
records from education were included.* Median age at diagnosis was 3.75 years for children
with ASD, and 9.66 years for Asperger’s, a milder subtype of autism before ASD was
reclassified as a spectrum. Of the 86 cases of ASD identified (including Asperger’s), 75 were

males and 11 females, with a sex ratio of 6.8:1.

1.1.3 Aetiology / evidence for neurodevelopmental perspective

As a neurodevelopmental disorder, symptoms of ASD are thought to arise from
perturbations to early brain development. Approximately 85% of ASD cases are idiopathic,
which means the specific cause of these brain differences are unknown. However, several
lines of research have implicated a complex blend of genetic and environmental risk factors.
Among 69 of the most reported high-confidence ASD genes (i.e., genes that are believed to
be strongly associated with increased risk for developing ASD), 94% are expressed prenatally
and affect a wide range of processes in neural development, including the proliferation of
cells, migration of cells to designated brain regions, and in the creation and functioning of
synapses, which are the specialised connections between neurons that allow the
transmission of signals across the brain (Figure 1 & Figure 2).1®7 Evidence that ASD is a
disorder of prenatal origin stems from postmortem and neuroimaging findings. An excess
number of neurons is observed in the cerebral cortex in children with ASD.*¥1° The

proliferation of cortical neurons takes place prenatally, between 4 and 24 weeks, and does
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not occur postnatally, therefore an overabundance of neurons indicates that ASD may be

strongly rooted in biological processes that take place early in foetal development.

Conception Gestation (weeks) Birth Age (years)
0 4 8 12 16 20 24 0 1 3
L | 1 | | | | | | 1 | 1 >
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Figure 1. Developmental timeline of foetal and post-natal brain development. Figure
retrieved from “The ASD Living Biology: from cell proliferation to clinical phenotype”.1®
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Figure 2. Distribution of 58 high confidence risk genes for ASD in neural development. Figure
retrieved from “The ASD Living Biology: from cell proliferation to clinical phenotype”.'®

Substantial heterogeneity is observed in structural neuroimaging studies of ASD populations,
both in terms of the implicated regions and the direction of the changes (i.e., volume
increases or decreases).? Furthermore, age is another important factor with many brain

regions demonstrating dynamic changes across the lifespan. Total brain volume (TBV) is the
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sum of the brain’s grey and white matter volume. In typical development, cortical grey
matter volume increases rapidly after gestation before peaking at age 6-8 years and
decreases from adolescence (Figure 3).2! Subcortical grey matter volume peaks during mid
adolescence, while overall grey matter density continues to increase until early adulthood. In
contrast, white matter - the fibrous connections comprising axons and their myelin covering
between grey matter regions - develops much more gradually compared to grey matter,

peaking at age 30 years.

While changes to brain development are observed across the lifetime, the time between
birth and 2 years is often cited as one of the most critical periods of brain development as it
is where the most rapid changes take place. At 3 weeks post-partum the brain is
approximately 35% of its total adult size, reaching 80% by the age of 2 years.?? During this
period, the neural foundations for various cognitive, emotional, and social abilities are
established. It is also believed to be a critical period of vulnerability for neurodevelopmental
disorders. Indeed, numerous neuroimaging studies in infants with ASD provide evidence of
atypical development of both grey and white matter volumes during this period,?>=2> which
has led to the widely cited hypothesis of early brain overgrowth in ASD.?® This phenomenon
is characterised by (1) average TBV size at birth, (2) accelerated growth in early childhood,
and (3) atypically slow or arrested growth between late childhood and adolescence. While
there has been much support for the first two predictions, the third has proven
controversial, with some studies reporting TBV to be persistently enlarged in ASD, 27:28 whilst
others show a later period of arrested growth in adolescence followed by either
normalization or reduction in adulthood.?%?°:3% Research that leverages longitudinal
neuroimaging study designs may help elucidate these unanswered questions. Longitudinal
research is superior to cross-sectional research due to its capacity to map brain development
over time and allow cause-and-effect inferences, while also maintaining greater statistical

power as it reduces variability from individual differences.
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Figure 3. Normative trajectories of the median (50t centile) for each global MRI phenotype
and diagnostic age ranges for clinical disorders. Figure retrieved from “Brain charts for the
human lifespan”??

Head circumference has also been shown to strongly correlate with brain volume across
childhood and adolescence, and some researchers propose it is a good proxy in adults. There
are several advantages to using head circumference trajectories to monitor
neurodevelopment, including that it is non-invasive and a highly feasible/cost-effective
measure, as well as the fact that it is already a routinely collected measurement during
childhood. Therefore, the combination of both neuroimaging and head circumference

research should provide important insights into the elusive neurobiology of ASD.

ASD is highly heritable, with estimates of >90% for monozygotic twins, and 53% for dizygotic
twins.3132 However, many genes associated with ASD are pleiotropic, which means that a
singular gene can affect multiple phenotypic traits. This pleiotropy helps to explain the
diversity in ASD symptoms. While genetic factors are theorised to play a crucial role in ASD
aetiology, several environmental factors have also been linked to ASD risk. These include

advanced parental age (possibly operating through genetic and non-genetic mechanisms),
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birth complications such as hypoxia or birth injury, intrauterine infection, and maternal
obesity. Population-based studies have shown increased risk for autism when infants were
born either preterm or post term, regardless of whether size was congruent with age,33
whilst another study reported that being preterm and small for gestational age is associated
with increased autism risk, as does being large for gestational age when born at term.34
Among factors associated with socioeconomic status, maternal education is the most
strongly correlated with cognitive development in children. Low maternal education has
been shown to correlate with autism risk and severity,®>~3’ However some studies have
shown the opposite, with a two-fold increase in autism diagnoses in children whose mothers
were educated to A-level or above.?® The latter finding alludes to possible inequalities in
autism diagnosis, particularly in terms of service provision and ability to access information

on health conditions for parents from lower education backgrounds.

In summary, while the exact aetiology of ASD remains unknown, several lines of research

point to atypical neurodevelopment as well as joint genetic and environmental risk factors.

1.2 Psychotic experiences

1.2.1 Psychosis spectrum

Psychosis refers to a collection of symptoms and signs that affect a person’s thoughts and
perceptions and is often described as a loss of contact with reality. This might involve
auditory or visual hallucinations, delusional thinking patterns such as paranoia and
grandiosity, as well as thought interference or perceiving your own thoughts as someone
else’s. These symptoms reflect an excess or distortion of normal functioning and are referred
to in psychosis literature as ‘positive symptoms’. In contrast, negative symptoms refer to a
reduction or absence of normal behaviours such as social withdrawal, anhedonia and
blunted emotional responses.3® Psychosis can complicate affective disorders usually in the
form of mood-congruent hallucinations and delusions but the prototypical psychotic
disorder is schizophrenia. Clinical psychotic disorders occur along a spectrum of symptom
severity, ranging from schizoid personality disorder and brief psychotic disorder to
schizophrenia. In schizophrenia, the average age of onset is between late adolescence to
early 20s for men, and late 20s to early 30s for women, with a second peak onset occurring
around the time of the menopause;*° delusions and hallucinations may be mood-

incongruent and their duration more persistent. Whilst age of onset is late compared to
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other neurodevelopmental disorders such as ASD, there are premorbid changes to cognition
that can be observed during infancy in individuals who later develop a psychotic disorder,
further strengthening the current conceptualization of schizophrenia as a
neurodevelopmental disorder. For example, a study in the ALSPAC cohort reported that
progressive deficits in full-scale IQ and nonverbal 1Q could be observed from 18 months
through to 20 years in individuals who later develop psychotic disorder.*! Developmental
lags in processing speed, working memory, and attention were also reported, as were

deficits in language abilities.

Hallucinations and delusions do not solely occur in clinical cases, as an estimated 5-10% of
the general population have experienced some sort of psychotic experience.**=** Subclinical
psychotic experiences are common in childhood and adolescence and are associated with a
four-fold increased risk of developing psychotic disorder.*> According to one meta-analysis,
approximately 20% of individuals who report a PE go onto experience more persistent
symptoms, and 7.4% develop psychotic disorder.*® Transition is thought to be a result of a
complex interplay between the environment and genetic liability, including exposure to
trauma and environmental stressors, coping responses to initial psychotic experiences, and

negative or depressed mental states.*’

1.2.2 Epidemiology

Psychotic disorders affect 1-3% of the population.*®*° The incidence of psychotic disorder
and psychotic experiences have been examined within ALSPAC using the semi-structured
Psychosis-like Symptoms Interview at ages 12, 18, and 24 (N = 7,900 with any data).** This
measure is based on the principles of the Schedule for Clinical Assessment in
Neuropsychiatry (SCAN), and consists of 6 questions on unusual experiences i.e.,
derealization, depersonalization, self-unfamiliarity, dysmorphophobia, and partial object
perception, and a further 11 core questions on the primary symptoms of psychosis i.e.,
hallucinations, delusions and thought interference. Interviewers rated experiences as not
present, suspected, definitely psychotic, and psychotic disorder, based on experiences since
age 12 years.”® For an individual to be classified as having a ‘psychotic disorder’, psychotic
experiences must have occurred at least once per month over the previous 6 months and

caused severe distress, negatively impact social or occupational functioning, or led to help-
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seeking. Of 3,866 individuals interviewed at age 24, 313 (8.1%) had a definite psychotic
experience and 109 (2.8%) met criteria for psychotic disorder. There was no difference in
incidence rates between males and females, with incidence rates peaking at 18 years of age.
Among individuals with psychotic disorder, 60% reported a PE at age 12, suggesting a
continuum a pathology. The majority of those with psychotic disorder were help-seeking
(70%), highlighting the burden of psychotic illnesses to the individual and health services.
Risk of developing other disorders and adverse psychosocial outcomes is also increased in

those with psychotic experiences.>%>2

1.2.3 Aetiology / evidence for neurodevelopmental perspective

Psychosis was first formulated as a neurodevelopmental disorder based on three primary
lines of evidence.”3 (1) Prenatal and perinatal risk factors such as obstetric complications,
low birthweight, and maternal infection during pregnancy are linked to increased risk of
schizophrenia; (2) evidence of delayed motor and social milestones and cognitive
impairments that are present from infancy; and (3) atypical brain development, including
reductions in grey matter volume, atypical white matter connections, and ventricular
enlargement. Importantly, reductions in grey matter are not the result of neurodegenerative
processes such as apoptosis or cell loss, but instead reduced dendritic- and synaptic

density.>*

Psychotic experiences share strong genetic correlations with psychotic disorders like
schizophrenia.>>=>’ The Longitudinal Experiences and Perceptions (LEAPS) study, drawing
upon twin data, reports moderate heritability rates for psychotic experiences (15-59%). >2
However, in ALSPAC, while polygenic risk scores were higher in those with psychotic
experiences at ages 12 and 18 years, it was not a significant risk factor.>® Compared to ASD
which has a strong basis on genetic factors, environmental factors are thought to play a
greater role in the aetiology of psychotic experiences. A large twin study reported that as
exposure to environmental factors increases, the contribution of genetic influences become
less significant in psychosis.? This contrasts to the diathesis-stress perspective of psychosis,
in which environmental risks are thought to trigger genetic susceptibility and therefore exert
higher genetic heritability in the presence of environmental stressors.®! Several
environmental risk factors have been identified for psychotic experiences, including:

urbanicity, poverty, cannabis usage, psychological and physical abuse, and environmental
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toxins (e.g., lead exposure).®?7%> Within ALSPAC, greater population density at birth was
associated with increased risk for psychotic experiences and positive symptoms at age 18
years (odds ratio [OR]: 1.77, 95% Cl: 1.15-2.21],% whereas social fragmentation (i.e., poor
community integration) was linked to negative symptoms. Recent work from ALSPAC finds
that childhood psychological trauma and perinatal complications affect regional volumes
within the ‘salience network’ in the brain, including the striatum and insula, indicating that

environmental risk factors impact the same brain pathways that are altered in psychosis.®’

Neuroanatomical abnormalities are well established in the psychosis literature, with a
predominant theme of brain volume loss and ventricular enlargement, particularly in medial
temporal regions. One longitudinal study over a 9-year period examining changes in TBV in
adults with schizophrenia found the mean annualized rate of TBV change reduced by 0.69%
in schizophrenia versus 0.49% in controls . This suggests that there is progressive brain
volume loss in schizophrenia patients. Given that brain volume is 90% developed by age 5,5
it is possible that factors related to brain volume, even when detected in adults, might have

developmental origins.

In order to study the neurodevelopmental origins of schizophrenia, it is necessary to study
the psychosis prodrome. This can be approached by studying groups at high risk for
psychosis to gain an understanding of how the disorder develops, whilst removing the
confounds of medication effects. Neuroimaging studies in these groups also have the
potential to identify biomarkers for psychosis-related conditions, which would allow early
detection and facilitate the targeting of preventative interventions to vulnerable individuals
to prevent transition to psychosis. Studies typically examine three types of high-risk cohorts:
(1) clinical high risk (CHR) groups otherwise known as ultra-high risk, are help-seeking
individuals who present with attenuated psychotic symptoms, (2) genetic high risk (GHR)
groups refer to individuals with a family history of schizophrenia or psychotic disorder, and
(3) PE groups who are not help-seeking but are found to have psychosis-like or subclinical
psychotic symptoms. In the case of ALSPAC the group in question is drawn from an
epidemiologically defined cohort and hence less obviously susceptible to selection bias. One
review of longitudinal studies in high-risk groups reported accelerated grey matter loss in
several brain regions, including temporal, frontal, cingulate and parietal cortices, regardless

of the type of high-risk group 7°. Transition to psychosis was associated with greater grey

28



matter decline, whereas subjects whose symptoms remitted may demonstrate a

normalization of grey matter trajectories. Grey matter loss in these regions is consistent with
the findings in schizophrenia, emphasizing a continuum of neuropathology. Progression from
clinical high-risk, recently diagnosed, to chronic schizophrenia appears to be associated with

progression of cortical to subcortical involvement of brain structures.’?

Within ALSPAC, grey matter reductions have been reported in individuals with psychotic
experiences in the left supramarginal gyrus which forms part of the somatosensory cortex
and is involved in language perception and processing among other roles.”? This region may
contribute to auditory hallucinations and difficulties in distinguishing self-generated speech
from external stimuli. Additional regions of grey matter reductions include the left thalamus
and right anterior and left posterior cingulate.®’ The anterior cingulate regulates higher-
order cognitive an emotional processing, while the posterior cingulate is an important
structure within the default mode network and supports internally directed cognition,
retrieval of autobiographical information, focusing attention, and planning.”? In contrast, the
thalamus forms an important hub within the brain for the relaying of sensory information
between cortical and subcortical regions. All three regions have been implicated in

schizophrenia, providing support for a continuum view of psychosis pathophysiology.

The role of sex on head/brain growth in those with psychotic experiences and psychotic
disorders is unclear. Some studies suggest that differences in relation to head size and brain
volume may be more pronounced in females. For example, findings from a Finnish national
birth cohort suggest that head growth during infancy is atypically accelerated in females but
not males in those who later go on to develop schizophrenia. A retrospective study of 70
patients with schizophrenia reports more pronounced reductions in head circumference at
birth in females compared to males.” These findings contrast to a study which reports
greater differences in adult males than females with schizophrenia, specifically, head
circumference was larger than expected in 14.9% of male patients (n = 67), with no
difference in size between females patients (n = 33) and controls.”> However, the majority of
research in head circumference growth after birth is limited and requires replication in larger

samples. Exploring interactions with age will also be important.
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1.3 Autism and psychotic experiences: why study these conditions together?
Both ASD and schizophrenia are spectrum disorders with neurodevelopmental origins.
Understanding their symptomatic and neurobiological trajectories may reveal critical periods

or milestones associated with these conditions.

Several studies within the ALSPAC cohort have found an increased risk of psychotic
experiences in those with autism/autistic traits. Sullivan et al., report that the odds of
psychotic experiences during childhood are increased three times in conjunction with an
autism diagnosis.”® Furthermore, there is an 11% increase of risk with every 1 standard
deviation (SD) increase in mean scores on the SCDC. With higher scores representing greater
impairment. They also report an 11% increased risk associated with a 1 SD increase in scores
on a repetitive behaviour measure, and 16% increase for coherence scores (i.e., ability to
explain things pragmatically). Interestingly, increases in scores for social inhibition and
semantic-pragmatic skills reduced the odds of psychotic experiences and therefore were
resilient factors. Another study reported associations between the presence of autistic traits
before the age of 3 and the development of psychotic experiences in later childhood, with
14% of children going on to develop psychotic experiences . This figure increased to 17%
when autistic traits persisted to age 7. Reports of suspected or definite psychotic
experiences were associated with maternal concerns of speech problems and ritualistic

behaviours at age 3, although social interaction problems appeared unrelated.

Phenotypically, autism and psychotic disorders share several similarities, including marked
impairment in social interactions, paucity of gestures, deficits in interpreting mental and
emotional states, processing speed, and working memory.”®-8 Early developmental delays
are common in both conditions, although less marked and seldom remarked upon at the
time in schizophrenia and psychotic conditions, and span cognitive, emotional, and motor
domains.®! While the two conditions exhibit similarities in relation to negative symptoms
i.e., the absence of typical social behaviours; positive symptoms or the addition of atypical
behaviours help to differentiate the two. For example, hallucinations and delusions are
observed in individuals with schizophrenia but not in those with ASD, whereas stereotyped

language and repetitive and restricted behaviours are typically associated with ASD.%?

Due to the combination of both shared and unique symptomology, it is unsurprising that
several neuroimaging studies report various similarities and differences within the brain.
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Many studies suggest that ASD and schizophrenia are disorders of the ‘social brain’. For
example, around 80% of abnormalities in functional connectivity are shared between the
two disorders, particularly in default mode, sensorimotor, and cognitive control circuits .
The default mode system refers to a network of brain structures, including the posterior
cingulate cortex, medial prefrontal cortex, precuneus, temporoparietal junction and the
hippocampus.84 These brain regions have important social cognition functions, including the
ability to infer mental states including thoughts and emotions, otherwise known as Theory

of Mind.

However, overlap in shared regions of grey matter reductions was smaller, at 40.2%, with the
primary overlaps observed in the middle occipital gyrus and cerebellum. Larger overlap was
cited for grey matter density (89.8%), in the frontal gyrus, temporal gyrus, cerebellum, and
insula among others. Unique disorder differences were cited in the temporal gyrus, frontal
gyrus and cingulate gyrus, in which schizophrenia was associated with grey matter volume
reductions and ASD with volume increases. It has also been proposed that ASD and
schizophrenia exhibit contrasting patterns of grey and white matter volumes and may pose
opposite extremes of a shared phenotypic spectrum. One study provided evidence that ASD
is associated with greater-than-normal total grey matter and lower-than-normal white
matter, whereas the opposite was found in patients with schizophrenia.®®> These patterns
were observed at a whole-brain level as well as within individual lobes (frontal, parietal,
temporal, occipital). Compared to controls, volume differences were more pronounced in

those with schizophrenia as opposed to ASD.

A recent study has also revealed important insights into cross-disorder correlations in
cortical thickness and genetics in 6 psychiatric disorders: autism, schizophrenia, ADHD,
bipolar disorder, major depressive disorder, and OCD 8. Autism and schizophrenia share the
strongest correlation for cortical thickness (r = 0.63) alongside a small genetic correlation (r =
0.21), with bipolar and schizophrenia sharing the highest genetic correlation (r = 0.68).
Another study reported genetic overlap of 15-25% in autism and schizophrenia, with

approximately 130 genes that appear to be more common in both disorders #’.

While ASD is associated with increased TBV during childhood, less is known about early
changes to TBV in patients who develop schizophrenia. Congruent with findings in
adulthood, it is theorised that head circumference, and by association brain size, is reduced
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in prodromal schizophrenia cases. However, upon closer examination of the literature, the
story is much more complex and heterogenous. High quality research in this area is scarce
and requires validation and replication. Difficulties are also presented when conducting
prospective studies in schizophrenia due to the relatively low incidence rates in
schizophrenia. Moreover, head circumference trajectories within individuals with psychotic
experiences are yet to be explored in the literature, highlighting a significant gap in

knowledge which warrants further investigation.

It is important for future research to parse out the cross-disorder similarities and
differences so that a better picture of the two disorders can be established. The ALSPAC
cohort offers a good opportunity to achieve this given the wealth of standardised cognitive,
behavioural and psychopathology data gathered over key periods of development in a

relatively large population-based sample.

1.4 Thesis aims and outline

There are several clinical markers for ASD and psychotic disorders, but our knowledge of
neurodevelopmental biomarkers is lacking. Although much research has examined brain and
head circumference measures early in autism, there is a paucity of research in adults. On the
other hand, in psychosis, much research has been conducted regarding differences in head
circumference at birth and brain measures in adulthood, but less research is conducted after
birth and in youth during the prodrome, due to the difficulty in conducting prospective
studies in disorders with low incidence rates. Understanding the full picture of
neurodevelopmental changes across the lifespan could reveal key pathophysiological
processes in these two disorders and may reveal prognostic markers. Similarly, differences
between males (in whom neurodevelopmental disorders are generally held to be more
common) and females have seldom been explored in large samples. Lastly, much research
has examined brain and head circumference measures in ASD, but fewer studies assess
whether these alterations in biological measures are also present in those with high autistic
traits, therefore it is not known whether neurodevelopmental changes associated with ASD

lie on a continuum.

This thesis aims to:
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Synthesize and meta-analyse current longitudinal literature on TBV trajectories in
ASD.

Compare trajectories of head circumference from birth through to adolescence in
individuals with ASD and elevated autistic traits to controls.

Compare trajectories of head circumference from birth through to adolescence in
individuals with psychotic experiences and psychotic disorder to controls.
Investigate grey matter volume alterations in young adults with autistic traits and

make comparisons with previous ALSPAC research in individuals with psychotic

experiences.

A summary of the thesis outline and chapters can be found below:

Chapter 2

Meta-analysis of
total brain volume
(TBV) trajectories in

ASD

Chapter 4

Head circumference
trajectories in
psychotic
experiences and
psychotic disorder

Chapter 5

Grey matter volume
alterations in autistic
traits and psychotic

experiences

Chapter 3

Head circumference
trajectories in ASD
and autistic traits

Chapter 6

Discussion of main
findings
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Chapter 2: Meta-analysis of longitudinal trajectories of total brain
volume in autism

Early brain overgrowth is well-documented in autism spectrum disorder (ASD). However,
longitudinal brain development in ASD, from infancy to adulthood has not been
systematically charted. In this chapter, | present my meta-analysis of longitudinal total brain

volume (TBV) trajectories in ASD.

This manuscript is being prepared for submission to the Review Journal of Autism and

Developmental Disorders.
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2.1 Introduction
It is well established that autism spectrum disorder (ASD) is associated with early life brain

overgrowth.?388-°1 However, some studies report brain volume to be persistently enlarged in
ASD, 2728 whilst others show a later period of arrested growth in adolescence followed by
either normalization or reduction in adulthood.?%°2-4 Reviews of brain development in ASD
suggest an increased rate of growth in the first 3 to 4 years of life, followed by growth arrest

or volume losses so that by adulthood, there is no difference in total brain volume (TBV) size

34



between autistic and neurotypical groups.2%2%3° Consistent with this, a cross-sectional meta-
analysis observed that while brain volume is 15% larger in ASD compared to neurotypical
populations in early childhood, it was 2% larger by adolescence and just 1% larger in
adulthood.®® This is consistent with another meta-analysis finding increased volume in early
childhood that attenuates with age, °® although one meta-analysis reports increased TBV in
ASD and did not find a relationship between age and TBV effect size. °” These meta-analyses
are limited to cross-sectional data, whereas the aggregation of longitudinal data would allow
a more accurate analysis of brain growth trajectories in ASD. To date, longitudinal MRI
studies of ASD TBV have not been summarised in a meta-analysis. There are several
advantages to longitudinal research, including a better understanding of temporal sequences
which may aid cause-and-effect inferences, as well as greater statistical power as it reduces

variability from individual differences.

There are mixed findings regarding sex differences and brain overgrowth in ASD; one infant
study reports macrocephaly in males with ASD, but not in females.®® Another study observed
overgrowth during infancy only in males with regressive ASD,*® but not in autistic males
without regression. Other studies report macrocephaly to be more common in females,'® or
no differences between sexes.'! Trajectories of typical neurodevelopment differ between
males and females,? so conflicting results regarding sex differences in ASD may depend on
developmental stage. A study of 6-25 year olds found no significant age or sex interactions
by diagnosis in TBV,2” however the number of longitudinal studies examining sex-effects are
limited,®3193.194 and are typically conducted over short time periods. Therefore, aggregating
longitudinal data by meta-analytic means may help parse out the timing of sex differences if
they occur. Enlarged brain size has also been linked to lower intelligence quotient (IQ < 70) in
ASD®®, One longitudinal study reports fewer gains in 1Q in males with ASD and brain
overgrowth between the ages of 3-5 years compared to males with ASD and no
overgrowth.1% This research contrasts to that found in neurotypical populations, in which
larger TBV is generally associated with higher 1Q.28196-108 Taken together, these findings
suggest that while larger TBV may be positively associated with the development of
cognitive abilities in neurotypical individuals, the same is not true for individuals with ASD.
Aggregating longitudinal studies will help confirm the relationship between 1Q and growth

trajectories in ASD.
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The aim of this meta-analysis was to compare differences in TBV in ASD and controls and to
explore changes in TBV over time. We therefore present effect size differences for i)
aggregated TBV measures across all ages and ii) changes in TBV over time. We hypothesised
that TBV will be enlarged in ASD during early years, and will normalise with age. In
accordance with this, we hypothesised there would be greater longitudinal change in TBV in
the early years of ASD indicative of accelerated growth, which will be attenuated in later
childhood/adolescence. Case-control meta-analyses will be complemented by meta-
regressions with age, sex, and IQ. We further hypothesised that i) low 1Q and ii) a greater
proportion of males in a study sample will be associated with larger TBV in ASD compared to

controls.

2.2 Methods

2.2.1 Search Strategy and Selection Criteria
We followed PRISMA guidelines and registered the study on PROSPERO (CRD42021239079).

Systematic literature searches were conducted on four electronic databases from inception
through June 2023: PubMed, PsycINFO, Embase (Embase Classic + Embase), and Web of
Science (Core Collection). Search terms were based around three concepts: 1) ASD, 2)
longitudinal design, and 3) structural neuroimaging (for full search strategy, see
Supplementary Materials). To widen the search, total intracranial volume (TIV), whole brain
volume (WBV), and total tissue volume (TTV) were also accepted as estimates of brain
volume. While TBV is the sum of grey and white matter volumes, TIV is generally defined as
the volume within the cranium, including the brain, meninges and cerebrospinal fluid.1%°
Both measures share similar increases in volume during childhood, however from
adolescence, TIV remains more stable with aging while TBV shows age-related decline.110:111
Google Scholar was used to extract additional papers, and reference lists of selected studies

and reviews were manually searched.

References were imported into Covidence Systematic Review Software!!? and independently
rated at title, abstract and full text stages by two authors (S.A.A & P.A.L.). Studies were
eligible providing they: 1) compared individuals with ASD to neurotypical controls; 2)
reported longitudinal means and standard deviations (SD) for TBV. If overlapping samples

were reported, only data from the study with the largest sample were included. Authors
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were contacted for missing TBV values, if data were unable to be provided these studies

were excluded.®3:113-120

Studies were excluded if: 1) the clinical sample consisted only of those with secondary ASD
(i.e., non-idiopathic conditions such as Rett syndrome, fragile X); 2) post-mortem, animal

studies or studies using a genetic approach were used; 3) languages were other than English.

2.2.2 Data Extraction and Processing
The following data were extracted by author S.A.A: age, sex, |IQ, medication use and ASD

diagnosis assessments. Mean and SD values for TBV were extracted and converted into
millilitres (ml). Two authors (S.A.A. & P.A.L.) assessed risk of bias using a quality assessment
tool adapted from the Joanna Briggs Checklist for Cohort Studies (Supplementary
Materials).1?! Studies were rated on a ten-point scale, with 0-3.5 indicating high, 4-6

moderate, and 6.5-10 low risk of bias.

If studies use a measure other than TBV (e.g., TIV), these studies will be assessed separately

in the supplementary.

2.2.3 Analyses and Outcome Measures
Hedges’ g was selected as the measure of effect size as it generates the standardised mean

difference between clinical and control groups while also correcting for bias from small
sample sizes. For each study’s timepoints, we calculated a “cross-sectional” volumetric effect
size by subtracting the mean TBV value for ASD by the mean reported value in the control
group divided by the pooled SD across groups. Study effect size was weighted according to

sample size.

For our “longitudinal” effect size, we assessed longitudinal change in TBV over time (i.e.,
Time 1 (T1) to T2, T2 to T3, etc) for each study. An optimal method to calculate effect sizes
for repeated measures designs has been proposed by Morris and Deshon.'?%123 First, we
performed Bartlett’s test(cite) of homogeneity of variances across groups. As heterogeneity
was observed, we used a corrected version of hedges’ g which does not rely on the
assumption of equal variances, in which separate effect size estimates are calculated for
each group and subtracted from each other to generate an estimate for overall study effect

size (equation 1). The precision of these estimates is accounted for by weighting studies by
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the estimated sampling variance of the effect size (equation 2). Variances are estimated

separately for each group and summed.

The sampling variance also requires an estimation of the correlation coefficient (rho)
between timepoints, which was set at 0.8 and adjusted to 0.5 and 0.99 in sensitivity
analyses. A rho of 0.5 is considered conservative,'?* while 0.99 was calculated based on one
study that reported complete values for SD of change.'%* As a rho of 0.99 is regarded as a

very strong correlation, we based the main analyses on the more conservative value of 0.8.

(Mpost, ASD - Mpre, ASD) (Mpost, Controls — Mpre, Controls)

Longitudinal effect size =

Equation 1. Longitudinal effect size estimated separately for each group by subtracting mean baseline (pre) total brain
volume from mean follow-up (post) total brain volume and dividing by the standard deviation (SD) from baseline.

. . 2(1-p)| (n-1 n 2 —8'2(;
Sampling variance = " n=3 I+ 2(1=p) O | [c(n— D]

Equation 2. n is the number of paired observations in a single-group pretest-posttest design; ¥ is the population effect
size. C(df) is the bias function; p is the correlation coefficient (rho).

For the meta-analyses, the individual study effect sizes (cross-sectional and
longitudinal) were pooled separately using random effects models and between-study
heterogeneity was assessed using the Cochran Q test the |2 statistic. The jack-knife method
was used to estimate bias by removing each study (and all its timepoints) one-by-one and
observing changes to effect size. A further jack-knife analysis was applied to cross-sectional
data by removing study timepoints showing heterogeneity in variance between comparison
groups. This was not applicable to the longitudinal data because effect sizes calculations did

not rely on the assumption of equal variances.'?%12>
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Meta-regressions were conducted for age (combined ASD and controls), sex
(percentage of male ASD participants) and IQ (ASD group). For the meta-regression analyses
of longitudinal effect sizes, we used the median age between timepoints averaged across
groups. Where some studies included multiple cognitive tests, the Full-Scale Intelligence
Quotient (FSIQ) was used in analyses. We used the 1Q at baseline if subsequent timepoints
did not list this information. Meta-analyses were carried out in Microsoft Excel using meta-
analytical equations taken from the Major Depressive Disorder Neuroimaging Database,?®
which are equivalent to the metan command in STATA. Regarding validation, previous meta-
analyses have used this method in parallel with STATA and yielded the same results.'26:17

Meta-regressions and plots were conducted in STATA (v17) using the metareg command.

2.3 Results

2.3.1 Search Results and Study Characteristics
The literature search yielded 5,458 studies, with 4,002 remaining after

deduplication. Of these studies, 7 were included in the meta-analysis (for Prisma Flow
Diagram, see Supplement 2.6 Figure 9). Three studies examined overlapping samples. Of
these, the studies with the smaller sample size were excluded,'?®%° including one study
from the IBIS cohort.1% The selected studies included data from 559 individuals with ASD
and 3,635 controls. The number of MRI timepoints within a study ranged from two to five,
with the mean age ranging from 6 months to 30 years (Figure 4), although one study
recruited participants from a wider range of ages from 6-46 years. 13 All studies but one
reported TBV, see Supplement for analyses that include the TIV dataset. 131132(see
Supplement for analyses including this dataset). One selected study provided data split by
sex; 1% to combine these samples we calculated the weighted average for TBV (means and
standard deviations), age, and Q. Table 1 summarises study characteristics, see supplement
for TBV values and individual study effect sizes (Supplement 2.6 Table 2). All studies had low
to moderate risk of bias and there was strong inter-rater agreement for quality assessments
(IRR =90%, see Supplementary Materials for risk of bias scores). There was moderate inter-
rater reliability between raters for full-text screening, however all disputes were resolved.
Egger’s test for a regression intercept gave a p-value of < 0.05, indicating possible publication

bias (Supplement 2.6 Figure 8).
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Longitudinal Total Brain Volume Trajectories
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Figure 4. Visualization of longitudinal total brain volume (TBV) trajectories in individuals with autism spectrum
disorder (ASD) in orange and controls in blue. The x-axis represents age in years, while the y-axis represents TBV in
millilitres (ml). The scatterplot incorporates data from all seven studies identified in the meta-analysis, with each
data point representing mean TBV per timepoint. Additionally, the timepoints from each study are connected to
illustrate the overall trajectory. Owing to the non-linear fashion of brain development, two quadratic lines of best fit
have also been drawn. The ASD group (orange) show initially larger brain volumes but fewer gains in growth
compared to controls (blue).
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Table 1. Study Characteristics and Descriptive Statistics (pooled ASD N = 559; controls = 3,635)

Author ASD Controls ASD Diagnosis ASD Medication (%)
(Year) Sample size Age in years % Male Sample size Age in years % Male Tools (M score) IQ/Cognition
M (SD) M (SD) (M Score)
Lits3 T1=29 T1=0.55 (0.05) 86% T1=113 T1 =0.55 (0.06) 67% ADOS (NR) NR NR
(2023) T2=29 T2 =1.01 (0.03) T2 =113 T2 =1.01 (0.06)
T3=29 T3 =2.03 (0.06) T3 =113 T3 =2.04 (0.16)
Lee 104 T1 =286 T1=3.21 (0.49) T1= T1=135 T1=3.12 (0.55) Tl= ADI-R (NR) MSEL & NR
(2021) T2 =168 T2 =4.30 (0.50) 66.78% | T2 =97 T2 =4.27 (0.54) 54.81% | ADOSCSS (T1= | DAS(T1=
T3=120 T3 =5.35 (0.46) T2= T3=76 T3=5.34(0.57) T2= 7.50, T3 = 7.54, 70.73, T2 =
T4=94 T4 =11.38 (0.93) 69.64% | T4 =66 T4 =11.40 (0.72) 53.61% | T4 =7.8) 74.13, T3 =
T3% = T3 = 80.04, T4 =
65% 55.26% 81.80)
T4 = T4 =
78.72 62.12%
Alemany! | T1=24 T1=28.24 (1.14) Tl= T1 =902 T1=7.94 (0.99) Tl= Screening using SON (T1 = NR
34 (2021) T2=34 T2 =10.15 (0.73) 83% T2 = 3165 T2 =10.14 (0.59) 51.55% | SRS, CBCL, AND | 97.57,T2=
T2 = T2 = SCQ. Followed by | 102.22)
79% 49.42 review of medical
records (NR)
Langen3® | T1 =49 T1=9.9() 89% T1=37 T1*=9.9 (-) 83.78% | ADI-R: Social WASI/WISC | Neuropletic
(2014) T2 =49 T2=12.3() T2=37 T2*=12.3(-) deficits (18.34) IQ (107.47) | medication
Communication (21.6%)
(14.55)
Ritualistic/repetitiv
e (4.83)
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Frazier’® | T1= 23 T1 = 10.59 (1.00) 100% | T1=23 T1=10.55 (1.5) 100% | ADI-R (51.35) FSIQ (94.61) | Psychotropic

(2012) T2=19 T2 =13.14 (1.50) T2=19 T2 =12.45 (1.75) ADOS = 15.52 VIQ (93.52) | medications
PIQ (96.48) | (39.13%)
Bieneck!® | T1=33 T1=14.48 (2.51, 81% T1=37 T1=13.76 (2.36) 81.08% | ADI-R Social FSIQ NR
7(2021) | T2=33 14.48) T2 =237 T2 = 15.89 (2.45) Interaction (17.06) | (101.38)
T2 =16.61 (2.47) ADI-R
Communication
(13.06)

ADI-R Repetitive
Behaviors (4.76)
ADOS CSS (T1 =

5.79, T2 = 5.95)
RBS-R Total (T1
=25.18,T2=
22.48)
Prigge® | T1=105 T1=16.40(8.12) 100% | T1=125 T1=22.37 (8.66) 100% | ADOS-2 (NR) FSIQ (103.7) | Anti-
(2021) T2 =82 T2=19.84(8.1) T2 =58 T2 =21.25 (8.95) NVIQ depressants
T3=70 T3 =22.25(7.59) T3=41 T3 =22.51 (8.59) (104.8) (45%), mood
T4 =56 T4 = 24.94 (6.96) T4 =22 T4 = 24.94 (6.49) VIQ (102.7) | stabilizers (6%),
T5=36 T5 =30.01 (7.25) T5=12 T5 =27.29 (6.36) anti-insomnia

(5%),
anticonvulsants
(1%), multiple
medications
(30%)

Abbreviations: ADOS CSS = Autism Diagnostic Observation Schedule calibrated severity score; ADI-R = Autism Diagnostic Interview Revised; ASD=autism spectrum disorder;
CBCL = Child Behavior Checklist; DAS = Differential Ability Scales; KBIT = Kaufman Brief Intelligence Test; MSEL = Mullen Scales of Early Learning; NR = not reported; RBS-R =
Repetitive Behavior Scale Revised; SCQ = Social Communication Questionnaire; SRS = Social Responsiveness Scale; SON = Snijders-Oomen Nonverbal Intelligence Test; T =
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timepoint (e.g., T1 = timepoint 1), WASI = Wechsler Abbreviated Scale of Intelligence; WISC = Wechsler Intelligence Scale for Children; FSIQ = Full scale IQ; NVIQ = Non-
verbal IQ; VIQ =Verbal 1Q.

TBV Effect Size Differences Between ASD and Controls
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Figure 5. Forest plot of standardised mean differences (effect size) in total brain volume (TBV) between individuals with autism spectrum
disorder (ASD) and controls. The x-axis represents mean age in years and the y-axis represents the magnitude of differences in TBV. Point
estimates positioned above the line of null effect indicate that volume is increased in ASD compared to controls. Conversely, estimates below
this line signify decreased volume in ASD. Study authors are listed systematically in order of mean age for each timepoint (T).
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2.3.2 Differences in total brain volume in ASD vs Controls
We performed a cross-sectional meta-analysis to assess whether TBV across all ages differs

between ASD and control groups. Overall, TBV was significantly larger in ASD compared to
controls (Hedges’ g =0.19, 95% Cl = 0.06 to 0.32, p < 0.01; Figure 5). Moderate
heterogeneity was observed between studies (Q = 46.96, df = 19, I = 59.54%, P < 0.001).
Larger TBV in ASD was driven by two studies in early childhood (i.e., Li and Lee)%4133 as jack-
knife analyses were non-significant when these studies were excluded. Heterogeneity of
variance was present between comparison groups for 2 studies; one in early childhood (i.e.,
Lee T1 and T2),%%* and another in adulthood (i.e., Prigge T1, T2, T3)3% removal of these
timepoints resulted in a trend for larger TBV in ASD (Hedges’ g =0.16, 95% Cl = -0.01 to 0.32,
p = 0.068).

Meta-regressions revealed a significant relationship between TBV effect size and age (F(2,
18) = 35.38, b =-0.03, p <.001; Figure 6A), as younger age was associated with positive effect
sizes (larger TBV in ASD), whereas adulthood was associated with negative effect sizes
(smaller TBV in ASD). Lower 1Q was associated with larger TBV in ASD relative to controls
(F(2,15) =22.22, b =-0.01, p < .001; Figure 6B) and studies with a higher percentage of
female participants were associated with larger TBV in ASD relative to controls (F(2, 18) =
10.62, b =-0.01, p = .01; Figure 6C). The correlation with larger TBV in ASD appears to be
driven by females with low 1Q. However, regressions with IQ (p = 0.76) and gender (p = 0.27)

were no longer significant following the removal of Lee et al from analyses.1%
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Figure 6. Meta-regressions examining the relationship between total brain volume (TBV)
effect size and three demographic variables: age (plot A), 1Q (plot B), and gender (plot C).
Effect sizes were derived from calculating the standardised mean difference (SMD) for TBV
between individuals with autism spectrum disorder (ASD) and controls at each study
timepoint. Data above the dashed line indicate larger TBV in ASD compared to controls. As
shown in all three plots, the blue line of best fit illustrates a negative relationship between
TBV effect size and all demographic variables. The correlation with larger TBV in ASD appears
to be driven by females with low 1Q.

2.3.3 Changes in total brain volume over time
Longitudinally, TBV change over time was reduced in ASD compared to controls (g = -0.10,

95% Cl =-0.18 to -0.01, p = 0.03; Figure 7). For sensitivity analyses, when rho was adjusted to
0.99 (g =-0.07, 95% Cl =-0.15 to 0.00, p = 0.04) this result remained significant, but not at
rho=0.5 (g =-0.10, 95% Cl = -0.23 to 0.03, p = 0.12). In jack-knife analyses, the results from
the main analysis (rho = 0.8) were no longer significant following individual removal of two
studies.194130 Meta-regressions found no association between change in TBV effect size and
age (F(2,11) = 2.55, p=0.78), IQ (F(2, 9) = 2.68, p = 0.57), or gender (F(2, 11) =2.51, p =
0.98).
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Change in TBV Effect Size Between ASD and Controls
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Figure 7. Forest plot of standardised mean differences (effect size) for change in total brain volume (TBV) over time in
individuals with autism spectrum disorder (ASD) and controls (y axis) and median age between study timepoints (x
axis). Point estimates below the line of null effect indicate greater change in TBV in controls. Study authors are listed
in ascending order of median age between timepoints (T).

2.4 Discussion
This is the first meta-analysis of longitudinal brain growth in ASD. The results show that TBV

is enlarged in ASD relative to controls, and meta-regressions with age show that this is not a
static phenotype, as larger TBV in ASD is present in the first 10 years of life, in contrast to
smaller or equal TBV during adulthood. These findings support previous cross-sectional
meta-analyses indicating that brain overgrowth is largely restricted to early childhood.%>%¢

Contrary to our hypothesis, accelerated rates of growth were not detected in this meta-
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analysis, therefore rapid growth preceding enlarged TBV in childhood is likely to occur prior
to the ages recorded in this meta-analysis i.e., 6 months. Further longitudinal studies
measuring TBV with ultrasounds and MRI scans in utero and the first few months of life are

needed to confirm this.

Case-control differences in TBV diminish over time,®>°¢ and our longitudinal meta-analysis
shows that this is due to a reduced rate of TBV change in ASD compared to controls. It is
unclear whether the reduced rate of TBV change reflects arrested development or
accelerated aging in ASD. However, due to the paucity of longitudinal MRI data in adulthood,
caution is needed when interpreting findings beyond adolescence. As brain development is
still ongoing during early adulthood, further work is needed to confirm whether TBV
normalises with age in ASD or whether reductions persist, indicative of accelerated aging.
The latter hypothesis is supported by a study of TBV changes from 1 to 50 years in ASD and
controls which reports slowing or arrested growth during childhood, followed by accelerated

volume reductions in adolescence through to middle age in ASD.%3

Diverging trajectories of brain development may also be linked to functional outcomes, for
example, one study reports that neuroanatomical deviation from control subjects in the left
cerebral hemisphere was positively correlated with impairments in the social and
communication domains of the ADI-R.138 Furthermore, another study reports an association
between higher self-reported autistic traits and an accelerated pace of physiological aging as

well as increased vulnerability for poor physical and mental health outcomes.13%:140

Previous work suggests that a sudden increase in head circumference, a strong predictor of
brain size during childhood,'*! may begin as early as 2 months of age in infants later
diagnosed with ASD.#? Although our findings and previous work indicate larger TBV and
head circumference in early ASD, studies also report increased variability in head
circumference in ASD. In the first 3 months of life, those with ASD show disproportionate
frequencies of extreme head circumference (both higher and lower than average) in
comparison to neurotypical controls.'*® This may represent different pathophysiological
mechanisms, for example, higher rates of megalencephaly are seen with developmental
regression in ASD, °° characterised by seemingly typical cognitive and social development

which is then followed by a loss of language, diminished social interest, and essential
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adaptive skills.2** A better understanding of these trajectories, and whether they correspond

to differences in functional outcomes is needed.

Extreme head circumference values during the first 3 months of life are seen in both males
and females, however values tended to be more extreme in males, and divergence from the
norm occurred at different times depending on sex.'** For TBV, reports of sex differences in
overgrowth during early infancy are mixed,*®1%! and often ASD studies do not have sufficient
longitudinal data in females.”® In the present meta-analysis, our findings on gender
differences were inconclusive owing to the small proportion of females across studies
(<40%). Whilst we reported some evidence that studies with a higher percentage of females
were associated with larger TBV in ASD, this result appears to be an artefact from combining
genders in the study by Lee et al. The authors examined sex differences separately and
observed increased TBV in males across all timepoints, whereas there were no significant
differences between females with and without ASD. Therefore, further studies are needed to

confirm this finding and delineate neurodevelopmental trajectories in ASD females.

IQ of ASD participants was significantly associated with TBV, suggesting two distinct
neurophenotypes; one group with enlarged TBV and below average 1Q, and another with
average 1Q but normal-to-reduced TBV. This is consistent with previous ASD literature,®® and
contrasts to the positive correlation seen in neurotypical populations.%6-19 volume
reductions after initial enlargement may offer some sort of compensatory or even protective
function over cognitive abilities, however the change in TBV over time was not associated
with IQ in our analyses. Nearly all imaging studies in ASD focus exclusively on individuals
with higher levels of functioning. This meta-analysis is no exception as only one study
included those with below average 1Q,%%* reporting that TBV was consistently increased in
males with ASD and low 1Q from age 3-12 years. More studies are needed to assess whether
this trajectory persists into adulthood, or shows signs of convergence/decline as based on

the findings from this meta-analysis.

Strengths of this meta-analysis include the use of longitudinal data to assess brain growth
trajectories in a large ASD sample (n = 559). While prior meta-analyses have addressed
cross-sectional neuroimaging findings in ASD,%>° this meta-analysis focuses specifically on
longitudinally studies and provides a novel contribution to our understanding of brain

development in ASD. Longitudinal studies are often considered as more powerful than their
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cross-sectional counterparts and more accurately capture developmental trajectories.
Uncertainty remains for brain growth in adulthood due to the paucity of data and potential
confounding (e.g., from psychotropic medication use). The current meta-analysis was limited
to examining changes in TBV up until the mean age of 30. In normal aging, TBV typically
declines after the age of ~35 years,?%132145 with annual reductions of 0.2% in WBV after the
age of 35, and 0.5% reductions by age 60.13? Additional prospective studies of older ASD
populations (>35 years) are needed to determine brain changes across the lifespan, and

whether these link to functional outcomes.

Another limitation is the accuracy of age-related findings, as one study did not match ASD
and controls for age, 130 as initial timepoints were acquired earlier in ASD participants,
whereas ASD participants were older than controls at timepoints 4 to 5. However, cross-
sectional results were unchanged when this study was excluded through jack-knife analysis.
Differences in ASD diagnostic criteria among studies could confound our findings, as could
the sampling bias of included studies which predominately exclude individuals with below
average IQ. Another limitation is participant attrition, which could be overcome by future
studies harmonizing MRI data from multiple sites to enable within-subject examination of
neurodevelopmental trajectories.’*® There are also inconsistencies in the study that used TIV
instead of TBV presented in the Supplement, as there was evidence of brain volume
increases in participants over 50 years of age 131, which is inconsistent with the general

finding of annual brain volume reductions during this age period.3?

This meta-analysis identified only 7 studies which highlights the challenges of performing
high-quality longitudinal studies of neurodevelopmental disorders. Despite the challenges
posed, more longitudinal neuroimaging studies which encompass the full ASD spectrum are

needed, particularly studies which recruit individuals with ASD and comorbid IQ difficulties.

2.5 Conclusion
Our findings indicate enlarged TBV in early life in ASD, followed by convergence with controls

in late childhood, and possible reductions TBV in adulthood. Volume changes over time were
reduced in ASD relative to controls, suggestive of slowed or arrested growth. Future MRI
studies examining greater age ranges will help clarify trajectories of brain development over
the life course in ASD, and whether ASD is associated with accelerated brain aging after 30

years of age. The analysis of divergent growth trajectories may enable early identification
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and early implementation of clinical interventions. Based on our meta-analysis, these

differences should be detectable as early as 6 months old or possibly earlier.

2.6 Supplement

2.6.1 Additional Analyses

2.6.2 Differences in TBV in ASD vs Controls

Data from Pagni'3! was excluded in the main analyses due to intracranial volume increases
between T1 and T2 in participants over 50 years old for means of brain volumes, which is
inconsistent with previous literature in this age group'*’. When including this study, brain
volume remained increased in ASD compared to controls (Hedges’ g = 0.24, 95% Cl = 0.097 -
0.39, p =0.001). Meta-regressions for age (F(2, 20) =9.87, p =0.027), sex(F(2, 20) =13.13, p
=0.006), and 1Q (F(2, 17) = 22.34, p <.001) were also significant.

2.6.3 Changes in TBV over time

The effect size for longitudinal change remained significant after the inclusion of Pagni, with
reduced change in ASD relative to controls (g = -0.09, 95% Cl =-0.17 to -0.01, p = 0.04).
Meta-regressions of age, gender, and 1Q were all non-significant (p > 0.4).

2.6.4 Funnel Plot

Publication Bias

0.167 0.084 0
!

Standard Error

0.251
L
L]

0.335
1
L]

Standardized Mean Difference

Figure 8. Funnel plot displaying standardized mean difference on the x axis and standard error on the y
axis for all study timepoints (including Pagni 2022).
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2.6.5 Study Characteristics — Effect Sizes and Raw Total Brain Volume Values

Table 2. Mean and SD for brain volume values (millimetres) at each timepoint. For some studies!30:131,133,134,148 '3 thors were contacted to request mean and SD values.

Author Volume Definition Brain Volume Mean (SD)
(Year)
T1 T2 T3 T4 T5
ASD Controls ASD Controls ASD Controls ASD Controls | ASD Controls
Li132 (2023) | Total Brain Volume 979.79 933.32 1155.46 1097.96 1308.64 1245.51
(89.77) (85.90) (103.98) (94.49) (114.79) (102.94)

Leel48 Total Cerebral Volume | 1108.51 | 1063.69 1153.48 1103.87 1176.79 1131.62 1225.23 | 1204.76
(2021) (excluding brainstem (100.95) | (80.29) (105.56) (81.28) (103.69) (84.21) (94.98) (88.42)

and cerebellum)
Alemany!34 | Total Brain Volume 1169.35 | 1145.25 1247.26 1214.13
(2021) (including cerebellum, | (152.39) | (119.62) (108.27) (110.35)

excluding brainstem)
Langen'*® Total Brain Volume 1418.65 | 1424.36 1442.97 1440.23
(2014) (106.89) | (98.90) (114.00) (96.93)
Frazier®0 Total Brain Volume 1349 1350 1347 (126.00) | 1340
(2012) (cerebrum, (119.00) | (103.00) (97.00)

cerebellum,

brainstem; excluding

cerebrospinal fluid)
Bieneck!%” Total Brain Volume 1180 1240 1170 1230
(2021) (1000.00) | (940.00) (100.00) (100.00)
Prigge'®° Whole Brain Volume 1143.90 | 1120.25 1120.83 1125.30 1123.23 1132.01 1114.27 | 1134.34 | 1085.43 | 1117.74
(2021) (116.70) | (89.13) (125.22) (92.18) (124.84) (80.18) (113.15) | (78.14) (105.26) | (88.16)
Pagnils? Total Intracranial 1222.88 1192.24 1236.83 1193.22
(2022) Volume (129.56) | (124.22) (139.19) (129.35)
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Table 3. Cross-sectional effect size differences in total brain volume (TBV) between autism and controls per timepoint.

Confidence intervals (95%) are also displayed.

Cross-sectional differences in TBV

Author | Timepoint | Effect size +95% -95%
Li 1 0.53 0.94 0.12
Li 2 0.59 1.01 0.18
Li 3 0.59 1.01 0.18
Lee 1 0.47 0.68 0.26
Lee 2 0.51 0.76 0.25
Lee 3 0.47 0.76 0.17
Alemany | 1 0.20 0.61 -0.21
Langen 1 -0.05 0.37 -0.48
Alemany | 2 0.30 0.64 -0.04
Frazier 1 -0.01 0.57 -0.59
Lee 4 0.22 0.54 -0.10
Langen 2 0.03 0.45 -0.40
Frazier 2 0.06 0.70 -0.58
Bieneck |1 -0.06 0.41 -0.53
Bieneck | 2 -0.59 -0.11 -1.07
Prigge 1 0.23 0.49 -0.03
Prigge 2 -0.04 0.30 -0.38
Prigge 3 -0.08 0.31 -0.46
Prigge 4 -0.19 0.30 -0.68
Prigge 5 -0.31 0.34 -0.97

Table 4. Effect sizes of changes in total brain volume (TBV) over time between autism and controls e.g., volume difference

between timepoint 1-2, 2-3 etc.

Changes over time (longitudinal) in TBV

Author Timepoint | Effect size | +95% | -95%
Li 1-2 0.04 0.70 | -0.62
Li 2-3 -0.09 0.45 | -0.62
Lee 1-2 -0.05 0.19 | -0.30
Lee 2-3 -0.12 0.14 | -0.38
Lee 3-4 -0.40 -0.07 | -0.73
Alemany 1-2 -0.06 0.25 |-0.38
Langen 1-2 0.07 0.35 | -0.22
Frazier 1-2 0.08 051 |-0.35
Bieneck 1-2 0.00 0.31 |-0.31
Prigge 1-2 -0.25 -0.03 | -0.47
Prigge 2-3 -0.05 0.20 | -0.30
Prigge 3-4 -0.10 0.23 | -0.43
Prigge 4-5 -0.04 042 |-051
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2.6.2 PRISMA Flow Diagram
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Figure 9. Prisma Flow Diagram. The automated removal of duplicates in Covidence resulted in 4,002 studies for
screening. *Following abstract and full-text screening, a total of seven studies were included in the meta-analyses, 8
including Pagni.

2.6.3 Search Strategy
All databases were searched through 30™ of June 2023

Pubmed

(((("autism spectrum disorder"[MeSH Terms] OR "autistic disorder"[MeSH Terms] OR
"autis*"[Title/Abstract] OR asperger*[Title/Abstract] OR pervasive developmental
disorder[Title/Abstract]) ("longitudinal studies"[MeSH Terms] OR "prospective studies"[MeSH
Terms] OR "follow-up studies"[MeSH Terms] OR “cohort studies”[MeSH Terms] OR
"longitudinal*"[Title/Abstract] OR prospective[Title/Abstract] OR follow*[Title/Abstract] OR
cohort[Title/Abstract] OR trajector*[Title/Abstract] OR progressive[Title/Abstract])) ("magnetic
resonance imaging"[MeSH Terms] OR "organ size"[MeSH Terms] OR "brain"[MeSH Terms] OR
“structural magnetic resonance imaging”[Title/Abstract] OR "structural mri"[Title/Abstract] OR
smri[Title/Abstract] OR “structural neuroimaging”[Title/Abstract] OR "volume"[Title/Abstract] OR
"volumetric"[Title/Abstract] OR “brain size”[Title/Abstract] OR “brain development”[Title/Abstract]
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OR "brain growth"[Title/Abstract] OR "early brain overgrowth"[Title/Abstract] OR "early brain
enlargement"[Title/Abstract] OR "macrocephaly"[Title/Abstract] OR megalencephaly|[Title/Abstract]
OR "grey matter"[Title/Abstract] OR "gray matter"[Title/Abstract] OR "white matter"[Title/Abstract]
OR "total brain volume"[All Fields] OR "whole brain volume"[All Fields] OR "total cerebral
volume"[All Fields] OR "total cortical volume"[All Fields] OR "total tissue volume"[All Fields]))
("animals"[MeSH Terms] ("humans"[MeSH Terms] "animals"[MeSH Terms]))
("electroencephalography"[MeSH Terms] OR "transcranial magnetic stimulation"[MeSH Terms] OR
"spectroscopy, near infrared"[MeSH Terms])) ("english"[Language])

Web of Science

((autis* OR asperger* OR “pervasive developmental disorder”) (longitudinal* OR prospective
OR follow* OR cohort OR trajector* OR progressive) (“structural magnetic resonance imaging”
OR “structural mri” OR smri OR “structural neuroimaging” OR brain NEAR/10 (volume OR
volumetric) OR "brain development" OR “brain size” OR "brain growth" OR "early brain overgrowth"
OR "early brain enlargement" OR macrocephaly OR megalencephaly OR “grey matter” OR “gray
matter” OR “white matter” OR "total brain volume" OR "whole brain volume" OR "total cerebral
volume" OR "total cortical volume" OR "total tissue volume") (electroencephalography OR
"transcranial magnetic stimulation" OR “near infrared spectroscopy”))

Note: Structure search by Topic (i.e. searches title, abstract, author keywords, and keywords plus).

APA PsycInfo
1 exp autism spectrum disorders/

2 autis*.mp.

3 asperger*.mp.

4 pervasive developmental disorder.mp.
5 1lor2or3oré4

6 exp longitudinal studies/

7 exp Prospective Studies/

8 exp Cohort Analysis/

9 longitudinal.mp.

10 prospective.mp.

11 cohort.mp.

12 followup studies/

13 follow*.mp.

14 progressive.mp.

15 trajectory.mp.

16 or/6-15

17 structural magnetic resonance imaging.mp.
18  structural mri.mp.

19  smri.mp.
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20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

38

structural neuroimaging.mp.
brain development/

brain size/

(brain adj10 (volume or volumetric)).mp.
brain development.mp.
brain growth.mp

early brain overgrowth.mp.
early brain enlargement.mp.
macrocephaly.mp.
megalencepaly.mp

white matter/

gray matter/

grey matter.mp.

whole brain volume.mp.
total cerebral volume.mp.
total tissue volume.mp.
total cortical volume.mp.
or/17-36

5and 16 and 37

Embase Classic + Embase

1

2

10

11

12

exp autism/ 83867

autis*.mp. 91469

asperger*.mp. 5835

pervasive developmental disorder.mp. 2642
exp longitudinal studies/ 172199
exp prospective studies/ 763353
exp cohort analysis/ 832702
longitudinal.mp. 448057
prospective.mp. 1236830
cohort.mp. 1347050

follow up/ 1869588

follow*.mp. 6215996
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13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

progressive.mp.491354

trajectory.mp. 65159

structural magnetic resonance imaging.mp.

structural mri.mp. 7159

exp brain development/50880
brain size/ 35299

brain development.mp. 58036
brain growth.mp. 3904

early brain overgrowth.mp. 36
early brain enlargement.mp. 4
macrocephaly.mp. 5898
megalencepaly.mp. 1

white matter/ 75904

gray matter/ 44134

grey matter.mp.15710

whole brain volume.mp. 987
total cerebral volume.mp. 139
total tissue volume.mp. 201

total cortical volume.mp. 61
macrocephaly/ 4962

smri.mp. 805

structural neuroimaging.mp. 1637
or/1-4 97086

or/5-14 8182300

or/15-34 195340

35 and 36 and 37 1644

(exp animal/ or animal.hw. or nonhuman/) not (exp human/ or human cell/ or (human or

humans).ti.) 7610858

40

38 not 39 1478

3630
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Google Scholar

(autism OR autistic OR asperger OR “pervasive developmental disorder”) (longitudinal
OR prospective OR follow-up OR cohort OR trajectory OR progressive) ("brain
development" OR “brain size” OR "brain growth" OR "early brain overgrowth" OR "early
brain enlargement" OR macrocephaly OR megalencephaly OR "total brain volume" OR
"whole brain volume" OR "total cerebral volume" OR "total cortical volume" OR "total tissue
volume")

Note: Sorted by relevance

2.6.4 Risk of Bias

Risk of bias scores were calculated for each study, questions were adapted from the Joanna
Briggs Cohort Studies Risk of Bias tool. Each study was evaluated on ten questions, with the
maximum score available of 10 (i.e., low risk of bias). See Table 5 for risk of bias summaries.

* Pagni 2022: cross-sectional data at baseline was available for >50 ASD cases, however for
the purposes of this meta-analysis, we used the longitudinal sample from Pagni 2022
consisting of 23 participants at baseline and follow-up.
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Table 5. Risk of Bias summaries for all studies.

Risk of Bias
(Total out of 10)

ASD baseline
sample size = 50

Were case-controls
age matched

Clear, detailed
inclusion/exclusion
criteria provided

Was autism
diagnosis measured
in a valid and
reliable way?

Were confounding
factors identified
and adjusted for?

Was follow-up
complete, and if
not, were the
reasons to loss to
follow-up described
and explored?

Were strategies to
address incomplete
follow-up utilized?

Blinded or third-
party raters at
analysis stage

Detailed reporting
of neuroimaging
acquisition i.e.
device, sequence,
type of space e.g.
mni, slice thickness,
pre-processing
software

Reporting of
statistical
thresholds and
correction for
multiple
comparisons

Key: Yes (1 point)

Frazier | Langen Li 2023
2012 2014 (4.5=
(9= (7=low | moderat
low risk) e risk)

risk)

Partial (.5 point)

Lee
2020

low
risk)

Prigge Alemany
2021 2021
(7= (45=
low moderat

e risk)

. (0 points)

Bieneck | Pagni 2022

2021 (7.5=
(8= moderate)
low

N/A (1 point)
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Chapter 3: A prospective study of head circumference trajectories in
autism

In Chapter 3, | use the ALSPAC dataset to explore head circumference trajectories in

individuals (a) with and without ASD, and (b) with and without elevated autistic traits.

This study features as a manuscript published in the Journal of Autism and Developmental

Disorders. See details below:

Title: A Longitudinal Study of Head Circumference Trajectories in Autism and Autistic Traits
DOI: https://doi.org/10.1007/s10803-024-06578-x

Publication date: 12t October 2024

Authors:

Sarah A. Ashley, MSc?, Kate Merritt, PhD?, Francesca Solmi, PhD?, Pedro L. Laguna, PhD?,
Abraham Reichenberg, PhD3, Anthony S. David, MD!

! Division of Psychiatry, University College London, UK
2 CUBRIC, Cardiff University, UK
3 Institute of Psychiatry, Psychology and Neuroscience, Kings College London, UK

4 Department of Psychiatry, Department of Environmental Medicine and Public Health,
MINDICH Child and Health and Development Institute, and Seaver Center for Autism
Research and Treatment, Icahn School of Medicine at Mount Sinai, USA

3.1 Introduction
Head circumference strongly correlates with brain volume during childhood and remains a

strong correlate of brain size during adolescence. 1*%152 Large head circumference in children
with ASD was first reported by Kanner in 1943, and has been subsequently replicated in
several systematic reviews and meta-analyses.?>°%1>% Importantly, this neurobiological
abnormality can be detected early in life, before clinical signs and symptoms manifest.42
Differences in HC between ASD and controls is largest in early childhood (10%) and reduces

with age (1-2% greater in ASD in adolescence and adulthood).®> However, it remains
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unknown when altered head circumference in ASD begins; whether it is time-limited, and

whether it reflects an ASD-specific process of brain pathology.

Some studies have detected increased head circumference in the first month of life, 1> while
others report that any increases occur from 6 months or onwards.8142156 Alternatively,
some studies report no difference throughout early life.>/258 Similarly, research examining

whether head circumference overgrowth persists to adolescence shows mixed

results 92,93,104,159-161

It is also unclear whether abnormal head circumference represents a brain-specific process,
or a more generalized overgrowth.'6213 |n infancy (<2 years), one review reports that both
head circumference and height are enlarged in infants with ASD compared to controls.*>*
Studies across broader age ranges also report that height is a strong predictor of head
circumference in ASD and should be included as a covariate.®163-165 |n contrast, some
studies suggest that head circumference is enlarged relative to height, 16167 with one study
spanning a large age range (3-47 years) citing no effect of age, sex or non-verbal IQ on HC in

ASD.166

Previous studies have had several limitations: first, the majority are based on clinical ASD
samples, which may not be representative of individuals in the general population; and
obtained head circumference data retrospectively. Second, most studies are limited to
investigating head circumference cross-sectionally or across limited timepoints. Third,
studies did not consider potentially important confounding factors, which may lead to bias in

estimating associations.

To address these limitations, we used general population data from the Avon Longitudinal
Study of Parents and Children (ALSPAC) to investigate differences in head circumference
trajectories from birth through to 15 years in children with ASD and controls, adjusting for
important confounders. These analyses were repeated in children with elevated autistic
traits to investigate whether differences in head circumference are observed across the full

ASD spectrum.
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3.2 Methods
3.2.1 Sample

ALSPAC recruited pregnant women resident in Avon, UK, with estimated delivery dates
between 1% April 1991 and 315t December 1992.168169 The initial number of pregnancies
enrolled was 14,541, with 14,062 live births and 13,988 children alive at 1 year of age.
Additional families were recruited during a second period of enrolment when children were
age 7 years and onwards, generating a total cohort size of 15,645 children.'’® As
recommended for non-singleton births,*’! we excluded one individual from each set of twins

to limit potential from biases arising from shared genetic and environmental effects.

This study included children who had at least one head circumference measurement, as well

as complete data on diagnosis (ASD or autistic traits) and confounding variables.

Please note that the study website contains details of all the data available through a fully
searchable data dictionary and variable search tool:
http://www.bristol.ac.uk/alspac/researchers/our-data/. Ethical approval was granted by the
ALSPAC Ethics and Law Committee (ALEC) and the Local Research Ethics Committees.
Informed consent for the use of data collected via questionnaires and clinics was obtained

from participants following the recommendations of the ALEC.

3.2.2 Outcome

The primary outcome measure was head circumference trajectories in individuals with
autism, elevated autistic traits, and controls, and to investigate whether diagnosis status
explains or predict changes in head circumference. Head circumference measurements were
recorded for the whole ALSPAC cohort at birth to 1 year; age 7 and 15 years. The ALSPAC
Children in Focus cohort recorded additional head circumference measures between ages 4
and 61 months in 10% of the-sample. Analyses only included timepoints in which head
circumference measurements were available for at least 10 participants per group
(ASD/autistic traits/controls). From an initial 100 timepoints, 19 met the criterion of 10 or
more participants. This criterion was used in all analyses except for those involving ASD and
CLN due to small sample sizes. From birth to age 12 months, head circumference and height
data were available at the following age in months for individuals with ASD: birth, 1, 2, 3, 4,
8, 9, 12. All months were available from birth to 12 months in the autistic trait analyses.

Head circumference data were collected by researchers and were supplemented by routine
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measurements by nationally mandated local health services. If multiple head circumference
measures were available for a specific month, the average head circumference value was
calculated. Values were excluded if measurements differed by more than 3cm within a
month. Outliers were identified using cut-offs from the WHO Child Growth Standardsi.e., £ 5
SD from the mean for head circumference and + 6 SD for height at each given age/timepoint,

and % 5 SD for weight at birth.17%173

3.2.3 Diagnosis status

3.2.3.1 ASD diagnosis
Participants with ASD were identified through parent-reports of whether their child had ever

received a diagnosis of ASD, when the child was 9 years-old. Those who replied ‘no” were
classed as controls. This measure has strong sensitivity (95%) and specificity (99%) in

identifying clinical ASD.17417>

Our main analyses used the case control definition above (ASD vs controls). However, we
also investigated the influence of ASD comorbid for cognitive learning needs (CLN), defined
as individuals with moderate, severe and profound learning difficulties, as well specific
difficulties such as dyslexia or dyspraxia. The cognitive learning needs (CLN) variable is a
measure of significant cognitive/learning impairment as noticed by the school. It is specific
to cognition and learning educational needs and does not include other areas of SEN such as
behaviour, emotional and social development needs / communication and interaction needs
/ sensory or physical needs which are classified as separate non-overlapping variables by
ALSPAC. Records were retrieved from the National Pupil Leave Annual School Census for
2003/4.17% In accordance with ALSPAC confidentiality guidelines, these data are aggregated
across all cognitive levels. *’7 Of the analytic sample (n = 6,482), 76.4% of participants (n =
4,952) also had data available on CLN. Those without CLN data either did not attend a state
school in England, could not be matched (e.g., changes in personal information), or there

were legal restrictions which prevented linkage.'’®
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3.2.3.2 Autistic traits
Autistic traits were reported by parents using the Social and Communication Disorders

Checklist (SCDC) when their child was approximately 7.5 years of age.'’”® The SCDC is a 12-
item questionnaire which measures social reciprocity and social communication difficulties.
Scores range from 0-24, with 24 representing the highest level of impairment. In line with
previous research, to derive a binary outcome measure, children scoring 8 or more were
defined as having elevated autistic traits. The SCDC has excellent internal consistency (a =
0.93) and high test-retest reliability (r = 8.1, mean interval 2.7 years), as well as strong
sensitivity and good specificity for ASD.*0

MNottrue  Quite or sometimes true Very or often true

Mot aware of other people’s feelings

Does not realise when others are upset or angry

Does not notice the effect of his [her behaviour on other members of the family
Behaviour often disrupts family life

Very demanding of other people’s time

. Difficult to reason with when upset

Does not seem to understand social skills, e.g. persistently interrupts conversations
. Does not pick up on body language

Does not appear to understand how to behave when out (e.g. inshops, or other people’s homes)
10. Does not realise if s/he offends people with her [his behaviour

1. Does not respond when told to do something

12. Cannot follow a command unless it is carefully worded

® NSV AW =

0
OooooOoooooono

O00oO0O0O0OO0O0O0Ooo0Oo
O00oOO0O0O0O0O0O0Oooo

Figure 10. List of items on the Social and Communication Disorders Checklist (SCDC)17?

3.2.4 Confounders
We selected confounders based on previous literature which show associations with both

head circumference and ASD.16418L182 These included: age, sex, maternal body mass index
(BMI), gestational age, weight at birth and maternal highest level of education. To control for

general growth, we added length/height as a time-varying covariate.

3.2.5 Data analysis
All analyses were conducted in Stata 17 (StataCorp, 2017).

We applied univariable and multivariable multilevel linear mixed regressions to model
repeated time observations within participants, to compare head circumference trajectories
in children with and without an ASD diagnosis and elevated autistic traits. We included a
random intercept on child and a random slope on linear age. First, we fitted two
unconditional models progressively including a mean centred indicator of child age in
months (unconditional model 1) and age? (unconditional model 2) to assess the trajectory of
head circumference over time. Model fit was assessed using Akaike Information Criterion

(AIC) and Bayesian Information Criterion (BIC). If there was evidence of a non-linear
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association with age (i.e., p < 0.05) along with improved model fit (i.e., lower AIC and BIC
values), we retained both the linear and squared age indicators in the final model. Output

for unconditional models is listed in the supplement.

Next, we fitted a univariable model which included our clinical variable of interest (ASD
diagnosis or elevated autistic traits; multivariable model 1) as well as the two age indicators.
Subsequently, we fitted a series of multivariable models progressively adjusting for
participant’s sex (model 2); maternal education (model 3), maternal BMI (model 4),
gestational age and birth weight (model 5). We also examined the following interactions

with group in three separate models: i) age, ii) age and age squared, and iii) sex.

For comparisons between the analytic samples to the full ALSPAC cohort in terms of
demographic characteristics and confounders, see supplement for percentage distributions,

means and standard deviations (Table 14).

3.2.6 Secondary analyses
In a secondary analysis we included height (model 6) to assess whether increased head

circumference may constitute generalized growth as opposed to head/brain specific growth.

Due to limited statistical power, we selected univariable model 3 to examine the mean
trajectory differences between ASD with and without CLN compared to controls (ASD with
CLN n =13; no ASD n = 4,906; total analytic sample N=4,919). Additionally, we investigated
the impact of removing those with CLN from the main ASD analyses, and explored within

group differences by comparing ASD with CLN vs ASD without CLN.

To assess the time when group differences in head circumference emerge, we fitted post-hoc
unadjusted two-sample t-tests between the ages of birth to 12 months, and also at age 15.5
years to see if differences persist (see supplement). To examine general growth effects, t-

tests of height differences at these ages were also performed.
Sensitivity analyses

To improve comparability between groups, (1) we restricted analyses to participants who
had complete data for both ASD and autistic traits. Finally, (2) to avoid biasing the results
from the autistic traits group with individuals with ASD, we removed those with ASD from

the autistic traits group (i.e., elevated autistic trait group consisted of individuals above the
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cut-off for the SCDC but no ASD diagnosis) and compared those with controls below the
SCDC cut-off.

3.3 Results

3.3.1 Sample
Of the 15,645 children within ALSPAC (n = 14,442 excluding twins), 7,695 had data on ASD,

with 95 children reported to have a clinical diagnosis of ASD. All 95 children had at least one
head circumference measure, and 78 also had complete data for confounding variables
(controls = 6,404). The majority of ASD cases were male (78%), whereas controls were
evenly split by sex (50% male). ASD and controls were comparable across demographic
characteristics and confounders, although mean height at 15.5 years was higher in the ASD
group compared to controls (Table 6). Per participant, the mean number of timepoints with
available head circumference data were 4, with a median of 3 (SD = 3.22; range = 1-18).
Compared to the full ALSPAC cohort, the demographic characteristics for the two analytic
samples (ASD and autistic traits) shared comparable distributions. However, mean
gestational age and birth weight were slightly lower in the full cohort compared to the

analytic samples (Table 14).

There were 7,813 children with outcome data on autistic traits using the SCDC, 759 of which
were classified as having elevated autistic traits. All but two of which had at least one head
circumference measurement, and 639 had complete data for confounders (controls = 6,230).
The majority of children with elevated autistic traits were male (64%), controls were evenly
split by sex (50%). Within participants, the mean number of head circumference timepoints
was 5, with a median of 4 (SD = 4.40; range 1-27). There were no significant differences in
demographic characteristics for those with elevated autistic traits compared to controls
(Table 6).

3.3.2 Trajectories of head circumference by ASD diagnosis

In the univariable model, participants with ASD had larger head circumference compared
with controls (B = 0.69, 95% confidence interval [Cl]: 0.28 — 1.09, p = 0.001; Figure 11A and
Table 7). After adjusting for sex, there was still some evidence of an association between
ASD and larger head circumference trajectory, although the magnitude of the association
was reduced (B =0.41, 95% Cl: 0.02 - 0.80, p = 0.038). Results remained largely unchanged

after adjustment for maternal education, maternal BMI, gestational age, and birth weight.
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There was no evidence for effect modification by sex (p = 0.42), age (p = 0.87), or age
squared (p = 0.58).

3.3.3 Secondary analyses (ASD)

After adjusting for height, there was no longer evidence of a difference in head

circumference between ASD cases and controls (B = 0.06, 95% Cl: -0.21 —0.33, p = 0.66).

When investigating differences in trajectories of head circumference in children with
comorbid ASD and CLN compared to controls (Figure 12), there was evidence of larger head
circumference in the ASD CLN group (univariable model 3: B=1.69, 95% Cl: 0.75 — 2.63, p <
0.0001). The coefficient was approximately four times larger than when controls were
compared to ASD without CLN (B = 0.45, Cl: 0.03 — 0.87, p = 0.036). The previous analyses
are based off complete data for the CLN variable. This analysis was repeated in the main
analytic sample without complete data for CLN; when | removed those without CLN from the
main analytic sample, the significant effect of group remained, with larger head
circumference in ASD compared to controls (B = 0.47, Cl: 0.01 —0.90, p = 0.045). Finally,
when investigating the differences in head circumference trajectories between the two ASD
groups, there was evidence of differences between the groups, with larger head
circumference in the ASD with CLN group compared to ASD without CLN (B = 1.70, 95% ClI:
0.76 —2.64, p < 0.0001).

When examining individual timepoints, group differences in head circumference were
observed from 2 months (t[1772] = -2.69, p = 0.007; Figure 11B), differences in height
occurred later (9 months; t[3115] = -2.43, p = 0.015; see Supplement 3.5 Table 9).
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A Head Circumference Trajectories (ASD vs Controls)
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Figure 11. Head circumference trajectories (cm) in autism spectrum disorder (ASD) cases (purple) and controls
(blue). Plot A shows modelled mean head circumference values (model 2, adjusted for sex) with 95% confidence
intervals shown in lilac for ASD and light green for controls. (N = 6,482). Plot B is boxplot of head circumference
measurements from birth to 12 months in ASD (purple) and controls (green). For clarity, integer numbers have
been used in both plots to represent age in which head circumference measurements were collected.
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Table 6. Characteristics of the analytical sample, overall and by case/control status. Sample based on participants with ASD or autistic traits and complete confounder data.

Autistic traits absent

Autistic traits

ASD analytic sample ASD ASD AUti-s tie traits
absent present analytic sample present
N(%) n(%) n(%) N(%) n(%) n(%)
Total 6,482 (100%) 6,404 (98.80%) 78 (1.20%) 6,869 6,230 (90.70%) 639 (9.30%)
Sex
Male 3,239 (49.99%) 3,178 (98.12%) 61 (1.88%) 3,519 3,111 (88.41%) 408 (11.59%)
Female 3,243 (50.01%) 3,226 (99.48%) 17 (0.52%) 3,350 3,119 (93.10%) 231 (6.90%)
Ethnicity
White 6,139 (94.72%) 6,062 (98.75) 77 (1.25) 6,507 5,900 (90.67%) 607 (9.33%)
Ethnic minority 228 (3.52%) 228 (100%) 0 240 219 (91.25%) 21 (8.75%)
Missing 115 (1.76%)
Maternal highest educational
attainment
Compulsory 3,710 3,668 (98.87%) 42 (1.13%) 3,948 3,546 (89.82%) 402 (10.18%)
Non-compulsory 2,772 2,736 (98.70%) 36 (1.30%) 2,921 2,684 (91.89%) 237 (8.11%)
Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)
Gestational age (in weeks) 39.52 (1.73) 39.52 () 39.49 (2.36) 39.51(1.76) 39.51(1.75) 39.47 (1.88)
Birth weight (grams) 3478.10 (518.25) 3446.02 (517.07) 3478.10 (608.52) 3438.76 (526.01) 3441.65 (523.48) 3410.76 (549.75)
Length at birth (cm) 50.89 (2.38) 50.89 (2.38) 51.03 (2.55) 50.88 (2.39) 50.90 (2.37) 50.70 (2.54)

Height at 15.5 years (cm)

Age in years at ASD/SCDC
measurement

Maternal pre-pregnancy BMI
Average number of head
circumference
measurements

169.37 (7.85)
9.65 (1.52)
22.88 (3.68)

5(3.25)

169.34 (8.24)
9.64 (1.23)
22.88 (3.68)

5(3.24)

172.91 (7.85)
9.65 (1.52)
22.65 (3.67)

5(3.75)

169.40 (8.38)
91.88 (1.69)
22.86 (3.67)

6 (4.40)

169.37 (8.33)
91.84 (1.64)
22.86 (3.66)

6(4.42)

169.69 (8.94)
91.89 (1.58)
22.86 (3.77)

6(4.14)

Note. BMI, body mass index; SCDC, Social and Communication Disorders Checklist; We collapsed maternal highest educational attainment into a binary variable due to small
sample size and avoid possibility of participant identification. Analyses used the non-collapsed version consisting of 5 levels of educational attainment.
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Table 7. Head circumference trajectories in ASD vs Controls showing increase in head circumference
in ASD.

Univariable and multivariable linear mixed regressions assessing head circumference in ASD versus
controls. Sample based on timepoints in which at least 10 people per group (ASD or controls) were
present at each timepoint and complete data on the ASD measure. (Analytic sample N = 6,482, ASD =
78, Controls = 6,404)

Head circumference trajectories in ASD vs Controls

Mean 95% Confidence P

difference intervals
Univariable 0.69 0.28-1.09 0.001
model 1
Model 2: model 1 0.41 0.02-0.80 0.038
+ child’s sex
Model 3: model 2 0.41 0.02-0.80 0.039
+ maternal
education
Model 4: model 3 0.42 0.03-0.81 0.034
+ maternal BMI
Model 5: model 4 0.38 0.003-0.75 0.048
+ gestational age
and birth weight
Model 6: model 5 0.06 -0.21-0.33 0.66

+ height

Unconditional Model 1 (age) and Model 2 (mean centred age and age squared) are presented in supplemental material. For
univariable model 1 onwards, we incorporated random effects of participant id and mean centred age. Univariable model 1
consisted of ASD and time variables. Interactions between ASD and age (p = 0.87), age squared (p = 0.58), and sex (p = 0.42)
were non-significant and therefore the group coefficient was not included in this table.
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Figure 12. Head circumference trajectories in participants with ASD and CLN compared to
controls (no ASD). Trajectories show modelled mean values when adjusting for sex (Model 2)
with 95% confidence intervals in pink for ASD + CLN and green for controls. (N = 6,417)

3.3.4 Sensitivity analyses (ASD)
Sensitivity analyses showed similar results to the main analyses i.e., when participants had

complete data for both diagnoses (ASD and autistic traits), i.e., there was evidence of larger
head circumference trajectories in autism compared to controls. See Supplement 3.5 Table

11.

3.3.5 Trajectories of head circumference in elevated autistic traits
In the univariable analyses there was no evidence that mean head circumference differed

between the autistic traits group and controls (B = -0.08, 95% Cl: -0.22 — 0.06, p = 0.28, Table
12 and Figure 13). After adjusting for sex, the magnitude of the difference increased and
there was weak evidence that participants with higher autistic traits had lower head
circumference values compared to controls (B =-0.22, 95% Cl: -0.36 —-0.09, p = 0.001).
Results remained unchanged after adjusting for maternal education and maternal BMI, but

the magnitude of effect was reduced after gestational age and birthweight were included in
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the model (model 5: B =-0.16, Cl: -0.28 — 0.03, p = 0.016). There was no evidence for
interactions between autistic traits group and age (p = 0.54), age squared (p = 0.39) or sex (p

=0.20).

Table 8. Head circumference trajectories in Autistic Traits vs Controls showing decrease in
head circumference in autistic traits.

Univariable and multivariable linear mixed regressions assessing head circumference in
autistic traits versus controls. Sample based on timepoints with at least 10 participants per
group, and those with complete data on the autistic traits measure. (Analytic sample N =
6,869, autistic traits = 639, controls = 6,230)

Head circumference trajectories in Autistic Traits vs Controls

Mean 95% Confidence P

difference intervals
Univariable -0.08 -0.22-0.06 0.28
model 1
Model 2: model 1 -0.22 -0.36--0.09 0.001
+ child’s sex
Model 3: model 2 -0.20 -0.33--0.08 0.003
+ maternal
education
Model 4: model 3 -0.20 -0.33--0.07 0.003
+ maternal BMI
Model 5: model 4 -0.16 -0.28 --0.03 0.016
+ gestational age
and birth weight
Model 6: model 5 -0.10 -0.20-0.002 0.055

+ height

Unconditional Model 1 (age) and Model 2 (mean centred age and age squared) are
presented in supplemental material. For univariable model 1 onwards, we incorporated
random effects of participant id and mean centred age. Univariable model 1 consisted of
ASD and time variables. Interactions between ASD and age (p = 0.54), age squared (p = 0.39),
and sex (p = 0.20) were non-significant and therefore the group coefficient was not included
in this table
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Head Circumference Trajectories (Autistic Traits vs Controls)
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Figure 13. Head circumference trajectories in participants scoring high on the autistic traits
measure (SCDC score of 8 or above) in comparison to controls. Trajectories show modelled
mean values when adjusting for sex (Model 2) with 95% confidence intervals shown in
orange for the autistic traits group and green for controls. Note that confidence intervals
overlap between autistic traits and controls. (N = 6,869)

3.3.6 Secondary analyses (autistic traits)

When adjusting for height, the model showed weak evidence for an association (height
model 6: MD =-0.10, Cl: 0.20 — 0.001, p = 0.055). When examining individual timepoints,
smaller head circumference in the elevated autistic traits group were observed at 6 months
(t[269] = 2.01, p = 0.045) and 7 months (t[319] = 3.23, p = 0.001), whereas differences in
height occurred at 3 months (t[942] = 2.15, p = 0.032; Supplement 3.5 Table 10).

3.3.7 Sensitivity analyses (autistic traits)

Sensitivity analyses showed similar results to the main analyses i.e., when participants had
complete data for both diagnoses (ASD and autistic traits), i.e., there was evidence of
smaller head circumference trajectories in those with elevated autistic traits compared to
controls (Supplement 3.5 Table 12). Furthermore, similar results were observed when

removing those with ASD from the autistic traits analyses (Supplement 3.5 Table 13).
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3.4 Discussion
This study examined head circumference trajectories between birth and 15 years in young

people with ASD and those with elevated autistic traits compared to controls. Children with
ASD had significantly larger head circumference across this period, with this difference
notable from 2 months of age. Conversely, children with elevated autistic traits had reduced
head circumference compared to controls. These preliminary findings go against the idea of
a pathophysiological continuum of autistic traits and ASD, highlighting potentially distinct

aetiological differences that may separate clinical versus non-clinical cases.

Previous research on head circumference in ASD populations is typically restricted to the
first 2-3 years of life,>” and few studies prospectively chart head circumference beyond this
period. Our study provides evidence that head circumference is consistently larger in ASD, as
demonstrated by the lack of an age by group interaction, whilst also being robust against
adjustment for multiple confounders. The timing of this increase has remained elusive in the
literature, with some studies reporting the onset between 1 to 3 months of age>>!8 which
is consistent with the findings from our study, whereas others report enlarged head
circumference from 6 months onwards.88142184 \While the timing of onset may differ per
study, our study provides evidence that these changes in head circumference are continuous

and not time-limited to early development.

Previous literature has suggested that enlarged head circumference may only affect a
subgroup of individuals with ASD. For example, one meta-analysis of children and adults
reports macrocephaly (head circumference greater than 97t percentile) in 15.7% of
individuals with ASD (versus 3% controls), and is more common in individuals with 1Q scores
below 70.%¢ In our subgroup analyses, the largest effect size differences between ASD and
controls were observed when participants with ASD had CLN, suggesting that there may be
shared mechanisms that lead to larger head circumference and compromised intellectual
functioning, or alternatively that cognitive impairments may be an important mediator in
larger head circumference within ASD. Importantly, enlarged head circumference was
observed in the ASD group regardless of additional CLN; however, the coefficient size was
reduced when the CLN group were removed. CLN was included as a variable of interest in

secondary analyses, as opposed to a confounding variable in all analytic models. Treating
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this variable as a confounder would have restricted our ability to extract meaningful

information on specific subgroups.

In the general population, head growth during infancy is a significant predictor of later
intelligence quotient (IQ), with a 1 SD increase in growth with every 1.56 increase in full-
scale 1Q.18 A birth cohort study found greater increases in HC and height during the first 5
years of life were associated with higher IQ in childhood, whereas greater weight gain after 1
year was not.'8 We used CLN as a proxy measure for low 1Q, ideally we would have looked
at 1Q subgroups directly (e.g., ASD with 1Q below 70 versus above 70). However, there was
more data available for the CLN measure than the IQ measure in those with ASD. The CLN
variable specifically measures significant cognitive/learning impairment as noticed by the

school and does not measure other impairments such as behavioural or sensory needs.

Assuming that CLN is a proxy measure for IQ, our study suggests there may be an opposing
effect of IQ on head growth in ASD samples, in which low 1Q is associated with larger head
size. One possible explanation for this paradox is that excess neural connections may limit
efficiency and cognitive performance in ASD, and while the brain is larger, networks may be
more disorganised, affecting the brains’ ability to communicate and integrate information.8’
However, more research is needed to explore the different trajectories for individuals with
ASD with high versus low |Q and to understand how brain size relates to underlying neural

connections.

The question of whether large head circumference in ASD is related to a more general
marker of dysregulated growth is debated in the literature. When controlling for height in
our analyses, there were no longer group differences between ASD and controls in head
circumference, which suggests that general growth, rather than brain growth specifically
may be dysregulated in ASD. This is consistent with a review citing increased physical growth
- including HC, height, weight and BMI - in children with ASD compared to typically
developing individuals. The review also highlights that due to the paucity of longitudinal
studies in adolescent and adulthood, it is unknown whether height and weight follow
relative increased acceleration in childhood followed by deceleration in those with ASD as
seen for HC and brain growth.'® The timing of dysregulation may differ for height compared
to head circumference, as increases to head circumference according to post-hoc t-tests
occurred earlier (at 2 months) than height increases (at 9 months) in those with ASD. This
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contrasts to one study which reports overgrowth in length/height earlier at 4 months, and
increased head circumference at 8 months in ASD.*®° Some studies report that head
circumference in ASD varies independently of height,16%167 while others suggest that they
covary and reflect a more generalised growth process.163:1641%0 Findings from the present
study suggest that general growth, head circumference trajectories, and brain development

are altered in ASD.

There are several possible reasons why autistic traits were associated with reduced head
circumference. First, the aetiology of ASD may not be best explained through a continuum
but instead by distinct symptom profiles. The SCDC which was used to measure autistic traits
may pertain more to a measure of general psychopathology instead of being specific to ASD
itself. Research has shown that the SCDC has strong specificity and sensitivity to detect ASD,
although only 65% of the autistic traits group were diagnosed with ASD in our sample. The
SCDC predominately captures deficits in social communication/reciprocity and does not
include items on repetitive behaviours or restricted interests. Previous research has provided
evidence of links between enlarged brain size during childhood in ASD and poor
performance on repetitive behaviour scales, as well as with delayed language and skill
regression.?142.166 |t js therefore possible that the neurobiological mechanisms underlying
enlarged head circumference show a greater association for certain clinical outcomes over

others.

Research has shown that head circumference and brain size share a strong

correlation, 15211 gnd therefore can be used as a proxy measure of neurodevelopment.3’
Atypical cell proliferation and reductions in neuronal pruning are thought to underlie the
growth differences in head circumference observed in ASD and cause an overabundance of
cortical neurons, particularly in frontal and temporal brain networks which facilitate social
and language processes.'® There are several potential genes associated with ASD which
affect brain size and general growth (e.g., mutations to chromodomain helicase DNA binding
protein 8 (CHDS)). 192 ¥3However, while larger head circumference may be a viable
biomarker for ASD, it is also a biomarker for several other conditions, including Sotos,

Cowden, and Costello syndromes.'%

Several limitations should be considered when interpreting this study. As is common with

longitudinal cohort studies, missing data reduced the sample size and representativeness of
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the study. Replication in larger samples of participants with comorbid CLN is needed. The
use of parent confirmation of a diagnosis of ASD may be less valid than formal diagnosis
tools. However, the number of ASD cases was similar to that of previous ALSPAC studies
which used multidisciplinary assessments from health and educational records.*® We did not
observe any sex by group interactions with head circumference, although we were likely
underpowered to do so due to females representing only 21% (n = 15) of the ASD sample.
Strengths of the study include the use of a representative birth cohort with multiple
timepoints for head circumference measurements. Previous longitudinal studies typically
consist of only 3-4 timepoints, often limited to early development.81>5195 Qur analyses
featured over 10 timepoints, allowing a more comprehensive overview of head

circumference trajectories in ASD.

There are many clinical markers for ASD, but our knowledge of biomarkers is lacking.
Findings from this study consolidate previous literature that large head circumference may
be considered a biomarker for ASD and potentially complement behaviour assessments for
diagnosis throughout childhood.?®61.1% |mportantly, differences were modelled from birth
through infancy and beyond before behavioural traits can be used to diagnose ASD. Our
findings suggest that head circumference enlargement is specific to those with clinical
diagnoses as we do not find evidence of enlargement in our subclinical trait sample. It will
be important for future studies to continue to monitor head circumference trajectories

across a greater time period to see the full extent of the developmental trajectory.

3.5 Supplement
Model fit estimates for ASD analyses indicated that incorporating mean-centred age and

guadratic terms i.e., mean centred age squared (AIC = 190958.5; BIC = 190984) yielded
superior results (i.e., lower AIC and BIC values) and a significant p value (head circumference
mean difference -0.0008 cm, 95% confidence interval [CI] -0.0008 - -0.0008, p < 0.0001)
compared to model 1 with unadjusted age values (AIC = 210966.8; BIC = 211017.9; mean
difference 0.10, 95% CI 0.098 — 0.099, p < 0.0001). Consequently, we incorporated the time
variables from model 2 into all subsequent models. AIC and BIC values remained largely

unchanged beyond this point in univariable and multivariable models.
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3.5.1 Sensitivity analyses

To enable more comparability across groups by basing analyses from the same analytic
sample, within our sensitivity analyses we only included participants with complete data on
both outcome variables (ASD and autistic traits). A total of 5,636 had complete data on both
clinical measures and confounders. From this sample, there were a total of 69 ASD cases and

487 participants in the autistic traits group.

In our sensitivity analyses we restricted the sample to those with complete data on both
clinical outcomes and confounders. Across participants, the mean number of timepoints at
which head circumference data was available was 5 (SD = 3.28, range: 1 - 18). 96.90% of
participants were of white ethnicity, with 3.10% of non-white ethnicity. Within ASD cases,
100% of participants were of white ethnicity. In the high autistic traits group, 3.34% were of
an ethnic minority. Length and weight at birth was on average larger in ASD, although only
height at age 15.5 years was significantly larger in the ASD group compared to controls
(t(2907) = -2.65, p = 0.008). There were no significant differences in the high autistic traits
group compared to controls. Information on missing data can be found in the

supplementary materials.

ASD sensitivity analyses showed similar results to the main analyses, i.e., when participants
had complete data for both clinical outcomes (ASD and autistic traits), those with a diagnosis
of ASD had higher head circumference values than controls (see Table S1). Likewise, reduced
head circumference was observed in the autistic traits group (see Table S2). When we
removed those with a diagnosis of ASD from trait analyses, more marked reductions in head

circumference were observed see (Table S3).
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Table 9. T-tests of head circumference values from birth to 12 months in ASD and controls. Head circumference at age 15.5 years is also reported

Head Circumference in ASD vs Controls

Height in ASD vs Controls

Age ASD / Controls ASD Mean Controls Mean T-Test ASD Mean Controls T-Test
(months) N (SD) (SD) (SD) Mean (SD)
0 61 /4,948 35.18 (1.23) 34.92 (1.37) T (5,007) = - 51.03 (2.55) 50.89 (2.38) T (5007) =-0.46,
1.48,p=0.14 p =0.65
1 48 / 4,215 39.10 (1.41) 38.76 (1.32) T(4,261)=- 57.69 (2.89) 57.19(2.51) T(4,261)= -1.36,
1.75, p =0.080 p=0.17
2 23 /1,751 40.40 (1.08) 39.60 (1.43) T(1,772) =- 59.83 (2.52) 58.83(2.91) T(1,772)=-1.63,
2.69, p = 0.007 p=0.10
3 10/ 875 42.03 (1.97) 41.16 (1.38) T(883)=- 63.45 (3.86) 62.06 (2.54) T (883)=-1.71,p
1.97, p =0.049 =0.09
4 11/741 42.06 (1.50) 41.71 (1.44) T(750)=-0.82, | 62.35(5.18) 62.96 (2.65) T (750)=0.74,p=
p=0.42 0.46
8 20/1,953 45.32 (1.51) 45.35 (1.48) T(1,971) = 71.10 (2.90) 71.09 (2.76) T (1,971)=-0.02,
0.10,p=0.92 p=0.98
9 42 /3,075 46.36 (1.54) 45.85 (1.40) T(3,115)=- 73.37 (3.21) 72.28 (2.87) T(3,115)=-2.43,
2.35, p=0.019 p =0.015
12 17 /934 46.61 (1.79) 46.64 (1.44) T(949) =0.04, 76.07 (2.91) 75.74 (2.59) T(949)=-0.53,p
p=0.97 =0.60
186 (15.5 33/3,188 56.12 (1.82) 55.50(1.73) T(3,219) =- 172.91(7.85) 169.34 (8.24) T(3,219)=-2.47,
years) 2.02, p =0.043 p=0.013
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Table 10. T-tests of head circumference values from birth to 12 months in Autistic traits and controls. Head circumference at age 15.5 years is

also reported.

Head Circumference in Autistic Traits vs Controls

Height in Autistic Traits vs Controls

Age Autistic Traits / Autistic Controls Mean T-Test Autistic Traits Controls T-Test
(months) Controls Traits Mean (SD) Mean (SD) Mean (SD)
N (SD)
0 504 /4,771 34.83 (1.45) 34.92 (1.37) T(5,243) = 50.70 (2.54) 50.90 (2.37) T(5,273)=1.73,
1.50,p=0.13 p =0.083
1 403/ 4,070 38.71 (1.34) 38.78 (1.31) T(4,471) = 57.24 (2.85) 57.20 (2.45) T(4,471) =-
0.95,p=0.34 0.29,p=0.78
2 195 /1,686 39.63 (1.61) 39.61 (1.40) T(1,879) =- 58.76 (3.26) 58.85(2.90) T (1,879)=0.40,
0.20,p=0.84 p=0.69
3 83/861 40.89 (1.63) 41.19 (1.38) T(942) =1.90, 61.46 (3.08) 62.12 (2.63) T(942)=2.15,p
p =0.058 =0.032
4 81/720 41.58 (1.68) 41.71 (1.44) T(799) =0.71, 62.81 (3.11) 62.95(2.69) T (799)=0.46, p
p=0.48 =0.64
5 31/240 43.07 (1.56) 43.55 (1.46) T(291) =1.70, 66.48 (4.02) 67.12 (3.43) T(291)=0.96, p
p =0.09 =0.34
6 31/240 43.79 (269) 44.33 (1.40) T(269) = 2.01, 67.97 (4.03) 68.42 (3.23) T(269)=0.72,p
p =0.05 =0.47
7 41 /280 44.01 (1.87) 44.85 (1.50) T(319) =3.23, 68.97 (3.54) 70.15(2.80) T(319)=2.43,p
p =0.001 =0.016
8 193 /1,859 45.29 (1.65) 45.37 (1.47) T(2,050) = 70.91 (3.12) 71.10(2.78) T(2,050)=0.91,
0.72,p=0.47 p=0.36
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Age Autistic Traits / Autistic Controls Mean T-Test Autistic Traits Controls T-Test
(months) Controls Traits Mean (SD) Mean (SD) Mean (SD)
N (SD)
9 317 /3,012 45.78 (1.53) 45.86 (1.39) T(3,327) = 72.20(2.98)  72.37(2.91) T (3,327)=1.00,
1.05, p=0.29 p=0.32
10 70/ 605 46.51 (1.49) 46.31 (1.51) T(673)=-1.08, 74.11 (3.32) 73.50 (3.05) T(673)=-1.57,
p=0.28 p=0.12
11 35/300 46.40 (1.67) 46.86 (1.53) T(333)=-1.68, 74.67 (3.78) 75.09 (3.12) T (333)=0.75,p
p =0.09 =0.46
12 97 /918 46.47 (1.81) 46.66 (1.46) T(1,013) = 75.82(2.99)  75.73 (2.70) T(3,239) =-
1.20, p = 0.23 0.57,p=0.57
186 (15.5 261 /2,980 55.41 (1.88) 55.52 (1.71) T(3,239) = 169.69 (8.94) 169.37(8.33)  T(3,239)=-
years) 1.02,p=0.31 0.57,p=0.57
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Table 11. Output from ASD sensitivity analyses (1). Univariable and multivariable linear
mixed regressions assessing head circumference in autism versus controls. Sample based on
timepoints with at least 10 participants per group, and complete data for all clinical
measures (ASD and autistic traits) and confounders. (N = 5,547, ASD = 68, Controls = 5,479)

Sensitivity: Head circumference trajectories in ASD vs Controls

Mean 95% Confidence

difference intervals P
Univariable 0.78 0.36-1.20 <0.0001
model 1
Model 2: model 1 0.50 0.09-0.90 0.016
+ child’s sex
Model 3: model 2 0.50 0.09-0.90 0.017
+ maternal
education
Model 4: model 3 0.50 0.10-0.90 0.015
+ maternal BMI
Model 5: model 4 0.45 0.06-0.84 0.024
+ gestational age
and birth weight
Model 6: model 5 0.05 -0.24-0.33 0.75

+ height

Univariable model 1 consisted of ASD and time variables. Interactions between ASD and age (p = 0.93), age squared (p =
0.32), and sex (p = 0.59) were non-significant and therefore the group coefficient was not included in this table.
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Table 12. Output from autistic traits sensitivity analyses (1). Univariable and multivariable
linear mixed regressions assessing head circumference in autistic traits versus controls.
Sample based on timepoints with at least 10 participants per group, and complete data for
all clinical measures (ASD and autistic traits) and confounders. (N = 5,547, autistic traits =
478, controls = 5,069)

Sensitivity: Head circumference trajectories in Autistic Traits Group vs

Controls
Mean 95% Confidence
difference intervals P
Univariable -0.05 -0.22-0.11 0.55
model 1
Model 2: model 1 -0.18 -0.34--0.02 0.026
+ child’s sex
Model 3: model 2 -0.17 -0.32--0.01 0.041
+ maternal
education
Model 4: model 3 -0.16 -0.32 - -0.005 0.043
+ maternal BMI
Model 5: model 4 -0.12 -0.27-0.03 0.12
+ gestational age
and birth weight
Model 6: model 5 -0.06 -0.17 - 0.05 0.29

+ height

Univariable model 1 consisted of autistic traits and time variables. Interactions between ASD and age (p = 0.63), age
squared (p = 0.68) ,and sex (p = 0.09) were non-significant and therefore the group coefficient was not included in this
table.



Table 13. Output from autistic traits sensitivity analyses (2). Univariable and multivariable
linear mixed regressions assessing head circumference in autistic traits versus controls. We
removed individuals with ASD so that we could assess mean differences in head
circumference in a subclinical sample. Sample based on timepoints with at least 10
participants per group, and complete data for all clinical measures (ASD and autistic traits)
and confounders. (N = 5,479; Autistic traits = 434, Controls = 5,045).

Sensitivity: Head circumference trajectories in Autistic Traits Group vs

Controls
Mean 95% Confidence
difference intervals P
Univariable -0.15 -0.32-0.03 0.096
model 1
Model 2: model 1 -0.25 -0.42 - -0.09 0.003
+ child’s sex
Model 3: model 2 -0.24 -0.40 - -0.07 0.005
+ maternal
education
Model 4: model 3 -0.24 -0.40 - -0.07 0.005
+ maternal BMI
Model 5: model 4 -0.19 -0.35--0.03 0.017
+ gestational age
and birth weight
Model 6: model 5 -0.09 -0.20--0.03 0.15

+ height

For univariable models 2 onwards, we incorporated random effects of participant id and mean centred age. Univariable
model 1 consisted of autistic traits and time variables. Interactions between ASD and age (p = 0.66), age squared (p = 0.83),
and sex (p = 0.15) were non-significant and therefore the group coefficient was not included in this table.

3.5.2 Missing data
Based on the full ALSPAC sample (N = 15,645), a total of 6,482 participants (41.49%) had

complete data for autism and covariates, and 6,869 participants (43.92%) had complete data
on autistic traits and covariates (for sample flowcharts, see Figure 14, Figure 15, and Figure
16 ) Individuals with missing data on autism diagnosis had younger gestational age (M =
37.27 weeks vs M = 39.52), mothers with higher pre-pregnancy BMI (M =23.00 vs M =
22.88) and mothers that were less educated (non-compulsory/higher education = 1,334 vs
2,772). Based on individuals with complete data on both clinical outcomes and covariates,

there were 45 observations that were biologically implausible: head circumference (32
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observations), height (6 observations) or birth weight (7 observations) values. This resulted

in the removal of 2 participants from ASD analyses and 1 in autistic traits analyses (2 when

participants had complete data on clinical outcomes). Additionally, we removed

observations in which differences in head circumference or height if collected at the same

timepoint were over 3 cm, this resulted in the removal of 45 observations for head

circumference and 104 timepoints for height.

Table 14. Characteristics of the ASD and autistic traits analytic samples compared to the full

ALSPAC cohort (excluding non-singleton births n = 203).

Maternal highest education
Compulsory/Vocational/None
Non-compulsory

7,975 (51.62%)
4,350 (28.12%)

3,710 (57.29%)
2,772 (42.71%)

Full ALSPAC Analytic sample Analytic sample
cohort (ASD analyses) (autistic trait
analyses)
N (%) n (%) n (%)
Total 15,442 (100%) 6,482 (100%) 6,869 (100%)
Sex
Male 7,583 (49.10%) 3,239 (49.99%) 3,519 (51.25%)
Female 7,262 (47.02%) 3,243 (50.01%) 3,350 (48.75%)
Missing 597 (3.87%)
Ethnicity
White 11,379 (73.62%) 6,139 (94.80%) 6,507 (94.73%)
Ethnic minority 604 (3.91%) 228 (3.52%) 240 (3.49%)
Missing 3,459 (22.46%) 343 (5.28%) 122 (1.78%)

3,948 (57.54%)
2,921 (42.46%)

Missing 3,117 (20.26%)

Mean (SD) Mean (SD) Mean (SD)
Gestational age (weeks) 38.41 (5.49) 39.52 (1.73) 39.51 (1.76)
Birth weight 3393.01(570.72) | 3478.10(518.25) | 3438.76(526.01)
Length at birth 50.80 (2.69) 50.89 (2.38) 50.88 (2.39)
Height at age 15.5 years 169.23 (8.36) 169.37 (7.85) 169.40 (8.38)
Maternal pre-pregnancy BMI 22.93 (3.84) 22.88 (3.68) 22.86 (3.67)




3.5.3 Sample flowcharts

N = 15,645 (100%)
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Figure 14. Flowchart of study participation (ASD analyses)
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Figure 15. Flowchart of study participation (autistic traits analyses)
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Figure 16. Flowchart of study participation (complete data on both clinical

outcomes: autism and autistic traits).
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Chapter 4: A prospective study of head circumference trajectories in

psychotic experiences
In Chapter 4, | use the ALSPAC dataset to explore head circumference trajectories in

individuals (a) with and without psychotic disorder, and (b) with and without psychotic

experiences.

4.1 Introduction
Schizophrenia is associated with reduced total brain volume in adulthood;'°” however, the

timing and trajectory of these volume changes are not well understood. Head circumference
measurements accurately reflect brain size and offer valuable insights into how the brain is
developing when studied longitudinally.2>%*°1 Despite interest in how the brain develops in
psychotic conditions, the number of studies which assess head circumference are limited,
often restricted to birth or early childhood.”#1%8-290 Many studies also use retrospective data

without a population-based control group.

Head circumference has been found to be atypical in at birth in those who go on to develop
schizophrenia, with several studies reporting reductions in cases compared to
controls.”4198200202 Haowever increased head circumference has also been reported,?°? as
has no group difference.'®® Differences by sex are reported, with some studies suggesting
largest effects are observed in females. One longitudinal study reported evidence of
accelerated head growth from birth to 2 months in females but not in males who go on to
develop schizophrenia.?®* Another birth cohort study showed that young female but not
male adults with non-affective psychosis had larger head circumferences at birth than
controls but no differences at 5 years old.?3 While these studies demonstrate evidence of
atypical patterns of head growth associated with psychosis, no study has examined head
circumference trajectories in childhood and adolescence. Longitudinal studies may be better

powered to establish head circumference trajectories in psychosis, and the effect of sex.

Recruiting populations with psychotic experiences may help identify important biomarkers
associated with the development of psychosis. Psychotic experiences are highly prevalent in
the general population (5-10%)* and are associated with an increased risk of developing a
clinical psychotic disorder. To our knowledge, no study has explored head circumference
trajectories in individuals with psychotic experiences, highlighting an opportunity to provide

novel insights into neurodevelopmental trajectories that precede psychosis onset.
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This study aims to: (1) chart head circumference trajectories from birth to 15 years in young
people with psychotic experiences and controls, using data from a population-representative
longitudinal study (the Avon Longitudinal Study of Parents and Children [ALSPAC]). (2) Chart
head circumference trajectories in a subset of participants with psychotic disorder. (3) To
investigate whether head circumference findings are consistent with measures of adult total
intracranial volume (TIV)] and total grey matter (GM) volume. Finally (4), we explore if head
circumference at birth is predictive of psychotic experiences by looking at the relative risk for

psychosis when head size is ranked in the top or bottom 10% in our sample.

4.2 Methods
Participants were drawn from ALSPAC, a UK based population study from the Southwest of

England. Pregnant women with expected delivery dates between April 1991 to December
1992 were recruited (n = 14,541) and followed by a second wave of recruitment when
children were age 7 and onwards, resulting in a total cohort of 15,645 children with

adjustments for non-singleton births.

This study included children who had at least one head circumference measurement, as well
as complete data on psychopathology and confounding variables. We also use data from a
subset of individuals (n = 347) who have structural MRI scans. The study website contains
details of available data: http://www.bristol.ac.uk/alspac/researchers/our-data/. Ethical
approval was granted by the ALSPAC Ethics and Law Committee (ALEC) and the Local
Research Ethics Committees. Informed consent for the use of data collected via
guestionnaires and clinics was obtained from participants following the recommendations of
the ALEC.

4.2.1 Outcome

Head circumference was measured in the entire ALSPAC cohort at birth to 1 year, and at
years 7 and 15. Additional measurements between ages 4-61 months were also collected
from a subsample of this cohort (ALSPAC Children in Focus Cohort). We restricted timepoints
to at least 10 participants per group to ensure each timepoint had sufficient data. From an
initial 105 timepoints, 22 met criterion of 10 or more participants per group. Head
circumference data were collected by researchers and supplemented by routine
measurements by local health services. If multiple HC measures were available for a specific

month, the average value was calculated. Values were excluded if measurements differed by
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>3cm within a month. Outliers were identified using cut-offs from the WHO Child Growth

Standards.172173

4.2.2 MRI

Neuroimaging data was collected in a subpopulation of this sample when participants were
aged ~20 years. 7225 The MRI data were acquired on a 3-T MRI system (HDx; GE Medical
Systems) using an eight-channel receive-only head RF coil. T1-weighted structural images
were acquired with a 3D fast spoiled gradient echo (FSPGR) sequence (TR=7.8 ms, TE=3.0
ms, flip angle 20°, voxel size = 1 mm3 isomorphic). T1-weighted structural images were skull
stripped and grey matter segmented.?°¢297 We extracted values for total intracranial volume
(TIV) and volume to see whether values differ for psychotic experiences and psychotic
disorder groups compared to controls.

4.2.3 Diagnosis

Psychotic experiences were assessed using the Psychosis-Like Symptom Interview,*#>0:208 3
semi-structured interview comprising of 12 items relating to hallucinations (visual and
auditory), delusions (spied on, persecution, grandiosity, thoughts read, reference, control,
and other), and thought interference (broadcasting, insertion, and withdrawal). The
interview was delivered by trained psychologists when the participant was aged 17/18 years.
Participants were asked if they had ever had that experience since the age of 12, responding
with either yes, no, or maybe. The interviewer followed up to determine if the experience
met criteria for being psychotic, following definitions and guidelines from the Schedules for
Clinical Assessment in Neuropsychiatry.*#2% Interviewers rated psychotic experiences as
either ‘absent’, ‘suspected’, or ‘definitely present’. Unclear responses were “rated down”.We
also conducted separate analyses on those with ‘psychotic disorder’, defined as having had
a ‘definite psychotic experience’ occurring at least once per month over the previous 6
months which also cause severe distress, impact social or occupational functioning, or led to

help seeking which we designated ‘psychotic disorder’.

4.2.4 Confounders
Confounders included: age, sex, maternal body mass index (BMI), gestational age, weight-at-

birth and maternal highest-level-of-education. Height was added as a time-varying covariate.

4.2.5 Data analysis
All analyses were conducted in Stata 17 (StataCorp, 2017).
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We charted head circumference trajectories in young people with and without psychotic
experiences with linear mixed-effects models, incorporating a random intercept on child and
a random slope on time. We began by assessing the trajectory of head circumference over
time by running two unconditional models; the first using unadjusted age in months
(unconditional model 1) and the second using mean centred indicator of child age in months
and age squared (unconditional model 2). If there was evidence of a non-linear association
with age, we retained it in the final model. We also ran model fit parameters Akaike

Information Criterion (AIC) and Bayesian Information Criterion (BIC).

Next, we ran a univariable model (incorporating our clinical variable of interest: psychotic
experiences or psychotic disorder; model 3) and several multivariable models that
progressively adjusted for confounders while also incorporating the two age indicators
(mean centred age and age squared). These included participant’s sex (model 4); maternal
education (model 5), maternal BMI (model 6), gestational age and birth weight (model 7). To
determine whether atypical head circumference trajectories may reflect general growth
differences, we included a model which used height as a time-varying covariate (model 8).
Finally, we explored the following interactions with group in three separate models: i) age, ii)
age and age squared, and iii) sex. If there was evidence of an interaction between group and

sex, we present findings stratified by sex.

Group differences in TIV and GM volume were explored using independent t-tests. We ran
Pearson correlation tests to ascertain whether head circumference correlates with TIV. Head
circumference values at age 15 years were examined, as this was the closest age to when TIV
was measured, as well as head circumference at birth and age 7. We also ran logistic
regression odds ratios to calculate the risk for psychosis when scoring in the top or bottom
10% for head circumference at birth. Odds ratios were calculated for males and females

combined, as well as separately.

4.3 Results

4.3.1 Sample
The complete ALSPAC sample consists of data from 15,645 children (N = 15,442 excluding

twins), and 4,675 had data on psychotic experiences (PE = 428, Controls = 4,247). From this
sample, 4,588 had at least one head circumference measurement and 3,866 also had

complete confounder data. Therefore, our analyses comprised of 339 psychotic experience
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cases (218 female) and 3,527 (1,959 female) controls. The total number of timepoints in
which head circumference was collected was 22, with a mean of 6.5 timepoints across
participants. This criterion was used in all analyses except for those involving participants
with psychotic disorder due to small sample sizes. A total of 62 participants were classified
as having psychotic disorder (49 females; 13 males). Out of the 22 timepoints, 11 timepoints

had 10 or more participants with psychotic disorder.

Most participants in the analytic sample were of white ethnicity (95.92%). Both length and
weight at birth were comparable between female controls and females with psychotic
experiences, as well as between male controls and males with psychotic experiences (Table

15).

From our analytic sample, 347 participants (PE = 114; 78 female) had additional
neuroimaging data for TIV and GM. Within this sample, 31 (24 female) were also classified as

having psychotic disorder.

Demographic characteristics did not differ substantially between the psychotic experiences
analytic sample and full ALSPAC cohort, although the analytic sample had gestational age

that was 1 week later than the full cohort (Supplement 4.4 Table 19).
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Table 15. Characteristics of the analytical sample, overall and by case/control status for psychotic experiences in females and males.

Female analytic PE absent PE present Male analytic PE PE
sample sample absent present
N(%) n(%) n(%) N(%) n(%) n(%)
Total 2,177 1,959 (89.99%) 218 (10.01%) 1,689 1,568 (%) 121 (%)
Ethnicity
White 2,057 (96.08%) 1,857 (%) 200 (%) 1,596 1,487 (%) 109 (%)
Ethnic minority 84 (3.92%) 75 (%) 9 (%) 72 64 (%) 8 (%)
Missing 36 21
Maternal highest educational
attainment
CSE/None 260 216 44 164 152 12
Vocational 148 136 12 121 111 10
O level 781 685 96 546 504 42
A level 574 533 41 506 484 22
Degree 414 389 25 352 317 35
Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)
Gestational age (weeks) 39.60 (1.65) 39.61 (1.66) 39.57 (1.59) 39.37 (1.86) 39.37(1.87) 39.38 (1.74)
Birth weight (grams) 3393.34 (483.52) 3392.79 (478.30) 3398.35(529.27) | 3484.18 (572.31) 3488.74 (576.18) 3425.18 (518.17)
Length at birth (cm) 50.51 (2.24) 50.51 (2.19) 50.51 (2.66) 51.20 (2.51) 51.21(2.51) 51.05 (2.58)
Height at 15.5 years (cm) 164.73 (6.02) 164.77 (5.97) 164.33 (6.46) 174.43 (7.54) 174.44 (7.48) 174.24 (8.29)
Age in years at PE assessment ?
Maternal pre-pregnancy BMI 22.78 (3.68) 22.76 (3.67) 22.97 (3.84) 22.90 (3.76) 22.88 (3.73) 23.18 (4.21)
Average number of head 6.4 6.4 59 6.7 6.6 6.8

circumference measurements

Note. PE = psychotic experiences
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4.3.2 Head circumference trajectories in females with psychotic experiences
As there was evidence of a group by sex interaction, we examined head circumference

trajectories findings for psychotic experiences stratified by sex. Using univariable and
multivariable models, we found evidence of reduced head circumference in females with
psychotic experiences compared to female controls across childhood and adolescence
(univariable model: B =-0.27, 95% Cl: -0.49 - -0.05, p = 0.016; fully adjusted multivariable
model: B =-0.25, 95% Cl: -0.46 to -0.04, p = 0.022; Table 16 and Figure 17, for boxplot
visualisation, see Supplement 4.4 Figure 20). The coefficient remained similar when
adjusting models for confounders. When covarying for height, group differences in head
circumference were no longer statistically significant at p < 0.05 (B =-0.12, 95% Cl: -0.29 to
0.05, p = 0.16).

Female Head Circumference Trajectories (PE vs Controls)
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Figure 17. Head circumference trajectories (cm) in females with and without psychotic
experiences (PE). Head circumference is modelled with 95% confidence intervals. We
present age in years using integer values (N = 2,177).
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4.3.3 Head circumference trajectories in males with psychotic experiences

In contrast to the reduced head circumference trajectories observed in females, males with
psychotic experiences had increased head circumference across childhood and adolescence
compared to male controls (univariable model: B = 0.35, 95% CI: 0.05 — 0.65, p = 0.023; fully
adjusted multivariable model: 0.40, 95% Cl: 0.12 — 0.69, p = 0.006; Table 17 and Figure 18,
for boxplot visualisation see Supplement 4.4 Figure 21). The effect of group (psychotic
experiences vs controls) remained after adding height as a covariate (B = 0.36, 95% CIL: 0.13

~0.58, p = 0.002).

Male Head Circumference Trajectories (PE vs Controls)

55
|

50

Head circumference (cm)
45

40

o 1 2 3 5 7 15
Age (years)

— — — Controls Combined PE

Figure 18. Head circumference trajectories (cm) in males with and without psychotic
experiences (PE). Head circumference is modelled with 95% confidence intervals. We
present age in years using integer values (N = 1,689).
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Table 16. Head circumference trajectories in females with psychotic experiences (PE) vs female

Controls, showing reduction in head circumference in PE.

Univariable and multivariable linear mixed regressions assessing head circumference in PE versus
controls. Sample based on timepoints in which at least 10 people per group were present at each
timepoint (Analytic sample N = 2,177, PE = 218, Controls = 1,959).

Female head circumference trajectories in PE vs Controls

Mean 95% Confidence P

difference intervals
Univariable -0.27 -0.49 - -0.05 0.016
model 1
Model 2: model 1 -0.23 -0.45 - -0.006 0.044
+ maternal
education
Model 3: model 2 -0.22 -0.44 - -0.004 0.046
+ maternal BMI
Model 4: model 3 -0.25 -0.46--0.04 0.022
+ gestational age
and birth weight
Model 5: model 4 -0.12 -0.29-0.05 0.16

+ height

Unconditional Model 1 (age) and Model 2 (mean centred age and age squared) are presented in supplemental material. For
univariable model 1 onwards, we incorporated random effects of participant id and mean centred age. Univariable model 1
consisted of PE and time variables. Interactions between PE and age (p = 0.995), age squared (p = 0.80) were non-significant
and therefore the group coefficient was not included in this table.
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Table 17. Head circumference trajectories in males with psychotic experiences (PE) vs male controls,
showing larger head circumference in those with PE.

Univariable and multivariable linear mixed regressions assessing head circumference in PE versus
controls. Sample based on timepoints in which at least 10 people per group were present at each
timepoint (Analytic sample N = 1,689, PE = 121, Controls = 1,568).

Male head circumference trajectories in PE vs Controls

Mean 95% Confidence P

difference intervals
Univariable 0.35 0.05-0.65 0.023
model 1
Model 2: model 1 0.34 0.04-0.65 0.025
+ maternal
education
Model 3: model 2 0.33 0.03-0.64 0.029
+ maternal BMI
Model 4: model 3 0.40 0.12-0.69 0.006
+ gestational age
and birth weight
Model 5: model 4 0.36 0.13-0.58 0.002

+ height

Unconditional Model 1 (age) and Model 2 (mean centred age and age squared) are presented in supplemental material. For
univariable model 1 onwards, we incorporated random effects of participant id and mean centred age. Univariable model 1
consisted of PE and time variables. Interactions between PE and age (p = 0.58), age squared (p = 0.93) were non-significant

and therefore the group coefficient was not included in this table.

4.3.4 Head circumference trajectories in psychotic disorder
In the univariable model there was evidence of smaller head circumference in those with

psychotic disorder compared to controls (B = -0.26, 95% Cl: -0.47 - -0.04, p = 0.02; Figure 19
and Table 18). There was no evidence of an interaction with sex (p = 0.10), therefore we did
not stratify results based on sex. When excluding sex as a confounder, results remained
significant when incorporating multivariable models incorporating maternal education (B = -
0.23, 95% Cl: -0.45 - -0.02, p = 0.035) and BMI (B =-0.23, 95% CIL -0.44 - -0.02, p = 0.035),
with slightly weaker evidence for reduced head circumference when gestational age and
weight at birth were included (B =-0.20, 95% CI: -0.41 —0.003, p = 0.054). When covarying
for height, group differences in head circumference were no longer statistically significant (-
0.05, 95% Cl: -0.21 - 0.11, p = 0.52). Similarly, when multivariable analyses included sex as a
confounder, there was no evidence of differences in head circumference trajectories in each

model (p > 0.23).
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A Head Circumference Trajectories (Psychotic Disorder vs Controls)
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Figure 19. Head circumference trajectories (cm) in participants with and without psychotic disorder. As
there was no interaction with sex, we present data for both males and females combined. Plot A
shows results from fitting multivariable model 2 controlling for sex. Plot B charts head circumference
data using boxplots. Both plots are modelled using 95% confidence intervals. We present age in years

using integer values (N =3,589).
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Table 18. Head circumference trajectories in participants with Psychotic Disorder vs Controls showing reduction in head circumference in Psychotic Disorder.

Univariable and multivariable linear mixed regressions assessing head circumference in psychotic disorder versus controls. We present results for
multivariable analyses including and excluding sex as a confounder (Analytic sample N = 3,589, Psychotic Disorder = 62, Controls = 3,527)

Head circumference trajectories in Psychotic Disorder vs Controls
(not controlling for sex)

Head circumference trajectories in Psychotic Disorder vs Controls
(controlling for sex)

Beta coefficient 95% Confidence P Beta 95% Confidence P
intervals coefficient intervals

Univariable -0.26 -0.47 - -0.04 0.02 Univariable model 1 -0.26 -0.47 - -0.04 0.02
model 1

Model 2: model 1 + sex -0.13 -0.33-0.08 0.21
Model 2: model 1 -0.23 -0.45 - -0.02 0.035 Model 3: model 2+ -0.11 -0.31-0.099 0.31
+ maternal maternal education
education
Model 3: model 2 -0.23 -0.44 - -0.02 0.035 Model 4: model 3 + -0.10 -0.31-0.10 0.31
+ maternal BMI maternal BMI
Model 4: model 3 -0.20 -0.41 - -0.003 0.054 Model 5: model 4 + -0.09 -0.29-0.11 0.36
+ gestational age gestational age and
and birth weight birth weight
Model 5: model 4 -0.05 -0.21-0.11 0.52 Model 6: model 5 + -0.03 -0.13-0.18 0.73
+ height height

Unconditional Model 1 (mean centred age) and Model 2 (model 1 + age squared) are presented in supplemental material. For univariable model 1 onwards, we incorporated random effects of

participant id and mean centred age. Univariable model 1 consisted of PE and time variables. Interactions between PE with age (p > 0.5) and age squared (p = 0.85) were non-significant and

therefore the group coefficient was not included in this table.
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4.3.5 MRI measures (TIV and GM volume)
Across participants, there was a moderate correlation between head circumference at birth

and TIV at age 20 years (r = 0.45, p < 0.0001), and a stronger correlation between head
circumference at ages 7 years (r =0.77, p <0.0001) and 15 years (r = 0.77, p <0.0001) with
TIV.

There was weak evidence males with psychotic disorder had larger TIV (M = 1591.25, SD =
121.03 vs M = 1551.25, SD = 110.44; t =-0.92, p = 0.36). However, females with psychotic
disorder (M =1330.46ml, SD = 101.02) had significantly smaller TIV compared to female
controls (M = 1385.15ml, SD = 102.98; t = 2.40, p = 0.02). For psychotic experiences, there
was weak evidence that males with psychotic experiences (1573.43ml, SD = 120.17) had
larger TIV compared to male controls (M = 1551.25ml, SD = 110.43; t =-1.02, p = 0.31),
whereas females had smaller TIV than female controls (M = 1385.15ml, SD = 102.98; t =
1.28, p = 0.20).

Grey matter volumes did not differ substantially between male participants with psychotic
experiences (M =747.24,SD = 55.05; t =-1.42, p = 0.16) or psychotic disorder (M =
767.62ml, SD =49.02; t =-1.72, p = 0.089) to controls (M = 732.72ml, SD = 52.25). No
evidence of grey matter differences was observed for females with psychotic experiences
compared to female controls (M = 654.23ml, SD =58.09 vs M = 661.26, SD = 47.85), however
females with psychotic disorder (M = 637.62ml, SD = 42.44) displayed significantly smaller
grey matter volumes compared to female controls (M = 661.26ml, SD =47.85;t=2.26, p =
0.025).

4.3.6 Odds ratios
Head circumference was a significant predictor of psychosis; scoring in the smallest 10% for

head size was associated with an elevated risk for psychotic experiences in the combined sex
group (OR =1.51,95% Cl: 1.04 — 2.18, p = 0.026) and in females separately (OR = 1.82, 95%
Cl:1.21-2.77, p = 0.005), but not in males (OR: 0.72, 95% Cl: 0.34 — 1.53, p = 0.40). In
contrast, scoring in the largest 10% was not associated with elevated risk (p = 0.99). Larger
odds ratios were observed when looking specifically at psychotic disorder cases, with
increased risk in the combined sex group (OR = 2.56, 95% Cl: 1.29 — 5.06, p = 0.007) and in
females (OR = 3.16, 95% Cl: 1.54 — 6.49, p = 0.002) for small head circumference. No males

with psychotic disorder were classed as having head circumference in the smallest 10%.
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4.4 Discussion
Using data from a large population birth cohort, we present the first comprehensive

exploration of head circumference trajectories from birth through to age 15 years in
individuals with psychotic experiences. Our findings suggest that even at a subclinical level,
head growth is atypical in individuals with psychotic symptoms. Smaller head circumference
trajectories were observed in female with psychotic experiences relative to female controls,
whereas males displayed a tendency for larger head circumference relative to male controls.
Nevertheless, our findings support the neurodevelopmental model of psychosis, as smaller
head circumference was observed during childhood and adolescence which was also linked
with smaller TIV and GM volumes in adulthood. We also provide evidence that smaller, and
not larger head circumference is associated with increased risk for both psychotic

experiences and psychotic disorder.

Small head circumference at birth in individuals who go on to develop schizophrenia has
been reported in several studies,’#198200-202 however the longitudinal trajectory of head
circumference is unclear. Moreover, not all studies find reduced head circumference in
neonates and during infancy, with some studies reporting larger head circumference and/or
increased growth.2932%4 |n adulthood, schizophrenia is associated with reduced total brain

volume, %’

and one might hypothesise that differences in head circumference may emerge
early during development. Our study provides evidence that head circumference is
significantly reduced in those with psychotic disorder, as well as in females with psychotic
experiences. This reduction is present from birth through to adolescence, as noted by the
lack of an age by group interaction. In contrast, there was no evidence of reduced head
circumference in males with psychotic experiences, which is congruent with findings at time
of birth from two retrospective studies in individuals who go on to develop schizophrenia’*
or schizo-affective disorder/unspecified functional psychosis.'®® Furthermore, at least two
studies in adulthood report increased head circumference in males with schizophrenia, 7>?10

which corresponds with our finding of increased head circumference for male youth with

psychotic experiences.

Head circumference shares a strong correlation with TIV (r = >0.70) and can be used as a
proxy for brain development across the lifespan.®* However, one meta-analysis of total

brain volume (27 studies), intracranial volume (18 studies) and extracranial/head
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circumference (8 studies) in adults with schizophrenia reports small but statistically
significant reduction in brain and intracranial size, whereas differences in head
circumference were inconclusive.?!! 75210 99 7677The incongruent findings between the two
may be a result of the various tissues and spaces e.g., the skull, sinus, muscle, subcutaneous
fat, meninges, and epidermal layers, which contribute towards head circumference and not
brain volume.?? 2!1Fyrthermore, the present study collected data on children and
adolescents, whereas the meta-analysis was based on adult data with a specific
schizophrenia diagnosis. This meta-analysis was published in 1996, more up-to-date
research is required to explore the relationships between the psychosis spectrum and head

size across the lifespan.

The lack of research in this area limits our understanding of potential meaningful clinical
subgroups which may or may not be linked to distinct head circumference trajectories. A
subset of individuals with psychotic experiences also have a comorbid diagnosis of ASD,
although this represents a small percentage (6%). It could be hypothesised that these
individuals may share a common neurobiology with those with ASD. Given that psychosis
was associated with smaller head circumference compared to controls, while ASD was linked
to enlarged head circumference, it would be interesting to explore whether individuals
comorbid for ASD and psychosis present with intermediate head circumference, or could be
further sub-grouped into larger or smaller head circumference categories. If the latter, this
distinction could provide insight into symptom profiles of these complex cases and might
help inform future treatment strategies. However, this study was underpowered to examine
whether the comorbid group showed distinct head circumference trajectories, due to the

small number of participants who had both ASD and psychosis.

Despite reporting increased head circumference in males with psychotic experiences, scoring
in the largest 10% of head size was not associated with increased risk for psychotic
experiences or psychotic disorder. Small head circumference at birth was a better predictor
of psychosis risk and could serve as a potential biomarker to aid identification of individuals
at risk for psychosis. The mechanisms for reduced head circumference in psychosis are
complex and likely multifaceted. Perinatal insults such as maternal infection, nutritional

deficiencies, and complications during childbirth such as hypoxia are all linked to increased
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risk of psychotic disorders and reduced head circumference.®®?3 Further reductions in GM

volume may occur just before or at the onset of clinical disorder.?14

There are several limitations to consider. As with most longitudinal studies, attrition and
missing data reduced the sample size and representativeness of the study. We attempted to
minimise the potential for selection bias by including participants with at least one head
circumference measurement instead of requiring complete data on this measure. The
number meeting our operational case definition of psychotic disorder was small and did not
entail independent diagnosis by a healthcare provider. There were few males with psychotic
disorder in this sample (n = 13), so the findings based on these individuals must be treated
with caution. We adjusted for the main but not all confounders that have been implicated
both in risk for psychosis and in head circumference, to avoid complicating the models so it
is possible that we missed other factors that may have altered our results. Despite these
limitations, this study makes a unique contribution to the investigation of head
circumference within populations at risk for psychosis and improves our understanding of

the neurodevelopmental trajectories within this group.

This study provides novel evidence for atypical head circumference trajectories that persist
from birth to adolescence in young people with psychotic experiences, and compliments

observations of brain volume in adults with psychosis. As measures of head circumference
provide a useful proxy of brain development, our findings highlight that deviations in brain

development are present at an early age across the psychosis spectrum.

4.4 Supplement
Model fit estimates for analyses in females with psychotic experiences indicated that

incorporating mean-centred age and quadratic terms i.e., mean centred age squared (AIC =
705514.39; BIC = 70567.13) yielded superior results (i.e., lower AIC and BIC values) and a
significant p value (head circumference B =-0.0008 cm, 95% confidence interval [CI] -0.0008
--0.0008, p < 0.0001) compared to model 1 with unadjusted age values (AIC = 78560.03; BIC
=78605.24; B =0.09, 95% CI 0.09 — 0.09, p < 0.0001). Consequently, we incorporated the
time variables from model 2 into all subsequent models. AIC and BIC values remained largely

unchanged beyond this point in univariable and multivariable models.
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Female Head Circumference Trajectories (PE vs Controls)
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Figure 20. Boxplot of head circumference trajectories from birth to 15 years in females with
psychotic experiences (PE).

Model fit estimates for analyses in males with psychotic experiences indicated that
incorporating mean-centred age and quadratic terms i.e., mean centred age squared (AIC =
58624.74, BIC = 58676.03) yielded superior results (i.e., lower AIC and BIC values) and a
significant p value (head circumference B =-0.0008 cm, 95% confidence interval [CI] -0.0008
--0.0008, p < 0.0001) compared to model 1 with unadjusted age values (AIC = 64277.08, BIC
=64321.04; B=0.09, 95% Cl 0.09 — 0.09, p < 0.0001). Consequently, we incorporated the
time variables from model 2 into all subsequent models. AIC and BIC values remained largely

unchanged beyond this point in univariable and multivariable models.
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Male Head Circumference Trajectories (PE vs Controls)
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Figure 21. Boxplot of head circumference trajectories from birth to 15 years in males with
psychotic experiences (PE).

Model fit estimates for analyses in individuals with psychotic disorder indicated that
incorporating mean-centred age and quadratic terms i.e., mean centred age squared (AIC =
120473.5, BIC = 120529.9) yielded superior results (i.e., lower AIC and BIC values) and a
significant p value (head circumference B =-0.0008 cm, 95% confidence interval [CI] -0.0008
--0.0008, p < 0.0001) compared to model 1 with unadjusted age values (AIC = 133144.6, BIC
=133192.9; B=0.09, 95% Cl 0.09 — 0.09, p < 0.0001). Consequently, we incorporated the
time variables from model 2 into all subsequent models. AIC and BIC values remained largely

unchanged beyond this point in univariable and multivariable models.
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Table 19. Characteristics of the full ALSPAC Cohort (N = 15,442).

Full ALSPAC cohort

N (%)

Total

Sex

Male

Female

Missing

Ethnicity

White

Ethnic minority

Missing

Maternal highest education
Compulsory/Vocational/None
Non-compulsory

15,442 (100%)

7,583 (49.10%)
7,262 (47.02%)
597 (3.87%)

11,379 (73.62%)
604 (3.91%)
3,459 (22.46%)

7,975 (51.62%)
4,350 (28.12%)

Missing 3,117 (20.26%)

Mean (SD)
Gestational age (weeks) 38.41 (5.49)
Birth weight 3393.01 (570.72)
Length at birth 50.80 (2.69)
Height at age 15.5 years 169.23 (8.36)
Maternal pre-pregnancy BMI 22.93 (3.84)
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Chapter 5: Volumetric brain characteristics associated with autistic
traits and psychotic experiences

Chapters 3 and 4 examine head circumference and total intracranial volume (TIV) in both
ASD and psychosis. This chapter will examine differences in grey matter volume in

individuals with high autistic traits, using the ALSPAC dataset.

5.1 Introduction
Growing evidence suggests that autistic traits lie on a continuum, with autism spectrum

disorder (ASD) representing the extreme end of the distribution. ASD and autistic traits are
aetiologically linked, with similarities in affected brain regions and reports of a linear
relationship between severity of autistic traits and neuroanatomical changes.?>%1¢ Despite
this current conceptualisation, most neuroimaging studies use case-control designs,?” which

may not accurately reflect the complex and dimensional nature of this condition.

Within ASD, findings relating to brain morphology are heterogenous, with widespread
regions implicated and possible age-varying effects. For example, a 2015 meta-analysis of
high-functioning ASD cases versus controls cited positive correlations between age and GM
volumes in frontal and anterior-temporal regions, and negative correlations for parietal and
inferior temporal regions in ASD.?!8 Subcortical volume differences have been explored in
the ENIGMA ASD working group,?!’ the largest case-control mega-analysis to date,
combining neuroimaging data from 49 cohorts (ASD N = 1,571, Controls = 1,651, age range:
2-64 years). ASD was linked with significantly smaller volumes in the basal ganglia and
amygdala, while the lateral ventricles, TIV, and total grey matter volume were larger in ASD
compared to controls. No interaction effects between diagnosis and age on subcortical
volume were observed, indicating similar neurodevelopmental trajectories. However, a more
recent meta-analysis reported no regions of GM increase or decrease in ASD, even when age

213 while our own meta-analysis of longitudinal imaging studies found

was accounted for,
increased total brain volume limited to childhood (see chapter 2). These meta- and mega-
analyses highlight the complex and challenging nature of attempts to understand ASD and its
neurobiological underpinnings. Using a dimensional rather than a categorical approach
offers a broader and more inclusive avenue for investigating underlying neurobiology of ASD

and better reflects the current nosological perspective.
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Few studies have assessed grey matter differences associated with autistic traits, especially
in adolescents and adults. Within neuroimaging samples, dimensional approaches have
generally employed the Autism Spectrum Quotient (AQ)%%° or the Social Responsiveness
Scale (SRS).2? The AQ is a self-administered questionnaire designed to measure autistic
traits in the general population. It comprises 50 questions assessing the concepts of social
skills, attention switching, attention to detail, communication, and imagination. The SRS is a
65-item questionnaire measuring communication, interpersonal behaviours, and repetitive
or stereotyped behaviours. Several neuroimaging studies in adolescents and adults report
positive correlations between scores on these measures and GM volume in mainly cortical
and some subcortical regions, 2227228 although the same studies also report instances of
negative correlations. These regions are widespread, incorporating frontal, parietal and
temporal cortices. While most studies using the AQ have found an association with brain
morphology, one study found no significant associations between AQ scores and GM

volume.2??

The Social Communication Disorders Checklist (SCDC) is a brief 12-item population screening
tool for autistic traits based on parental- rather than self-report. ASD is a highly heritable
disorder, with heritability estimates of 0.8-0.9.23° Heritability of the SCDC is 0.76, whereas
estimates for the AQ (0.63) and SRS (0.48) are less impressive.t’>231 One might hypothesise
that the scale’s greater heritability might also yield disorder-relevant neuroanatomical
correlations. Until now, no neuroimaging study has investigated the association between
SCDC scores and grey matter volume. We hypothesised that higher scores on the SCDC
would be associated with grey matter differences in young adults across predominately
cortical brain areas associated with higher order language and cognition, i.e., left temporal,
frontal, and parietal regions, with instances of both regional increases and decreases in grey

matter volume, as found with other measures.

5.2 Methods

Sample
Neuroimaging data were acquired from two different sub-studies in the Avon Longitudinal

Study of Parents and Children (ALSPAC) cohort.29>232-236 The ALPSAC Psychotic Experiences
(PE) study recruited participants who were assessed for psychotic experiences at ages 17-18

years using the PLIKSi, selecting individuals with (n = 126) and without (n = 126) such
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experiences.?3®> The ALSPAC Schizophrenia-by-Genotype study recruited participants with
high (n = 98) and low (n = 98) genetic risk for schizophrenia, scanning ages 21-24 years.?3® To
maximise the number of scans, the samples of these two studies were combined, with
unique structural MRI data were available for 434 participants (mean age 21 years). From
this group, 359 participants also had complete data on the SCDC. The SCDC is a parent-
report 12-item scale completed when the child was aged 7.5 years and assesses autism-like
behaviours such as difficulties with social reciprocity and social communication.?3” Scores
range from 0-24, with 24 representing the highest level of impairment. This
continuous/dimensional scale was maintained in our analyses in lieu of using a cut-off of
>=8. This approach facilitated greater sampling power and hence sensitivity, as a categorical

approach would have resulted in only 25 participants with SCDC scores >= 8.

Written informed consent was obtained prior to scanning and participants received modest
financial compensation. Approval was granted by Cardiff University, the ALSPAC Ethics and
Law Committee and the Local Research Ethics Committees. Study data were collected and
managed using REDCap electronic data capture tools hosted at the University of Bristol.?38
REDCap (Research Electronic Data Capture) is a secure, web-based software platform
designed to support data capture for research studies. The study website contains details of
all the data that is available through a fully searchable data dictionary and variable search
tool http://www.bristol.ac.uk/alspac/researchers/our-data/.

MRI Acquisition

MRI data were acquired at Cardiff University Brain Research Imaging Centre (CUBRIC) on a
3T scanner (Signa HDx;GE Medical Systems) using an 8-channel head coil for radiofrequency
reception. A high-resolution, 3D fast spoiled gradient-echo (FSPGR) T1-weighted isotropic
image was oriented to the AC—PC line (TR= 7.8 ms, TE=3ms, inversion time=450ms, flip
angle=20°, field of view=256mmx 256mmx 192mm, 1mm isotropic resolution) to assess grey
matter volume.

Voxel-based morphometry (VBM)

The standard automated approach for measuring grey matter (GM) volume is with voxel-
based morphometry (VBM).?3° This technique involves spatially normalising each T1-
weighted brain scan into a standardised anatomical template and segmenting grey matter

from white matter and cerebrospinal fluid. The Computational Anatomy Toolbox (CAT12,
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http:// dbm.neuro.uni-jena.de/cat12/) for Statistical Parametric Mapping (SPM 12) was used
to preprocess the brain scans. ‘Modulated’ images corrected for non-linear deformations
were used for analyses. Spatial smoothing used a Gaussian kernel of 8mm full width at half
maximum using SPM 12 standard routines. Voxel-wise comparison of modulated T1-
segmented grey matter images was performed using a general linear model, examining the
effect of SCDC scores (continuous from 0-24) on grey matter volume. Age, sex and TIV were
included as covariates. Thresholds were set at p < 0.001 uncorrected at the voxel level, using
family-wise error correction for multiple comparisons at pFWE <0.05 at the cluster level. We
also report results using pFDR (<0.05) correction threshold, which is slightly less stringent
than pFWE. After extracting TIV and total grey matter volume, we performed Kendall
correlations in R (version 4.3.0) to investigate the association between these variables and

SCDC scores.

5.3 Results

5.3.1 Descriptive statistics
Analyses included data from 359 participants (211 female) with SCDC and MRI data (Table

20). Age at scan ranged from 19 — 25 years, with a mean of 21.26 years. The average score
on the SCDC was 2.57 (SD = 3.38), with a range of 0-21. Mean scores were similar to those
observed in the whole ALSPAC sample (N =7,813, M = 2.81, SD = 3.74, range: 0-24). Figure 22
shows the half-normal distribution of SCDC scores with neuroimaging data. Most
participants exhibited minimal autistic traits, with the frequency of elevated autistic traits

progressively decreasing.
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Table 20. Demographic characteristics of MRI analytic sample (N = 359) compared to full ALSPAC sample (N = 15,442)

Analytic Sample N

(%)

Full ALSPAC Sample N(%)

Total

Sex

Male

Female

Missing

Ethnicity

White

Ethnic minority

Missing

Maternal highest educational attainment
Compulsory/Vocational/None
Non-compulsory

Missing

Mean 1Q (SD)

Mean SCDC score (SD)

ASD Diagnosis Present (age 9 years)
Psychotic Experiences Present (age 18 years)

359 (100%)

148 (41.23%)
211 (58.77%)
0

341 (95.01%)
8(2.22%)
10 (2.77%)

168 (46.80%)
185 (51.53%)
6 (1.67%)
110.9 (15.15)
2.57 (3.38)

2 (0.56%)
149 (41.54%)

15,442 (100%)

7,583 (49.10%)
7,262 (47.02%)
597 (3.87%)

11,379 (73.62%)
604 (3.91%)
3,459 (22.46%)

7,975 (51.62%)
4,350 (28.12%)
3,117 (20.26%)
104.1 (16.53)
2.81(3.74)

95

432
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Figure 22. Histogram displaying frequencies of SCDC scores across the neuroimaging sample (N = 359).

5.3.2 Regional grey matter volume
Higher scores on the SCDC (i.e., >= 8) were associated with increased grey matter volume in

the left paracentral lobule extending into the medial surface of the superior frontal gyrus
(pFWE =0.033; -2, -16, 74, Z= 4.10, 313 voxels; Figure 23). Using false discovery rate (FDR),
the left precuneus also showed increased grey matter volume associated with autistic traits

(pFDR =0.037; -21 -48 10; Z = 3.71, voxels = 122; Figure 24). Reductions in grey matter were
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observed in the left supramarginal gyrus extending into the inferior postcentral gyrus

(somatosensory cortex) (pFWE < 0.001; -66, -27, 33, Z = 4.02, 664 voxels; Figure 25).

Figure 23. Autistic traits were associated with increased grey matter volume in the left paracentral lobule and superior
frontal gyrus at FWE correction. This cluster has been circled in light green on the medial brain schematic. Schematic
taken from Wikimedia Commons.

Figure 24. Using FDR correction, autistic traits were associated with increased grey matter volume in the precuneus. See
medial brain schematic above with the precuneus circled in dark green.
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Figure 25. Autistic traits were associated with reductions in grey matter volume in the left supramarginal gyrus
extending into the inferior postcentral gyrus (primary somatosensory cortex). This cluster has been highlighted in
blue on the cortical surface brain schematic. Schematic by Henry Carter, Wikimedia Commons.
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5.3.3 Total intracranial volume (TIV) and total grey matter volume

There was no evidence of a significant correlation between SCDC scores and TIV (tau [357]

0.01, p = 0.76; Figure 26) or total grey matter volume (tau [357]= 0.02, p = 0.62; Figure 27).
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Figure 26. No signification correlation between scores on the social communication disorder checklist (SCDC) and total

intracranial volume (ml).
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Figure 27. No significant correlation between scores on the social communication disorder checklist (SCDC) and total grey
matter volume (ml).

5.4 Discussion
In the current study, we investigated associations between grey matter volume and autistic

traits (measured by the SCDC). Consistent with our hypotheses, autistic traits were
associated with grey matter alterations in cortical brain regions, with no subcortical regions
identified. Differential effects were observed depending on brain region, with both increased
grey matter volume (superior frontal/paracentral and precuneus) and reduced grey matter
volume reported (somatosensory cortex). Our findings suggest alterations in regions
responsible for processing sensory signals from the body (postcentral, supramarginal, and

paracentral gyrus), as well as top-down processing in frontal and parietal regions (superior
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frontal and precuneus). We found no association between autistic traits and TIV or total grey

matter volume in our sample.

Our finding of increased grey matter volume in the left superior frontal gyrus is consistent
with studies of adolescents and adults with high-functioning ASD,?*%24! 3s well as a meta-
analysis spanning ages 7-44 years.?*2 Functionally, this region has been linked to theory of
mind (i.e., attribution of mental states to the self and others), self-reflection, working
memory, and the mediation of cognitive control during social-emotional appraisal.?43%** In
studies examining autistic traits, no alterations were reported in this region, but instead
increased volume was found in an adjacent region, in the left middle frontal gyrus.??> The
middle frontal gyrus contributes to literacy development and conversational
pragmatics,?4>246 with lesions to this area resulting in individuals using simple sentence
structure and fixation of thought patterns.?#”248 The functions of the superior and middle
frontal gyrus both have clear implications in ASD symptomatology, the fact that both regions
were not simultaneously identified in our study might be a reflection of trait heterogeneity
across the spectrum, with some individuals affected by one or the other, or possibly

alterations in both regions, as shown in research from the ENIGMA consortium.?4°

The precuneus, another region associated with theory of mind and self-awareness, showed
increased volume with ASD traits in our study, consistent with findings from two case-
control meta-analysis.?*>2°° Greater impairment on the autism diagnostic observation
schedule (ADOS) communication and social subscales, a gold standard assessment tool for
ASD, has been shown to correlate with weakened connectivity of the middle temporal gyrus
with the superior frontal gyrus, precuneus and paracentral lobule.?>! The paracentral lobule
and the precuneus are thought to operate together to produce a sense of self and
body/spatial representation. Increased volume in the paracentral lobule, alongside increased
volume in the precuneus as found in our study, and knowledge of its functional connections
with other regions suggests that ASD comprises of deficits in intrapersonal and interpersonal

domains which may affect how theory of mind develops.

A number of significant clusters within our study overlap with regions responsible for
processing sensory signals from the body, including the postcentral, supramarginal, and
paracentral gyrus. The postcentral gyrus is the location of the primary somatosensory cortex
within the parietal lobe. The somatosensory cortex processes sensory information from the
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body and is topographically arranged into where each part of the body is processed (i.e.,
homunculus). Atypical sensory processing is common in ASD, affecting 82%-97% of cases,
and documented for all sensory modalities.?*>2°3 Our findings of reduced grey matter
volume in the left inferior postcentral gyrus may correspond with sensory processing of the
face and mouth as this is represented in the inferior region of the homunculus.?** The
postcentral gyrus has also been shown to influence emotional processing, including the
identification, generation, and regulation of emotional states.?> Individuals with ASD are
often reported to have atypical or diminished emotional expression in the face and voice, as
well as difficulty with identifying and understanding their own emotions.?*® This finding is
supported by the multicentre study EU-AIMS LEAP (age range 6-30 years) in which ASD was
associated with reduced grey matter of the postcentral gyrus compared to controls,?*” and in
another meta-analysis in adults with ASD.2*° A meta-analysis of functional imaging studies

also reported reduced activation in this area in adults with ASD compared to controls.?°8

Extending from the postcentral gyrus, we also found reductions in grey matter volume in the
left supramarginal gyrus associated with elevated SCDC scores. This region forms part of the
somatosensory association cortex, which receives input from the primary somatosensory
cortex, occipital and temporal lobes, and projects to supplementary motor and premotor
cortices.?*® The left supramarginal gyrus has been linked to phonological processing and
verbal working memory,269261 as well as gesture planning and comprehension.?%22%3 Previous
research has shown evidence of impaired speech-and-gesture integration in ASD,?%* as well
as generally using less gestures during social interactions.?®> Another phenotypic
characteristic of ASD is cognitive inflexibility and insistence on sameness. One study in
autistic youths ages 10-23 years reported grey matter reductions in the left supramarginal
gyrus in those classified as high insistence on sameness compared to the low insistence
group.?® Finally, increased volume was found in the left paracentral lobule, which is the
medial continuation of the precentral and postcentral gyri (moving deeper within the brain).
The left paracentral lobule controls motor and sensory innervations of the right lower

extremity (leg, foot, genitals) as well as body and spatial representation.

The superior frontal gyrus and precuneus play a critical role in higher order cognition and
top-down processing, in which schemas built on prior knowledge and expectations guide

perceptions of incoming sensory information. Top-down processing is important to navigate
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complex behaviours, such as social interactions, and allows for predictions to be made about
a stimulus e.g., expected facial expressions in different contexts. Several studies have
demonstrated that top-down processing is atypical in individuals with ASD,%%” with a bottom-
up detail driven approach being the more dominant cognitive style. The imbalance between
the use of top-down versus bottom-up approaches may result in poor social adaptation and

difficulties understanding the broader context. 268

While the regions identified in this study correspond to affected regions in ASD cases, we
only found one region which overlapped with previous findings examining autistic traits, 22
namely the left postcentral gyrus. Scores on the SRS and AQ were associated with grey
matter alterations in both cortical and subcortical regions, 222228 whereas SCDC scores were
specifically associated with cortical volumes. Several overlapping regions were identified
between the SRS and AQ, including the right orbitofrontal cortex, left middle temporal gyrus,
and parahippocampal gyrus. The putamen also showed overlap between measures, however
volumes were reduced using the SRS in an adolescent sample, but increased when using the
AQ in an adult sample. Additionally, the cerebellum was larger in the SRS adolescent sample,
but smaller using the AQ in an adult female sample. There does, however, appear to be a
predominance of cortical regions affected across measures, with over double the number of
cortical regions (n = 17) than subcortical (n = 7) when combining findings across studies
using the AQ and SRS. 2227228 This suggests that autistic traits within the general population
are predominantly an impairment of higher order cognition as opposed to lower-level
emotional processing in limbic regions in the subcortex. This is reasonable when considering
the complex nature of human social communication and the need for integration across

visual, auditory, somatosensory and frontal regions for decision-making and inferences.

The general lack of overlapping regions between the SCDC with the SRS and AQ may reflect
that fact these scales capture different aspects of autistic traits. For example, the SCDC may
better capture social and communication impairments that are characteristic of ASD,
whereas the AQ and SRS may capture autistic traits more broadly as they include additional
guestions on repetitive behaviours, restricted interests, and need for routine. It also
highlights how brain related findings remain highly heterogenous across the ASD spectrum.
Moreover, there are differences in administration of these scales, as the SRS and AQ_ are self-

administered questionnaires, with the SRS also having options for teacher/parent
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completion in younger ages, whereas the SCDC is based on parent report and has not been
validated in adult samples. Indeed, two of the studies cited using the SRS were based on
parent-report in adolescents aged 14-17 years,??” and 14-22 years.??8 All of the studies using
the AQ were based on adult self-report, with the majority based on young adults (ages 18-29
years),?22223.225 byt some were based on older cohorts (>38 years).??4226 One of the AQ

studies used the 28-item short version,?%3

whereas the others used the full length 50-item
questionnaire.??2224-226 The present study assessed SCDC at age 7.5 and was parent-
reported. Therefore, our study is at a younger age than the studies using the SRS and AQ.
Discrepancies between the age of cohorts, length/version of the questionnaire, and whether
the measure was self-report or parent-report may have contributed to the lack of agreement

between studies.

In clinical samples, sensitivities for ASD screening are higher using the SCDC (0.85 —0.90)
compared to the SRS (0.74 — 0.80), whereas specificities were higher for the SRS (0.69 —
1.00) than the SCDC (0.28 — 0.82).2%° The SCDC may therefore be superior to the SRS for
screening more general social-communicative psychopathology, including autism, whereas
the SRS may be more suitable for autism specific diagnoses in clinical settings. Within
ALSPAC, a cut-off score of 8 or more yielded sensitivities of 0.75 — 0.94 and specificity of 0.90
—0.91 in relation to independently diagnosed cases of ASD in the general population.?’° In
sum, the brevity (12 items) and strong sensitivity of the SCDC for social and communication
deficits makes this measure well-suited to population-based studies, whereby enhanced

sensitivities are also noted.

One of the most consistently reported brain findings in ASD is that of early brain
overgrowth.?6271 Whether this overgrowth persists has been questioned in the literature,
however our own findings in study 1 of this thesis (chapter 2) suggest that overgrowth is
restricted to the first few years of life, and normalises with age. In the current study, autistic
traits were not associated with increased TIV in adulthood. This might reflect normalisation
of brain volumes akin to findings from study 1, although earlier MRI data is not available in
this study. One population-based cohort (Generation R) which scanned individuals at 10
years of age reported that autistic traits, as measured using the SRS, were negatively
correlated with total brain volume and cortical grey matter volume.?’?> The Adolescent Brain

Cognitive Development Study also reported lower ICV associated with elevated scores on
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the SRS in children aged 9-10 years.?”3 It is possible that while we found regional differences
in frontal/parietal brain regions, these differences are not found globally for total brain
volume. This suggests TIV and total brain volume may be altered in childhood and
adolescence in ASD and ASD traits, but are only seen in adulthood in more severe ASD cases

and not at a trait level.

This study combines data from two neuroimaging cohorts within ALSPAC initially recruited
based on assessments for psychotic experiences and genetic risk for schizophrenia. As such,
sampling bias is present within this study, with 40% of the sample also reporting a history of
psychotic experiences. Subgroup analyses were considered in which those with comorbid
elevated autistic traits and psychotic experiences could be compared to those with elevated
autistic traits alone, however due to the low sampling power (N = 9) these analyses were not

undertaken.

Previous research in the ALSPAC cohort has demonstrated a link between autistic traits and
psychotic experiences. One study which measured autistic traits using the SCDC at 7.5 years
and psychotic experiences at age 12 years reported an 11% increase in odds for every 1 SD
increase in SCDC scores.’® A separate study using the SCDC reported larger odds ratios when
psychotic experiences were distressing and/or frequent until age 24 years (adjusted OR:
1.54, 95% Cl: 0.97 — 2.45, p = 0.07).274 Within the ALSPAC cohort, grey matter alterations in
those with psychotic experiences (n = 138, controls = 275) have already been investigated
with the use of VBM analyses. Volumes were reduced in three regions, the left anterior
cingulate, posterior cingulate, and the thalamus, all of which have been implicated in those
with clinical diagnoses of schizophrenia.®” No regions overlapped with the findings identified
in this study, however another study in a slightly smaller subset of this cohort reports
reduced grey matter in the left supramarginal gyrus was associated with psychotic
experiences (n =125, controls = 125), matching the results with ASD traits in our study,
suggesting this may be a region of shared psychopathology. A meta-analysis of VBM studies
in individuals at clinical-high risk for schizophrenia, recently diagnosed and chronic
schizophrenia patients showed disorder-related cortical to subcortical, left to right
progression of grey matter reductions.”? It is possible that like the psychosis spectrum, the
ASD spectrum may follow a similar pattern of brain alterations, as only left lateralised

cortical regions were affected in this study. Typically developing individuals generally have
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slight asymmetry between left and right hemispheres,?”> favouring left lateralization in
language regions. In contrast, ASD has been shown to be associated with atypical left-to-
right lateralization, with reduced grey matter volume and connections between language

regions and the default mode network in the left hemisphere.?76-278

There are several strengths and limitations to consider. This is the first VBM study of autistic
traits using the SCDC. By using a continuous approach, we avoid artificial cutoffs and can
study brain differences more naturally based on how traits may appear in the population.
However, our sample was initially recruited for a case-control study of psychotic experiences,
based on the psychosis-Like symptoms semi-structured interview, and as a result the brain
regions identified may not fully be representative of autistic trait related changes but also
confounded by psychotic experiences. Nevertheless, the design included controls without
such experiences and with low genetic risk for psychosis, 7>%23¢ and we also identified novel
brain regions associated with social and communication difficulties that were not observed
in previous psychotic experience papers within ALSPAC. Second, the current study focused
on young adults hence developmental changes prior to this age will have been missed;
future work is needed to examine grey matter alterations associated with SCDC scores in

younger samples.

In conclusion, elevated autistic traits measured using the SCDC were associated with
significant increases in grey matter volume in the left paracentral lobule, superior frontal
gyrus, and precuneus, with reductions in the left supramarginal gyrus and postcentral gyrus.
These regions have also been identified as areas of difference in case control studies of
people with ASD, although not in MRI studies examining the SRS and AQ, highlighting the

heterogeneity of autistic traits and ASD.
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Chapter 6: General discussion

In this chapter, | summarise the main findings from my thesis and contextualize these
findings based on the existing literature. | explore the strengths and limitations of my
research, including threats to validity such as bias and confounding. The theoretical and
clinical implications of my findings are discussed along with suggestions for future research.

Finally, | provide overall conclusions to this thesis.

6.1 Summary of main findings
Our knowledge of biomarkers for ASD and psychotic experiences are limited, and it is not
clear how neurodevelopmental trajectories might differ between the two. This thesis had

four main aims:

1. To understand the longitudinal trajectories of TBV in ASD by synthesizing the current
literature through a meta-analysis.

2. To explore head circumference trajectories from birth through to adolescence in
individuals with and without ASD and elevated autistic traits.

3. To explore head circumference trajectories in individuals with psychotic experiences
and psychotic disorder.

4. To examine changes in grey matter volume associated with autistic traits in young
adults, and to compare findings to those with psychotic experiences within the same

cohort.

In the first study of my thesis (chapter 2), | synthesized data from 7 longitudinal
neuroimaging studies comparing TBV in individuals with ASD (n = 559) to controls (n =
3,645). | began with a cross-sectional analysis in which | explored differences in TBV across
all available studies and their timepoints, with an overall finding that TBV was larger in ASD
compared to controls. However, a meta-regression with age revealed that brain overgrowth
appeared to be specific to early childhood (6 months-5 years), with a trend for reduced TBV
in adulthood. For longitudinal changes in TBV over time, ASD showed reduced rate of TBV
growth over time compared to controls. Meta-regressions indicated that lower 1Q was
associated with larger TBV in ASD. This is the first neuroimaging meta-analysis to focus
exclusively on longitudinal studies in individuals with ASD, providing novel findings relating

to changes in neurodevelopment over time.
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The remaining chapters of this thesis use data from the population-based cohort ALSPAC. In
chapter 3, longitudinal head circumference trajectories are charted from birth through to 15
years in young people, (a) with and without ASD and (b) elevated autistic traits. There was
evidence of increased head circumference trajectories in ASD which persisted across this
time period. Severity of ASD was shown to impact trajectories, with largest head
circumference observed in individuals with ASD and comorbid cognitive learning needs
(CLN). However, scoring in the top 10% for largest head circumference at birth was not
associated with later ASD risk, indicating that differences in head circumference may be
subtle initially. Contrary to our hypothesis that elevated autistic traits would be associated
with intermediary trajectories between ASD and controls, our results show significantly
smaller head circumference in the autistic trait group compared to controls. These findings

highlight the distinct trajectories for subclinical traits compared to clinical ASD cases.

Chapter 4 explored head circumference trajectories in those with and without psychotic
experiences. Females with psychotic experiences had smaller head circumference
trajectories compared to female controls, whereas the opposite was observed in males with
psychotic experiences. Those with a more severe classification of psychotic disorder had
smaller head circumference trajectories with no interaction effect with sex. Head
circumference in the lowest 10% at birth was associated with increased odds for developing
both psychotic experiences and psychotic disorder. Based on a subset of this sample, we also
reported that head circumference at birth, 7, and 15 years positively correlated with TIV at
21 years, with coefficients ranging from 0.45 at birth to 0.77 at 7 and 15 years. Therefore,
head circumference is a strong proxy measure for later brain volume, and consistent with
this, we found that females with psychotic disorder had smaller TIV and total grey matter
volume at 21 years compared to female controls. Despite larger head circumference in males
with psychotic experiences, there were no differences in TIV at age 21 in this group, and

males with psychotic disorder also showed no differences in TIV.

Finally, in chapter 5 we investigated differences in TIV and regional grey matter volumes in
individuals according to levels of autistic traits as measured using the SCDC. There was a
positive association between SCDC scores and grey matter volume in the left paracentral
lobule, superior frontal gyrus, and precuneus, and negative association in the left

supramarginal gyrus and inferior postcentral gyrus. These regions are all located within the

123



cortex and are typically involved in higher-order cognition and sensory processing. Despite
these regional differences in brain volume, there was no significant correlation between
SCDC scores with TIV and total grey matter volume. While autistic traits were associated
with increases and decreases in cortical brain regions, previous ALSPAC research on
individuals with psychotic experiences indicate alterations in limbic subcortical structures.
One brain region was associated with both autistic traits and PE and that was the left
supramarginal gyrus, an important region linked to language processes, which showed

reduced grey matter volume.

6.2 Findings in context

Our finding of increased TBV in ASD during early childhood corresponds with two meta-
analyses of cross-sectional MRI data which cite initial brain overgrowth followed by
normalisation of volumes with age.®>°® The timing of brain enlargement is of importance, as
the early years of life are critical in establishing the foundational neural architecture of the
brain while also having implications for future cognitive, social, and behavioural outcomes.??
These early alterations to the developing brain in ASD occur prior to the emergence of ASD
diagnostic behaviours,?’%280 with the average age of diagnosis 5 years.?®! The discrepancy
between the timing of brain-based changes and ASD diagnosis highlights an opportunity for
early detection and intervention which may help to improve developmental trajectories. Our
meta-analysis did not reveal an accelerated rate of change in ASD, suggesting that rapid
growth must have occurred prior to 6 months of age (the earliest neuroimaging timepoint).
One retrospective study of perinatal head size provides evidence of subtle yet atypical
prenatal trajectories in children with ASD, with overgrowth present from the second
trimester (22" week of pregnancy) though to the third trimester.282 The authors also report
no significant between-group differences in head circumference at birth, however
overgrowth was present at 12 and 24 months, suggesting that both pre- and post-natal head
growth trajectories are affected in ASD. However, another study which combined data from
two longitudinal cohorts (Generation R and Raine) reported no differences in prenatal head
growth across the three trimesters between individuals with ASD and controls.?83 Our
research suggests that head circumference is subtly increased from birth but becomes more
notably increased from 2 months of age, consistent with findings from two studies which

report overgrowth at 2-3 months.'>>> In contrast, a population-based study found no
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difference in mean head growth from birth to 12 months in boys with ASD compared to boys
without ASD,%#* and another study found no difference until 36 months, where head

circumference was again larger in boys with ASD.?8>

While the majority of studies are underpowered to assess sex differences, two studies
reported smaller head circumference in girls with ASD compared to girls without ASD
between birth and 17 months.143284 Moreover, research shows that the frequency of
extreme head size (1 standard deviation above or below the average) is greater in boys and
girls with ASD compared to typically developing children, and that boys with ASD in
particular are more likely to have either extremely large or small head circumference.'*® In
contrast, our study found no significant sex effects on head size across groups. However, out
of 78 individuals with ASD, only 17 were female. Therefore, we may have been

underpowered to observe any effects of sex.

While the autistic brain may undergo atypically accelerated growth in prenatal and early
postnatal life, the neurotypical brain may have a greater and more protracted period of
refinement for neural organisation and connectivity during the first years of life. In ASD,
excess neurons are observed mostly in the frontal and temporal cortices, with minimal
changes to the occipital lobe.?3 This expansion of postnatal brain volumes is likely due to a
combination of disorganised cortical layers and atypical neural migration during prenatal
development, as well as atypical gene expression that affects postnatal neurite outgrowth
and synaptogenesis.1’?®® However, our meta-analysis also revealed “normalisation” of brain
volumes with age. It is not clear whether this normalisation is protective or perhaps a
second phase of atypical neurodevelopment. One study using a cohort sequential design
spanning participant ages 6-35 years reports similar trajectories as our meta-analysis,
however the additional datapoints in adulthood reveals that instead of TBV normalising with
age, it continues to decrease into adulthood beyond that of neurotypical controls.'?® There is
some evidence that ASD is associated with atypical activation of apoptotic (cell death)
pathways, with deficient apoptosis in the developing infant brain resulting in excess
neurons/overgrowth, and excessive apoptosis in later childhood and adolescence.?®” If these
findings are correct, capturing group differences in brain volume using cross-sectional
analyses may potentially lead to incorrect assumptions about brain development being

“typical” in ASD, particularly in adolescents and early adulthood where no group differences
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are often cited. Conversely, some cross-sectional studies in adults report larger head
circumference in those with ASD compared to controls,’>!! suggesting that for some
individuals or subgroups, the head/brain may remain enlarged across development relative
to neurotypical individuals. Longitudinal approaches, while being more time-consuming and
costly for researchers, are much more adept at establishing the temporal dynamics of

neurodevelopment and highlighting elements of brain growth which may be atypical in ASD.

Only one out of the seven studies in our meta-analysis included individuals with ASD and IQ
scores of 70 or below, therefore it is difficult to make conclusions about the association
between TBV and |Q based on this study alone. However, the direction of results from our
meta-regression, i.e., lower 1Q associated with larger TBV in ASD, is consistent with findings
from another meta-analysis.’® Previous research suggests that enlarged TBV occurs only in a
subset of individuals (5-37%).2% In addition to lower 1Q being associated with larger TBV,
regressive autism has been linked to larger TBV. Regression in ASD refers to the loss of
previously acquired skills in language and social cognition, normally occurring between 2-3
years following a period of seemingly typical development.?® One study of 114 children with
autism with and without regression reported atypically enlarged TBV only in boys with
regressive ASD, whereas boys without regression did not differ from controls and there were
no differences in females with and without regression.®® However, the current meta-analysis
highlights the clear lack of longitudinal studies that involve individuals with ASD and low
cognitive abilities. This is often due to studies using |Q matched samples, and there may be
challenges in cooperation, particularly in younger children, with laying still for extended
periods in the MRI scanner, following instructions, and difficulties tolerating scanner noise.
Together, this suggests that neuroimaging studies may be underestimating the prevalence of

larger TBV in ASD as they often exclude important subgroups with lower cognitive abilities.

Complementing these findings on the relationship between low 1Q and TBV, we also
explored head circumference trajectories in those with ASD, including subset analyses of
individuals with comorbid ASD and cognitive learning needs (CLN). We found that those with
ASD and comorbid CLN had the largest increase in head circumference trajectories
compared to controls. However, we also found that head circumference trajectories in ASD
remained enlarged compared to controls even when this CLN group were removed,

suggesting that autism in general is associated with atypically increased head circumference
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trajectories. Importantly, we did not observe any interactions between group and age,
suggesting that trajectories are consistently increased in those with ASD from birth to 15

years within our sample.

Compared to research in ASD samples, very little research has investigated head
circumference trajectories associated with elevated autistic traits, especially in population-
based cohorts. In chapter 3, we analysed head circumference data from a large birth cohort
and found autistic traits, as measured using the SCDC, to be associated with reduced head
circumference trajectories. This goes against the idea of neuropathological changes
occurring along a continuum, as one might expect trajectories to be intermediary between
controls and ASD. However, our findings are consistent with those from the Generation R
cohort, albeit during pregnancy, where they reported higher scores on the SRS at age 20
years to be associated with smaller head circumference during late pregnancy. 282 When
these results were pooled together with findings from the Raine study (pooled n = 3,820),
which assessed autistic traits at age 20 years using the AQ, no overall differences in prenatal
head circumference were found. It is possible that the differences in trait measures and age
at measurement may have impacted the findings and be a possible source of confounding.
However, the authors did note that convergent validity is strong between the two measures,
as well as autistic traits being relatively stable across the lifespan. In contrast to these
findings, another study assessing autistic traits (AQ scores) in adults born to term compared
to pre-term with very low birthweight (>1500g) cited faster growth in head circumference
from birth to term to be associated with reduced autistic traits.?®® These findings suggest
that extreme growth, both larger and smaller than expected, are associated with altered
cognitive outcomes and may influence the severity of autistic traits. Some research suggests
that increased head circumference in ASD may be related to a pattern of general increased
growth throughout the body, incorporating height and weight, and that head circumference
may not be uniquely altered compared to the rest of the body.1>4163.164190 \While ASD has

5% neuroimaging findings

been linked to faster growth across all three measurements,
support the idea that there are indeed uniquely altered volumetric changes within the brain
in those with ASD compared to controls, even when TIV is controlled for.24%:290.291 Thjs goes

to highlight that although some head circumference variance is attributed to overall growth,

some variance must also be related to unique changes in brain development in ASD.
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Our two investigational studies on head circumference revealed divergent trajectories for
individuals with ASD compared to psychotic disorder. Namely, head circumference was
increased in ASD but decreased in psychotic disorder. Atypical head circumference at birth in
those who go on to develop schizophrenia is relatively well documented, with a recent
meta-analysis reporting reduced head circumference at birth in schizophrenia, although
narrowly missing formal statistical thresholds (p = 0.057).2'3 Our findings suggested that
scoring in the smallest 10% for head circumference at birth was significantly associated with
increased risk for psychotic disorder, with head circumference consistently decreased from
birth through to adolescence. Although, a study of neonates with genetic risk for
schizophrenia reports the opposite with no significant group differences in head
circumference,?®? consistent with findings from a population-based cohort.??® There is a lack
of studies investigating head circumference during childhood and adolescence in this clinical
group. Therefore, the findings from our study have addressed a significant gap in the
literature regarding how head circumference develops across these developmental ages. The
most recent meta-analysis of adult schizophrenic patients dates back to 1996 and reports no
significant difference compared to controls.?!! Since then, limited research has been
conducted in this area, with one study reporting smaller head circumference in adult
patients (n = 190) compared to controls (p = 0.056),%°* which conflicts with two studies
reporting larger head circumference in males with schizophrenia.”>?%> The heterogeneity of
results indicates that more research is needed to fully understand the developmental
trajectory from birth to adulthood, and the possibility of subgroups with either increased or

reduced head circumference trajectories.

We also found evidence of reduced TIV and total grey matter volume in individuals with
psychotic disorder scanned at age 21 years, corresponding with the findings from another
meta-analysis in over 18,000 patients. **” The same meta-analysis also compares the
differences in brain size in medicated versus antipsychotic-naive patients, reporting
reductions of 1.7% to 2% in TIV and TBV respectively in the naive patients, whereas
reductions were greater in medicated patients at 2% - 2.6%.2°” Research from a Finnish
longitudinal birth cohort also reveals expedited rates of brain volume loss in schizophrenia,
with average TBV reductions of 0.69% in schizophrenia compared to reductions of 0.49% in

controls between the ages of 33-44 years.®® These findings contrast to what we observed in
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ASD, in which our meta-analysis showed generally increased TBV and reduced/slower rate of
volume change, suggesting that the brain may stay larger for longer while growth in
neurotypical individuals catches-up and has more protracted change over time. However, it
is important to note that these studies differ in terms of the age-range of individuals studied,
with our meta-analysis based on childhood to early adulthood whereas the schizophrenia

paper is based on early-to-middle adulthood.

Our examination of regional brain volumes in those with elevated autistic traits compared to
those with psychotic experiences/disorder revealed marked differences between groups.
Autistic traits were associated with both volume increases and decreases in cortical regions
responsible for somatosensory processing and higher-order functions, whereas another
study in the ALSPAC sample found that psychotic experiences were associated with reduced
volume in limbic and subcortical areas deeper in the brain.®’ The paracentral lobule, superior
frontal gyrus, precuneus, and postcentral gyrus were all associated with elevated autistic
traits, and the only overlapping brain region that was also associated with psychotic
experiences/disorder was the supramarginal gyrus. The general lack of overlap in affected
regions further supports the idea that these two conditions follow distinct as opposed to
converging trajectories, albeit at a trait level. Future research is needed to understand the
overlap or divergence of brain changes at the disorder level. The supramarginal gyrus, the
region found to be affected in both disorders, is linked to phonological word processing.
Therefore, grey matter loss in this area may contribute to auditory hallucinations in
schizophrenia, as it is significantly associated with the severity of auditory hallucinations in
schizophrenia,?®® whereas for both psychosis and autism, alterations in this region may
contribute to alexithymia or deficits in emotional self-awareness.?®’ There is currently no
literature on how head circumference is affected in individuals with subclinical psychotic
experiences, highlighting an important literature gap that might inform on
neurodevelopmental trajectories that underlie the prodrome. Our study of head
circumference trajectories in those with psychotic experiences revealed sex-related
differences, with smaller head circumference trajectories in females with psychotic
experiences and larger trajectories in males with psychotic experiences. Furthermore, while
we did not find significant differences in TIV and total grey matter volume between those

with and without psychotic experiences, the direction of changes was the same as that
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observed for head circumference, as mean TIV and total grey matter volume were larger in
males and smaller in females. This corroborates the strong relationship between head
circumference and brain volume and that the former can be used as a proxy measure. A
study of head circumference in individuals at genetic high risk for schizophrenia (two
first/second degree relatives, with or without attenuated symptoms), however report no

association with head circumference.

Overall, our results suggest that changes in head circumference and brain structure are
subtle in those with psychotic experiences compared to psychotic disorder, but that they
appear to lie on a continuum, whereas autistic traits do not seem to be on the same
continuum with ASD as we find opposing head circumference trajectories. Furthermore, we
reported no significant differences in ICV for those with autistic traits compared to controls,
whereas we did observe significant differences in TBV for clinical ASD cases compared to
controls in our meta-analysis. However, more research examining TBV in adulthood in autism
is needed, as TBV may normalise or reduce following this age. Therefore, using these
measures alone, it is hard to accurately say whether autistic traits lie on a continuum with

ASD.

While there was no striking evidence for a continuum between autistic traits and ASD based
on more global measurements such as overall head size and TBV, our investigation of
regional brain volumes did provide some evidence of a continuum. All regions that we found
to be associated with autistic traits have also been reported in previous ASD studies, 2°2%8
highlighting that frontal and parietal regions are impacted both at a trait level and in clinical
ASD cases. The paracentral lobule and inferior post-central gyrus were identified as regions
of altered grey matter volume in those with elevated autistic traits. Combined, these regions
are documented to affect sensory processing across the whole body, from the face to the
lower extremities. Other regions identified included the superior frontal gyrus and
precuneus. These regions have been linked to theory of mind and the ability to make
inferences based on previous conceptual knowledge (top-down processing), both of which
are reported to be atypical in ASD.?°1299:390 Although brain findings in those with ASD traits
were consistent with findings in ASD disorder, our findings were less consistent with studies
examining other measures of autistic traits, as only the left post-central gyrus was identified

in studies using the SRS and AQ questionnaires, suggesting that the specific scale that
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researchers use may have a significant impact on neuroimaging results, despite all measures
being strong predictors of clinical ASD. It should be acknowledged that the imaging data
reported here are exploratory rather than a priori predictions, hence the findings require

replication before they can be considered secure.

One of the key differences between ASD and schizophrenia is the timing of disorder onset
i.e., early childhood versus young adulthood. Aberrations in neurodevelopment must
therefore occur early in ASD, whereas schizophrenia may result from alterations taking place
across a longer period, spanning pre-natal development through to adulthood. Prenatal risk
factors such as maternal infection, stress, nutrition, and hypoxia disrupt neurodevelopment
and confer vulnerability to schizophrenia.?'3 However, exposure to risk factors during
adolescence and adulthood such as cannabis use, migration, urbanicity, social adversity, and
stressful life events are also linked to schizophrenia risk.3°* Therefore, the time window of
vulnerability for schizophrenia may be larger than that of ASD and may impact age of onset.
One conceptual model suggests that the initial prenatal risk factor is enough for
schizophrenia to develop in later life, alternatively the “2-hit model” proposes that the
prenatal exposure is “buffered” until a second post-adolescent insult occurs and the
buffering is no longer adequate.3%? However, adolescence is also a period of substantial
reorganisation of cortical connections, with some regions pruned by 50% and other regions
with very little change.3?® There is evidence of atypical synaptic pruning in schizophrenia.
One hypothesis is that certain genetic variants heighten the vulnerability for synapses to be
pruned, and environmental risk factors such as stress in adolescence may induce additional
atypical glial-mediated pruning.3°* This excessive pruning results in imbalanced cortical
excitation and inhibition, leading to changes to cognition and contributing to negative
symptoms. Imbalanced signals from the cortex are thought to project to the subcortex and
cause dopaminergic dysregulation, impairing predictive learning and sensory processing,
ultimately causing psychosis. Finally, stress from psychotic symptoms may then also feed into
the model and further disrupt pruning processes. Based on these findings, there is evidence
that both schizophrenia and ASD are associated with aberrant changes to synapses, although
the specific genetic variants, timing of pruning and location of these changes may play an

important role in disorder-related symptomology and onset.
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Ultimately, ASD and schizophrenia are separate disorders with neurodevelopmental origins.
While there are some shared symptoms and biological mechanisms that underlie the two,
we also show that there are distinct differences. This is best highlighted by our findings of
increased head circumference trajectories and TBV in ASD whereas we saw the opposite

associated with psychotic disorder.

6.3 Strengths and limitations

This thesis provides novel findings on the neurodevelopmental trajectories relating to both
ASD and psychosis spectra and is strengthened by the longitudinal approaches used in three
of the four studies. A major strength of this work is the use of a large representative
population sample (ALSPAC), which facilitated analyses across a wide-age range and
extensive number of timepoints for head circumference measurements. Most longitudinal
head circumference studies in ASD focus on a restricted time window between birth to 5
years, therefore we provide new data on how trajectories develop across late childhood and
adolescence. This thesis also provides the first study to investigate head circumference
differences in individuals with a history of psychotic experiences. Using this at-risk subclinical
group helps to expand our knowledge of neurodevelopmental trajectories in the prodrome,
as well as aiding our theoretical understanding of when developmental disorder related

changes emerge.

As is common with longitudinal cohort studies, missing data due to attrition reduced the
sample size and representativeness of the study. However, we did not find any substantial
differences in demographic or clinical factors between the complete and analytic sample,
and therefore our sample is generalisable to the complete sample. We examined the impact
of missing data by performing sensitivity analyses on those with and without complete data
for both the ASD and autistic trait measures, in which we observed no differences in results.
We were likely underpowered to explore head circumference differences in those with ASD
and cognitive learning needs (n = 15), and for males with psychotic disorder (n = 13),
therefore caution is advised when interpreting these results as the regression models may
be overfitting the data. Larger samples are needed to confirm these findings, and greater
clinical profiling of the ASD and autistic traits group beyond CLN subgroups would be useful.

For example, exploring whether those with elevated repetitive behaviours or sensory
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sensitivities display different growth trajectories to those with more social deficits, as well as

the impact of common comorbid diagnoses such as ADHD.

For confidentiality reasons, the CLN variable consisted of aggregated data on the level of
cognitive impairment experienced (i.e., specific, moderate, severe, profound learning
difficulties). A limitation of this broad classification is the loss of detailed information about
the specific 1Q levels of participants. While less precise, the CLN variable was selected as it
offered more comprehensive data coverage compared to IQ measures and therefore reduces
the risk of bias associated with missing data. Future research should aim to recruit larger and
more diverse range of participants across different IQ levels, enabling improved insights into

how cognition affects outcomes in ASD populations.

Furthermore, we were unable to perform neuroimaging analyses on clinical ASD cases as
only one individual was included in this sample. Within our head circumference analyses,
the sample could have also been boosted through multiple imputation of missing data on
confounding variables, however the linear mixed model included subjects in the analysis as
long as they contributed head circumference data for at least one timepoint, minimising

data loss.

Another potential limitation stems from the concept of psychopathological continua. People
with autistic traits and/or psychotic experiences appear to be vulnerable to a range of
psychopathological and behavioural outcomes so their links to ASD and schizophrenia
respectively are not direct and wholly predictable. This means that the association between
such traits and experiences with biomarkers is correspondingly weaker such that a signal

may be hard to detect within the statistical noise.

One disadvantage of our neuroimaging analysis is that the sample was preselected for an
earlier study concerned with psychosis, based on responses to a measure of psychotic
experiences as opposed to autistic traits. This sampling bias led to a substantial proportion
of individuals with a history of psychotic experiences, which may confound our findings. This
was clearly acknowledged in the chapter and is reiterated here. Previous research has
already highlighted the heightened prevalence of psychotic experiences in those with

elevated autistic traits and ASD, therefore it may be hard to remove this bias. It could even
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be argued that this particular sampling strategy suited the aims of our analysis namely to

explore whether or not there are changes in focal brain areas common to both disorders.

To ascertain ASD diagnoses, we used parent-report as opposed to data from general
practitioner or healthcare data. This measure was selected as it is a quick and simple
measure and has been used as a diagnosis measure for ASD in ALSPAC and
internationally.'’#17> The number of cases identified is similar, although slightly
overestimated, compared to that of previous ALSPAC studies using multidisciplinary health
and educational records.!®> However, we acknowledge that generally multiple sources of
diagnosis are preferred to ensure that diagnoses are accurate and representative of the full

sample.

Finally, while we controlled for several confounding variables, there is a likelihood that some
important confounders may have also been missed. For example, genetic ancestry, maternal
smoking/drinking, parity, and maternal age at delivery have been considered as confounders
in previous studies.'> However, it is not possible to measure all potential confounders for
practical reasons for both the researcher and the participant, as well as the added model
complexity when samples may already be small. Ethnicity is an important covariate to
consider in head circumference research, however the majority of our analytic sample (94%)
were of white ethnicity, our findings therefore have limited generalizability to other ethnic
groups. We included height as a covariate in a separate model to enable comparisons with
the current literature base, as there is conflicting research regarding the role of height in
head circumference.®* Our results indicate that changes to head circumference are
confounded by changes to height, and therefore that growth in general is atypical in ASD.
Social economic status was first considered as a confounder in our analyses, however we
opted to use maternal education as a proxy for this as there were fewer missing data for this
variable, there is strong evidence that maternal education predicts family resources and
child development, and it is more likely to remain stable compared to other measures such

as income or occupation.3%®

6.4 Implications
The main conclusion of this thesis is that both ASD and psychotic disorder are associated

with atypical growth. This has important implications for both theory and practice.
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Knowledge of the growth differences can help with the identification of genetic and
environmental risk factors and take a step forward towards earlier detection and
intervention, especially as changes to head circumference were seen prior to

behavioural/diagnosis onset.

Head size at birth within the smallest 10™ percentile was a significant predictor of psychotic
experiences and psychotic disorder, suggesting that it could be explored as a prognostic
marker to predict psychosis. Moreover, head circumference trajectories were atypically
decreased from birth through to age 15 years. This finding addresses a clear gap in existing
literature, as previous research has primarily concentrated on birth or adulthood, often
overlooking childhood and adolescence. We also show that head circumference during
childhood and adolescence strongly correlated with TIV in young adulthood, therefore
highlighting that neurodevelopmental changes occurring within the brain can be studied
with the use of head circumference measurements, a cheaper, more feasible and highly

accessible method.

While ASD was associated with increased head circumference from birth and particularly
from 2 months of age, head size within the largest 10th percentile was not associated with
increased risk for ASD. This means that while head circumference is atypical, it may not be as
accurate a prognostic marker compared to small head circumference for psychosis. However,
we did find a link between enlarged TBV and head circumference with lower 1Q in ASD,
suggesting that atypical trajectories are more pronounced in this group and perhaps easier
to detect on a prognostic level, but larger sample sizes will be needed to consolidate this

finding.

Our research also has important theoretical implications for these conditions being classified
as part of a continuum. Through head circumference and brain measurements, we have
shown that psychotic experiences lie on a continuum with psychotic disorder, evidenced by
the similar head circumference trajectories in subclinical and clinical groups, as well as TIV
and total grey matter volume at trend level. In contrast, autistic traits were associated with
opposing trajectories compared to ASD. It is possible that this may reflect possible greater
heterogeneity of the ASD/trait spectrum compared to the psychosis spectrum. It is also
important to factor in that our measurement of autistic traits did not reflect the full ASD
symptom profile, as the SCDC does not assess repetitive behaviours, restricted interests, or
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sensory sensitivities. It may be that greater similarities for head circumference trajectories
would be observed when these additional symptoms are accounted for. That said, previous
research within the ALSPAC cohort shows that the SCDC at 7.5 years is one of four best
individual predictors of ASD based on an assessment of 93 measures relating to autistic

traits.306

6.5 Future directions

Our meta-analysis revealed the sparse number of longitudinal neuroimaging studies that
recruit individuals with ASD and low 1Q, and therefore current research is not entirely
representative of the full ASD spectrum. While recruiting individuals with 1Q difficulties
poses unique challenges, it will be important for future research to accommodate the needs
of individuals with ASD and low 1Q to improve our theoretical understanding, and perhaps
inform clinical guidance as to whether these individuals may form part of a separate

subgroup which may respond differently to intervention.

A recent review of research in older adults with ASD reveals the striking lack of studies in
this age group, with only 0.4% of published ASD studies over the last decade pertaining to
older adults.3%” Within the meta-analysis, only one of the studies included participants over
the age of 18, therefore our understanding of whether changes in neurodevelopment over
time are protective or degenerative is incredibly limited. It will be important for current and
new longitudinal cohorts to track development across larger age periods to see the full
extent of the neurodevelopmental trajectory. Furthermore, although our head
circumference measurements spanned ages birth through 15 years, we need to chart

beyond this age to delineate if increased head circumference trajectories persist.

While clinical markers of ASD and psychosis are abundant, there are currently no validated
biological markers. Our research finds evidence of atypical head circumference in ASD and
psychotic disorder, it will be important for future research to see if these findings replicate in

larger samples and explore the clinical utility of using head growth as a diagnostic aid.

This study used cross-sectional neuroimaging data to study volumetric differences in those
with elevated autistic traits. ALSPAC has recently finished collecting a second wave of
neuroimaging data at age 30 years, offering an exciting opportunity to explore trait and

disorder-related brain changes over time. Upcoming research will explore whether factors
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like transience versus persistence of psychotic experiences may be related to differences
within the brain, which may have important theoretical implications. Moreover, only a small
number of participants in our neuroimaging analyses were comorbid for elevated autistic
traits and psychotic experiences (n = 9). It would be interesting for future research to see
whether comorbidity is associated with any unique structural differences, or whether

regions overlap with those identified in individual cases of ASD/traits or psychotic disorders.

6.6 Conclusions

Our findings provide important insights into the neurodevelopmental trajectories of ASD and
psychotic disorder. Both conditions are associated with atypical growth, with increased TBV
and head circumference in ASD; whereas reductions in head circumference trajectories and
TIV were seen in those with psychotic disorder. On a trait level, autistic traits were not
associated with increased head circumference trajectories or TIV, however, we did find
evidence of structural grey matter changes in the trait group in regions which correspond to
previous literature in ASD samples. Evidence of a continuum was clearer when exploring
head circumference trajectories and TIV in those with psychotic experiences compared to
psychotic disorder, at least in females. Our research provides important information in
relation to the developmental timing of atypical head growth, with both ASD and psychotic
disorder associated with changes from birth. It is crucial to acknowledge the limitations of
these studies when interpreting the findings. A key limitation was the small sample size in
specific groups, particularly among individuals with ASD and comorbid cognitive learning
needs, as well as for males with psychotic disorder. Furthermore, we could not examine
head circumference trajectories in those with intellectual disability (IQ <70) groups directly,
and instead used CLN as a proxy measure. Future research should aim to replicate these
analyses in larger, more diverse samples to validate the results. Additionally, further
investigation is needed to evaluate the reliability of using brain growth and head

circumference trajectories as prognostic markers for these conditions.
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