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Editorial on the Research Topic
Comorbidity and Autism Spectrum Disorder

This Research Topic consists of 32 articles, contributed by 283 authors, focusing on recent
understanding regarding the impact and management of comorbidities associated with autism
spectrum disorder (ASD). This Research Topic sought to answer questions such as: Are standard
screening instruments capable of delineating the full range of impairment in ASD without
considering comorbidities? Given the difficulties in communication for many ASD patients, what
red flags point toward the presence of comorbidities? How do comorbid conditions relate to
maladaptive behaviors? How do health care providers grapple with the juxtaposition of intellectual
disability (ID), non-verbal clinical care, and comorbidities in ASD? This Research Topic attempted
to answer these and other questions while raising awareness on how comorbid conditions increase
both mortality and morbidity in ASD.

The presence of a chronic disorder that co-occurs, at the same time or in tandem, with a
primary disease is a comorbidity. Defining the presence and natural history of comorbidities
is important as it serves to better inform treatment and prognosis (1). For many individuals,
comorbidities worsen the way they feel, behave, and think about themselves. Indeed, comorbidities
add a multidimensional component to both diagnosis and treatment that colors the expectations of
patients as well as their treating physicians.

By themselves, comorbidities are associated with worse outcomes and increased health needs.
The presence of co-occurring medical conditions confers those affected with a higher level of
morbidity, increased risk of depression, and reduced level of social well-being (2). These patients
require more frequent and targeted clinical management (e.g., to avoid dangers of polypharmacy),
services planning (e.g., coordination between various health care professionals), and financing. The
more precise our understanding of a disease and its comorbidities the better the clinical care and
health services that can be provided. It should come as no surprise that treatment of comorbidities
generally improves the quality of life of affected patients.

The abundance of chronic conditions (e.g., diabetes, arthritis, obesity, depression) in modern
medicine makes comorbidity the norm rather than the exception. In 2014, approximately 42% of
adult Americans had multiple chronic conditions (3). Indeed, almost 77% of Medicare spending
goes to people with multimorbid conditions; that is, the presence of 2 or more chronic disorders
(4). A population-based survey in Sweden revealed that half of individuals with ASD (9-year-old
twins born between 1992 and 2001) had four or more coexisting disorders while only 4% did not
have a concomitant disorder (5). Considering that ASD is a lifelong condition, affecting 1 of every
54 children, the subject of comorbidities is of great importance for patient-centered health research,
especially so as the mean age of our population increases (6-8).
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In ASD, comorbidities do not occur evenly but tend to cluster
into different subgroups. A recent study reported that ASD
individuals can be subtyped according to whether they exhibit
seizures, multisystem disorders, psychiatric disorders, or whether
they lack a defined comorbidity (9). External validation of the
different clusters was derived from within group commonalities
in medical trajectories and an inability to generalize results
among the different subgroups. The study demonstrates the
usefulness of thinking about ASD as being divided into “essential
or uncomplicated” and “complex” subgroups each with a
different outcome and recurrence risk [e.g., (10)].

Comorbidities in ASD manifest as impairments outside of
its core diagnostic features; the latter being deficits in social
communication/interaction, and restricted, repetitive patterns of
behavior, interests, or activities, including sensory processing
difficulties (11). Epilepsy, psychiatric/behavioral complaints, and
gastrointestinal (GI) disorders are common comorbidities of
ASD, especially in subjects with intellectual disability (ID) (12).
Comorbidities frequently manifest in preschool years (Muratori
etal.) and their presence may be the best predictor of maladaptive
behavior, respective of ASD symptom severity, presence of ID or
limitations in adaptive functioning (Skwerer et al.).

The prevalence of comorbidities varies widely, from study to
study, probably pointing to the fact that ASD is not a unitary
disorder but a spectrum involving different pathophysiologies.
Lumping patients into a single group tends to average out
significant differences within a study population. Conclusions
from these prevalence studies should be taken cautiously as
research designs tend to exhibit multiple limitations. Indeed,
when interpreting results, one must consider the variability
ingrained in different ascertainment methods and the lack of
available specialized consultative care in some study centers. In
addition, many prevalence studies on comorbidities use small
patient samples and/or fail to address the impact of demographic,
socioeconomic, ethnic, and geographical factors on diagnosis.

In ASD, the expression of comorbidities stemming from any
given organ system can take multiple forms. For GI comorbidities
this may involve gastroesophageal reflux (GERD), constipation,
diarrhea, food allergies, colitis, ulcers, and inflammatory bowel
disease (13). These are all common disorders, readily observed
in the general population and frequently associated with ID,
sleep problems, behavioral disorders, and even connective tissue
disorders like Ehlers-Danlos syndrome (EDS), which are also
comorbid with ASD (Penzol et al; Baeza-Velasco et al.).
Associated behaviors may exhibit varying relationships to GI
symptoms at different ages, a fact having important implications
for medical care (Cawthrope; Ferguson et al.). In effect, treating
GI disorders may help alleviate a broad array of disorders
(e.g., mental, behavioral, sleep) in the multimorbid ASD patient
(Neuhaus et al.).

Symptoms of comorbidities in ASD may be atypical and are
often difficult to recognize (14). A major culprit propitiating
these diagnostic difficulties is communication problems. In ASD,
25-50% of individuals are unable to speak (15). Furthermore,
90% of ASD toddlers are unable to point protodeclaratively or
protoimperatively (16). Indeed, many individuals with ASD are
incapable of pointing to the source of their discomfort, find it

difficult to attend to or detect bodily sensations (17), have poor
integration of body scheme representation, and have atypical
sensory perceptions or reports of pain (18). This inability to
communicate pain or discomfort to other people may propitiate
the enactment of inappropriate behaviors as a way for patients to
express themselves and attract attention to their plight.

Changes in behavior, even maladaptive behaviors, may
indicate an underlying comorbidity. It is common for
maladaptive behaviors to mask comorbidities and for
these conducts to be dismissed as being either “autistic
behaviors” (diagnostic overshadowing) or the result of
environmental/sensory stressors. Changes in behaviors may
manifest at home, at school, as alterations in every-day situations
or as problems in already established personal relationships.
Curiously, on some occasions, these behaviors may serve to
mask an ASD diagnosis, especially in women. Females with
ASD are the great chameleons of diagnostic medicine. They
often gain social acceptance through rehearsed mimicry. Those
that successfully camouflage their ASD are often misdiagnosed
as having a borderline personality disorder, being bipolar
or as suffering from major depression [see (19)]. In these
cases, a putative comorbidity draws attention away from the
primary diagnosis.

It is important to be cautious when facing unexplained
multi-system involvement in a patient with ASD. Think
of an underlying comorbidity if: there are unexplained
signs and symptoms (including self-injurious and hetero-
aggressive behaviors), in the case of maladaptive behaviors that
cannot be contextualized during psycho-educational behavioral
assessments (e.g., functional analysis), there are changes from
baseline (including regression of skills—especially after 3 years
of age), the patient is not responding as expected to therapeutic
interventions, has a history of frequent visits to the emergency
room, has a history of perinatal complications, or is taking
multiple drugs along with over-the-counter (OTC) medications
and dietary supplements (20-23). It is mandatory in these
patients to screen for comorbidities by first taking a structured
review of systems. It does not cost anything to ask questions!
A review of systems is less expensive and more illuminating
than many laboratory tests (24). It is surprising to us how many
times a patient’s symptoms are not reported because they are not
considered relevant. In those occasions when parents do report
symptoms, trust them, especially when they make comparisons
to their other children.

Aging is a non-modifiable risk factor for comorbidity
that makes apparent the need for comprehensive health care
targeting multiple conditions. There are differences in the
strength of association between symptoms across age strata that
suggests a plausible temporal mechanism (Cawthrope). Gender
is another non-modifiable factor that may help identify specific
comorbidities (e.g., anorexia nervosa, see Margari et al.) or
act through sex-related perinatal complications (25). Lack of
exercise, improper diet (caloric dense and nutrient-poor), the use
of certain medications (e.g., neuroleptics), food selectivity and
genetic makeup may predispose individuals with ASD to obesity
and poor nutrition (Nor et al.). This modifiable comorbidity,
obesity, predisposes an individual to insulin resistance and type
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2 diabetes mellitus, hypertension, dyslipidemia, cardiovascular
disease, stroke, sleep apnea, gallbladder disease, hyperuricemia,
gout, and osteoarthritis. Obesity has emerged as an epidemic
among our ASD children who are plagued by both risk factors
and an “obesogenic” environment (26). Prevention of excess
weight gain is therefore a major target of personalized medicine
meant to improve physical fitness in children with ASD (27-29).

This Research Topic can be divided into five subtopics
that include: (1) comorbidities and psychiatric manifestations,
(2) anatomical correlates, (3) specific examples, (4) intellectual
disabilities, and (5) mechanisms. In the paragraphs below we will
summarize each article within its subtopic.

1) Comorbidities and psychiatric manifestations: According to
Druss and Walker (30) “having a mental disorder is a
risk factor for developing a chronic condition, and having
a chronic condition is a risk factor for developing a
mental disorder.” Indeed, the pathways leading to the co-
occurrence of medical and mental disorders are complex and
bidirectional, often espousing common risk factors.

Using cross-sectional regression analyses (Avni et al.) found
that an ASD diagnosis was associated with poorer adaptive
functioning skills in a large and well-characterized sample
of 260 young people with ADHD/ anxiety symptoms. The
study also found that ADHD and anxiety symptoms predicted
poorer adaptive functioning skills over and above IQ scores.
Diagnosing these comorbidities early on is of importance in
improving outcome.

Guerrera et al. recruited 37,500 children and adolescents
and assessed psychopathological comorbidities using the Child
Behavior Checklist (CBCL). Results showed that approximately
30% of the subjects exhibited internalizing problems as compared
to the 6% that manifested externalizing problems. There was no
correlation between CBCL scores and indices of ASD severity.
The authors suggest that detection of distinct behavioral and
emotional problems in ASD may lead to more specific and
individualized treatments.

Muratori et al. completed a detailed assessment of the
incidence of psychiatric comorbidity (PC) in 989 preschool
age children with ASD using the DSM-Oriented Scales of an
age-specific version of the CBCL 1.5-5. They compared IQ
measures and other characteristics of the children with ASD only
and ASD + PC, both mono-comorbid vs. multi-comorbid PC.
They reported that 37.8% of the sample had at least one PC
in addition to ASD, and that such subjects tended to exhibit
lower overall performance IQ and higher ADOS calibrated
severity scores. The higher rate of PC was reflective of increased
Affective Problems, ADHD Problems, Anxiety Problems, and
to a lesser extent Oppositional Problems. When considered
together their data suggests that greater consideration of PC
should be undertaken when evaluating and developing individual
treatment or intervention plans for children with ASD.

Roberts et al. followed a large sample of males (n = 74) with
fragile x syndrome (F x S) for their developmental and temporal
profile of social avoidance during early childhood. Parameters
for increased social avoidance predicted elevated ASD severity

but reduced ADHD and anxiety within the study population.
ASD, ADHD and anxiety symptoms related inconsistently to
social avoidance behaviors. The results provide new insights into
ongoing debates as to the independence or overlap among these
disordersin F x S.

Skwerer et al. characterized the profile of co-morbid
symptoms of psychopathology and emotion dysregulation in
people with ASD with minimally verbal abilities. Correlations
were found among ratings of emotional dysregulation, severity
scores on co-morbidities and maladaptive behavior ratings,
but none of these measures were correlated with ASD
symptom severity scores. The number of clinically significant
psychiatric symptoms was found to be the main predictor of
maladaptive behaviors.

The study by Top et al. had three main aims. Firstly, the
study reports data on self-report measures of sensory processing,
anxious apprehension, and intolerance of uncertainty in three
groups; (a) adults with ASD (AUT), (b) individuals with high
levels of anxiety (ANX), and (c) neurotypical adults (NT). Adults
with ASD scored higher than both other groups on Sensation
Avoiding, Low Registration, and Sensory Seeking and scored
similar to the ANX group on Sensory Sensitivity and Intolerance
of Uncertainty. Anxious participants scored higher than both
other groups on anxious apprehension. Significant correlations
were reported between sensory sensitivity, anxious apprehension,
and intolerance of uncertainty. Secondly, the study reports
baseline physiological arousal in each of the three groups through
measurements of baseline pupillary size. The AUT group had
larger baseline pupil size than the NT group but similar size
to the ANX group. However, the ANX group demonstrated
decreasing pupil size throughout the experiment, which was not
demonstrated by the AUT group. Thirdly and lastly, pupil size
did not differ between groups in response to auditory stimuli or
in habituation to stimuli over time.

Weiss and Fardella studied prior experiences with
victimization and perpetration in adults with ASD (n =
45) and a healthy control group (n = 42). The participants filled
out questionnaire measures, and the adults with ASD reported
higher levels of negative experiences with victimization than
the healthy control group. These group differences are not
better explained by self-reported abilities in sociocommunicative
abilities or emotion regulation difficulties. However, no group
difference appeared in relation to experiences with perpetration.
Previous studies have tended to focus on specific types of
victimization and not perpetration.

2) Anatomical correlates: Form and function complement our
understanding of each other. This is especially true for
multimodal imaging classifiers that combine anatomical,
neurochemical and white matter integrity measures in
systems-biology-based models that enable health practitioners
to better address the underlying causes of disease.

Cai et al. investigated structural differences between patients with
High Functioning Autism (HFA) vs. Low Functioning Autism
(LFA). Using an unbiased whole brain VBM-DARTEL method
and a 3T MRI system to assess neuroanatomical differences
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in Gray Matter Volume (GMYV) in various regions of interest
(ROIs). They found that LFA and HFA had the same abnormal
brain regions, but LFA had more abnormal brain anatomy
regions than HFA. Increased GMV in the left Inferior Temporal
Gyrus (ITG) were found in both HFA and LFA and increased
GMYV of the Left Medial Temporal Gyrus (MTG) was found only
in the LFA group. Significant negative correlation between Gray
Matter Volume of Left Inferior Temporal Gyrus and the score of
repetitive behavior was also found, at least among HFA subjects.

Dekhil et al. reported on a computer-aided detection and
diagnosis system (CAD) for ASD based on anatomical and
functional indices of connectivity in brain regions that are
commonly abnormal in ASD. The accuracy of a diagnosis was
75% when using fMRI data, 79% when using structural MRI data,
and 81% when using a combination of both. By parcellating the
data according to brain regions, a personalized brain map can be
created that can help target therapeutic interventions.

Using functional magnetic resonance imaging (fMRI) (Lukito
et al.) compared the neurofunctional correlates of duration
discrimination between young adult males with ASD (n = 23),
ADHD (n = 25), the comorbid condition of ASD+ADHD
(n = 24), and those with typical development (TD, n =
26). By means of fMRI the authors aimed to study duration
discrimination deficits and to test whether those deficits are
underpinned by the same or different processes. Using both
ROI and whole brain analyses the comorbid ASD + ADHD
demonstrated significant under-activation in the right inferior
frontal cortex compared to the other groups. The findings suggest
that in adulthood, the comorbid ADHD + ASD, but not the pure
conditions, demonstrate deficits in a brain region responsible for
duration discrimination.

Nickel et al. reported a comparison of MRI findings in
males with ASD and comorbid ADHD to those with ADHD
only and neurotypical controls. A significant (after correction)
decrease in volume of the left inferior frontal gyrus (pars
orbitalis region) was found to be driven by ADHD, which was
categorical rather than correlative with severity. ADHD alone,
ASD alone, and ASDxADHD were each tied to trends in mean
curvature changes in multiple different brain regions. The study
suggested that the left inferior frontal gyrus might play a role
in modulating symptoms of inattention and/or impulsivity in
ADHD. Other observations based on cortical thickness and mean
curvature, require further attention in studies using a larger
sample population.

3) Specific examples: Feinstein first defined a comorbidity as,
“Any distinct additional entity that has existed or may occur
during the clinical course of a patient who has the index disease
under study” (31). This terminology is imprecise and provides
little guidance to health care professionals who may not find
it self-evident as to which is the designated index condition
and which is the comorbid condition (32). In the primary
care setting index these labels are often neither obvious nor
helpful, “and may vary in relation to the research question,
the disease that prompted a particular episode of care, or
of the specialty of the attending physician” [(32), p. 358].
Comorbidities challenge the single-disease framework upon

which most of our health care system and medical education
is configured (33).

Baeza-Velasco et al. described the current knowledge on possible
links between ASD and joint-hypermobility related disorders.
Joint hypermobility occurs in isolation or associated with genetic
syndromes especially in collagen related disorders. Connective
tissue diseases are frequently a source of joint pain and
multisystem involvement. Individuals with ASD have social
communication defects that may conceal pain conditions. The
authors suggest keeping in mind joint hypermobility and/or
collagen related disorders in people with ASD as a source of pain
that can, in turn, exacerbate behavioral disturbances.

Cawthorpe screened for associations between ASD and a
wide range of ICD diagnoses in a pediatric population. Analyses
showed differences in terms of strength of associations across
age strata suggesting plausible temporal mechanisms. Levels
of GI symptoms accounted for unique variance in psychiatric
outcomes over and above other factors, linking increased GI
problems with increased psychiatric symptoms in children
with ASD.

De Crescenzo et al. performed a meta-analysis of the
literature on ASD symptoms in individuals with schizophrenia.
Both disorders share impairments in reciprocal social interaction
and social withdrawal, as well as other cognitive symptoms.
Furthermore, childhood onset schizophrenia has a high
comorbidity with ASD. This study compared ASD scores on
the Autism Spectrum Quotient and subscores from 13 studies
involving patients with Schizophrenia. Other ASD assessments
were also included such as SRS, ADOS-2, CARS, and ASSQ. The
evidence from 1958 patients supported the finding of increased
ASD symptoms in patients compared to control samples, but
fewer symptoms compared to those with ASD diagnosis. This
suggest some shared psychiatric vulnerability, which is not
surprising given some common genetic underpinnings.

Dy and Tanchanco provide the first case report of co-
occurring achondroplasia and ASD. Both conditions are
common on their own and their coincidental co-occurrence
is to be expected. Achondroplasia typically presents with
musculoskeletal impairments; however, the presence of
delays in other domains of development, particularly social
communication, should raise the suspicion of ASD. Recognition
is important as early intervention is critical toward addressing
the unique needs of such a patient.

Ferguson, Dovgan, Severns et al. studied the relationship
between nutritional intake and gastrointestinal symptomatology
in children with ASD (n = 120). The study found no significant
associations between GI symptoms, omega-3 fatty acids and/or
other micro- and macronutrients in the diet. The findings suggest
a disconnect between dietary changes and GI symptoms in
ASD individuals.

Ferguson, Hamlin, Lantz et al. examined the relationship
between GI disorders, problem behaviors and internalizing
symptoms in a sample of 340 children and adolescents with ASD.
Externalizing problem behaviors and internalizing symptoms
associated with GI problems differ between young and older
children with ASD. The results suggest a different relationship
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of GI symptoms at different ages, a difference which may have
implications for the longitudinal follow-up of patients as well as
for their treatment.

Nor et al. designed and conducted a cross sectional study to
assess the prevalence of obesity and overweight among Malaysian
ASD children and adolescents. The methods were predominantly
psychometric in nature and completed by the children’s parents.
The reported prevalence in ASD was higher than in the general
population matched for age and gender, with higher risk for
the older age ones, high maternal BMI, older paternal age,
low physical activity, food refusal, and food selectivity. Feeding
difficulties, limited variety, and a lack of physical activity was
related to higher weight gain.

Lindor et al. studied whether the link between greater ASD
symptom severity and problem behaviors is moderated by
sleep disturbance. The authors reported a positive relationship
between ASD severity and problem behaviors for those ASD
individuals with mild or no sleep disturbance. By way of contrast,
there was no significant relationship between ASD symptom
severity and problem behavior among those ASD individuals
with moderate-to-severe sleep disturbance. Significant problem
behaviors were apparent across all individuals with moderate-
to-severe sleep disturbances regardless of the severity of
ASD symptoms. The study highlights how profiling of ASD
individuals based on their sleeping habits may help identify those
prone to clinically significant problem behaviors.

While sex-differences in ASD has been associated with IQ
and cognitive function, Margari et al. examined whether male
and female high functioning autism (HFA) patients might
develop specific comorbidities phenotypes in this retrospective
study. The study evaluated 159 HFA patients (100 male
and 59 female) for the presence/absence, type and gender
distribution of psychopathological comorbidities (Attention
Deficit Hyperactivity Disorder, Anxiety Disorders, Depressive
Disorders, Bipolar Disorder, Obsessive-Compulsive Disorder,
and Anorexia Nervosa), according to DSM-5 diagnostic criteria.
The study found a bias, favoring females, in Anorexia Nervosa
among HF ASD patients.

Neuhaus et al. studied the records of 2,800 patients with
ASD and found that parent-reported GI concerns are present
in approximately one third of patients, and that GI symptoms
are an independent predictor of internalizing, externalizing,
and self-injurious behaviors. They document an increased
prevalence of comorbid psychiatric problems in those patients
with GI symptoms.

In a retrospective study Penzol et al. reviewed the prevalence
of GI disorders in ASD and described their clinical correlates.
The study included all patients (n = 845) with documented
information regarding GI disorders (GID) admitted to a general
hospital during a span of 3 years. GIDs were present in 30.5%
of the patients, the most common complaint being constipation.
GIDs were significantly associated with ID, sleep disorders and
treatment with psychopharmacological drugs.

4) Intellectual disabilities: There is a large degree of clinical
heterogeneity in both ID and ASD. Their complex
interactions and expression may negate the generalizability

of observational findings to the general population. Still, this
area should be prioritized in research. Their multi-morbidity
burden is greater, occurs at a much earlier age, and they are at
the receiving end of health service inequalities.

Casanova et al. investigated genotype-phenotype correlations
in ID. The study selected from a database of patients with
ID and comorbidities of ASD, epilepsy, and a group without
comorbidities (neither ASD nor epilepsy). These groups were
further characterized by secondary manifestations of complex
vs. simple facial dysmorphia (CFD/SFD) and neurodegenerative-
like features (NLF). Phenotypic analysis showed high frequency
of CFD in ID with ASD and NLF in ID with epilepsy. Gene
covariation analyses were conducted and revealed ID networks
with functional enrichment in relation to CFD and NLF. These
findings suggest that clinical features related to ID are predictive
of underlying genotype.

Miot et al. studied 63 adults with ASD-ID with detailed
clinical and screening for comorbidities.
Investigators found a large range of comorbidities with a
burden similar to those of older geriatric patients. This
“premature aging” in adults with ASD-ID positively correlated
with age, decreased autonomy, and polypharmacy. The results
highlight the need for personalized medical care in this
patient population.

Paulais et al. aimed to investigate possible cross-cultural
differences and, on an individual level, the degree of
heterogeneity in the cognitive and socio-emotional levels
and severity of ASD symptoms. Developmental profiles of
children with ASD 4 ID across countries showed extremely
high heterogeneity in comparison with those of developmentally
matched TD children. Profiles of ASD + ID children across
countries were also similar to one another. ASD + ID children
tended to have their lowest scores in language and vocal
imitation. Heterogeneity within profiles was unrelated to
country, but a few differences were found between countries
in correlations of heterogeneity index with developmental level
or developmental quotient. Algerian children had significantly
greater differences between cognitive and socioemotional
heterogeneity indices. Heterogeneity of profile was not related to
age but was negatively related to overall developmental level and
positively to severity of ASD.

examinations

5) Mechanisms: Many comorbidities represent intertwined
conditions linked by shared risk factors (e.g., disease
associated genes, biological pathways) and complications.
The health profile of affected individuals is compounded by
the duration, severity, and presence of other superimposed
health conditions.

Ashwood reports that soluble TNFR2 levels are significantly
decreased in ASD compared to TD controls following PHA
stimulation, suggesting, lower TNF-alpha antagonism. Likewise,
following PHA stimulation, cell surface TNFR2 was increased
compared to controls. Overall, this work suggests that the TNE-
alpha pathways, particularly that downstream of TNFR2, may be
dysregulated in ASD.
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Ferguson, Dovgan, Takahashi et al. sampled electrodermal
activity (EDA) in eight individuals with severe ASD at a
residential facility. The investigators found an anticipatory rise
in EDA prior to problem behaviors. EDA may help anticipate
and manage problem behaviors while also monitoring the return
to baseline.

Hirosawa et al. reported higher rates of interictal epileptiform
discharges (IEDs) in individuals with ASD compared to TD
children. In addition, while IEDs have been reported to negatively
impact cognition in TD children, little is known regarding the
impact of IEDs in children with ASD. The study included 163 TD
children and 107 children with ASD for which 10 min of MEG
recording was conducted as well as an assessment of cognition
with the Kaufman Assessment Battery for Children (K-ABC).
Linear regression was employed to examine the effect of IED
frequency on cognitive function. In the TD group, there was
a significant negative relationship between mental processing
(MPS) and IED frequency, while in the ASD group, a significant
positive relationship was found between MPS scores and IED
frequency. The authors suggest that the higher frequency of IEDs
in ASD implies a local excitatory/inhibitory imbalance in the
brain. However, the authors further suggest that this might not
be pathogenetic in children with ASD, but instead might reflect
epiphenomenal or compensatory processes.

Hughes and Ashwood report that antibodies that target
Candida albicans, were positive in 36% of children with ASD
and 14% of TD controls and GI dysfunction in half of the
children with positive findings. The study draws attention to the
fungal microbiota of individuals with ASD and the possibility
of significant alterations (dysbiosis) in the same. The study
provides suggestive evidence of a new microbial risk factor
for ASD.

Sokol et al. review findings suggesting how secreted APP« and
the ADAM family of «-secretases (non-amyloidogenic pathway
of BAPP processing) may increase white matter volume in ASD.
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Victimization and Perpetration
Experiences of Adults With Autism

Jonathan A. Weiss* and Michelle A. Fardella

Department of Psychology, York University, Toronto, ON, Canada

This study aimed to describe the self-reported experiences of childhood and adult
victimization and perpetration in adults with autism spectrum conditions (ASC) compared
to a matched sample, and how victimization and perpetration are associated with
autism-related difficulties. Forty-five adults with ASC and 42 adults without ASC
completed questionnaires regarding violence victimization and perpetration, emaotion
regulation, and sociocommunicative competence. Participants with ASC reported
experiencing, as children, more overall victimization; specifically, more property crime,
maltreatment, teasing/emotional bullying, and sexual assault by peers, compared to
participants without ASC. Participants with ASC also reported experiencing more
teasing/emotional bullying in adulthood and greater sexual contact victimization. No
significant differences were found between groups on perpetration. Sociocommunicative
ability and emotion regulation deficits did not explain the heightened risk for victimization.
Individuals with ASC have an increased vulnerability to violence victimization, which
speaks to the need for interventions, and proactive prevention strategies.

Keywords: autism, emotion regulation, social skills, victimization, perpetration, bullying, adults, maltreatment

INTRODUCTION

Adults with autism spectrum conditions (ASC) may be at considerable risk for interpersonal
violence victimization, which refers to violence and abuse that occurs between people, including
child maltreatment, intimate partner violence, adolescent dating violence, and bullying (1).
Individuals with ASC have a number of impairments in social communication and social
interaction across multiple contexts, and exhibit restricted interests and/or repetitive body
movements and behaviors (2). The current estimated prevalence of ASC is ~1 in 68, with ~44%
having average to above average intellectual abilities (3, 4).

There is a paucity of research examining discrete experiences of interpersonal violence in those
with ASC, although what does exist points to an increased risk for child maltreatment, bullying,
and sexual victimization (5-7). In children, having an autism diagnosis is associated with an
increased chance of physical, emotional, or sexual abuse compared to peers without disabilities (8).
More recent research interviewing 182 parents of children with ASC found high rates of reported
physical abuse (18.5%), sexual abuse (12.2%), or both kinds (4.4%), though no information on
the sources of this abuse was noted (7). Studies have also found high rates of peer victimization
in children [65-77%; (6, 9)]. Studies of adults with ASC have largely focused exclusively on sexual
victimization. In a college sample, students with ASC were twice as likely to report unwanted sexual
contact compared to students without ASC (10). In an online survey, 70% of adults with ASC
reported experiencing some form of sexual victimization after age 14 and into adulthood, compared
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to 45% of those without ASC (5). Authors have suggested that
increased risks of bullying, physical, and emotional abuse may
also be present in adults with ASC due to heightened social
vulnerability (11, 12).

Research has begun to move from an understanding
of experiences of interpersonal violence in isolation to
understanding  the and interconnections
between experiences of interpersonal violence, known as
polyvictimization, and polyperpetration (13). Too often forms
of violence are studied in isolation, and some authors state that
focusing on specific forms in isolation may mask the important
information that would be gained by studying the complex,
varied patterns of traumas (14). Research has yet to examine the
broader interpersonal violence experiences of adults with ASC
beyond sexual violence victimization, or to look at interpersonal
violence perpetration in adults in the community, though what
does exist on this latter question suggests no clear association
between ASC and violent crime (15-17). Additional research is
needed to understand the context of violence across a number of
different kinds of acts in adults with ASC.

It is critical to understand the mechanisms that are associated
with heightened risk for interpersonal violence (18). Deficits
in sociocommunicative competence may be a particular set
of risk factors for violence victimization and perpetration in
adults with ASC (19, 20). It is well known that individuals
with ASC can have challenges with social reasoning, are literal
thinkers, and may miss contextual cues (21, 22), and authors
have suggested that such sociocommunicative difficulties may be
related to an increased risk of sexual abuse (23) and bullying
in children with ASC (6). With regard to perpetration, social
naivety and misinterpretation of social cues may inadvertently
lead to criminal behavior in individuals with ASC, though
not specifically to interpersonal violence (24-26). For instance,
authors have noted that individuals with ASC inadvertently
engage in stalking behaviors when they seek out contact with
others for friendship or intimacy [e.g., (27-29)]. No study
has tested whether sociocommunicative difficulties explain an
increased risk of violence for adults with ASC.

Emotion regulation deficits have also been linked with
violence victimization and perpetration in adults in general
[e.g., (30)], and may be a particularly salient factor for adults
with ASC. In children and adults without ASC, maladaptive
emotion regulation is a risk factor for chronic victimization
(31, 32). For perpetration, the ability to regulate one’s negative
emotions may be a factor that helps individuals refrain from
initiating violence (33). While difficulties in emotion regulation,
emotional expression, and emotion processing have been widely
discussed in the ASC literature (34), its link to violence in
this population has only been briefly explored, with one study
reporting an association among emotion dysregulation and
bullying perpetration and victimization in youth (35).

The negative effects of violence are well known in the
non-ASC literature (36), and additional efforts to understand
the prevalence, characteristics, and causes in adults with
ASC are needed. The current study aimed to identify (1)
patterns of violence victimization and perpetration in adults
with and without ASC across many types, (2) differences

Co-occurrence

in self-reported polyvictimization and polyperpetration, and
(3) whether impairments in the areas of sociocommunicative
competence and emotion regulation mediate the expected higher
rates of violence victimization and perpetration. Self-report
was used to gain a reliable estimate of violence victimization
and perpetration experiences in adults with ASC living in the
community.

METHODS

Recruitment

Participants with ASC were recruited through study notices
distributed by community-based programs and organizations
that support those with ASC, online ASC communities, several
colleges/universities academic support services, and from study
participants to others at their discretion. The comparison group
was recruited through postings within the University setting
and on community message boards. Advertisements indicated
that this was a research project on interpersonal violence in
adults that aimed to understand the experiences of interpersonal
violence, and that any adult could participate, even if they did
not experience violence themselves. Identical recruitment and
consent materials were used for both groups. Eligible participants
with ASC were required to (a) have a diagnosis of an ASC
(e.g., Autism, Asperger Syndrome, Autism Spectrum Disorder,
PDD-NOS) according to self-report, which was verified by
administering the Autism Diagnostic Observation Schedule-
—2nd Edition (37), (b) be 18 years of age or older, and (c) have
an estimated IQ above 80 on the Wechsler Abbreviated Scale of
Intelligence (38). Participants without ASC had to meet criterion
b and c. Equal numbers of men and women with ASC responded
to the study advertisements.

Participants

The sample included 45 adults with ASC between 18-53 years
of age (M = 30.00, SD = 1.48) and 42 adults without ASC,
matched on mean chronological age, between 19 and 54 years
(M = 32.12, SD = 8.62). Groups did not significantly differ
with respect to the percentage of men (42.5% ASC; 50% non-
ASC) or on self-identified minority status (15.6% ASC; 31% non-
ASC). Participants were also similar in IQ estimates (non-ASC
M = 113.33, SD = 16.10, Range 87-146; ASC M = 110.22,
SD = 13.19, Range 81-134; t g5y = —0.98, p = 0.36), and in
the percentage who obtained at least a college degree (85% ASC;
95% non-ASC). All participants lived in the Greater Toronto
Area. Participants in the ASC group reported a diagnosis of
ASC and met the clinical cut-off on the ADOS-2 Module 4 (37).
Participants without ASC reported that they did not identify with
being on the autism spectrum and had never received a diagnosis
of an ASC (e.g., autism, Asperger’s Syndrome, etc...).

Measures

Autism Diagnostic Observation Scale- 2nd Edition
(ADOS-2)

The ADOS-2 (37) is a semi-structured observational measure
that examines social and communicative behaviors, and was used
to verify ASC status for the ASC group. The ADOS has been
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found to have good test-retest reliability and excellent internal
consistency (37).

Wechsler Abbreviated Scale of Intelligence (WASI)
The four-subset WASI (38) was administered to obtain a
general estimate of intellectual functioning (Full Scale IQ). This
measure has been shown to have adequate to high test-retest
reliability (r = 0.72-0.95) depending on the subtest, and high
internal consistency across groups and subtests (Cronbach’s
alpha = 0.87-0.98). The WASI has been used in adults with ASC
as a brief measure of IQ (39).

Juvenile Victimization Questionnaire-Adult
Retrospective Questionnaire (JVQ-AR)

The JVQ-AR was used as a measure of childhood victimization,
adult victimization, and adult perpetration. The original child
victimization version is a 34-item self-report questionnaire
that collects information on several forms of childhood
victimization (40). The questionnaire assesses the frequency
of 34 discrete forms of childhood victimization, scored as a
dichotomy (1 = experienced; 0 = not experienced). For childhood
victimization, participants are asked about any experiences from
birth up until the 18th birthday (0 through 17 years 12 months).
The 34 questions fall within six categories: property crime,
physical assault, child maltreatment, peer/sibling victimization,
sexual victimization, and witnessed/indirect victimization. For
adult victimization, a modified version of JVQ-AR was
used where participants reported on any of 29 victimization
experiences across the same 6 categories, which occurred from
their 18th birthday onward. Items that pertained to childhood
experiences were removed. Scores are provided for each
individual item and each aggregate category. Polyvictimization
was computed by summing the endorsed victimization items,
with scores ranging from 0 to 34 for childhood victimization,
and 0 to 29 for adult victimization [as recommended by (41)],
with higher scores indicating a greater number of discrete
victimization experiences.

For adult perpetration, a modified version of the JVQ-AR
was used where participants were asked about perpetration
experiences that occurred from age 18 on. Items pertaining to
witnessing violence (e.g., witnessing domestic violence) and child
maltreatment (e.g., being bullied by peers) were removed, since
the focus of this questionnaire was adulthood and perpetration
experiences (i.e., acts committed by the individual during
adulthood). Polyperpetration was computed by summing the
endorsed perpetration items, with scores ranging from 0 to 19,
with higher scores indicating a greater number of discrete acts of
violence.

Difficulties in Emotion Regulation Scale (DERS)

The DERS (42) is a 36-item self-report measure of emotion
regulation ability. Subscales assess six dimensions of difficulties:
Nonacceptance, Goals, Impulse, Awareness, Strategies, and
Clarity. Participants rate how often statements apply to them
on a Likert scale with answer categories: 1 = almost never to
5 = almost always. An overall score was used for the current
study. Higher scores indicate greater difficulty with emotion

regulation. The DERS has been shown to have good internal
consistency, test-retest reliability, and construct validity (42-44),
and was recently used in a sample of young adults with ASC
(45). Internal consistency for the DERS across the whole sample
and individual groups demonstrated good to excellent reliability
(whole sample o = 0.95, ASC group a = 0.89, no ASC group
o = 0.94).

Multidimensional Social Competence Scale (MSCS)
Sociocommunicative competence was measured utilizing the
self-report version of the MSCS (46). The MSCS is designed
to assess social competence among adolescents and adults
with ASC. Psychometric evidence provided preliminary support
for the reliability and validity of the scale [Cronbach’s alpha
reliabilities for domain, subscale, and total scores were all
above 0.84; (46)]. The MSCS measures seven domains of social
competence: social motivation, social inferencing, demonstrating
empathic concern, social knowledge, verbal conversation skills,
nonverbal sending skills, and emotion regulation. Participants
rated how statements applied to them, where 1 = not true
or almost never true, to 5 = very true or almost always true.
An overall score was used for the current study, without
including emotion regulation (given the use of the DERS).
Overall Cronbach’s alpha within both groups demonstrated
excellent internal consistency (no ASC group a = 0.95, ASC
group o = 0.93).

Procedure

All participants met in person with a trained graduate student.
Informed consent was obtained, IQ was assessed, and for those
with ASC, the ADOS-2 was completed. Participants were then
provided with a laptop computer to complete questionnaires
on the online Qualtrics data system (www.qualtrics.com). The
University ethics board approved this research. Participants
with and without ASC received a gift card to an online
retailer for their participation. The informed consent articulated
the limits of confidentiality and that participants may have
experienced feelings of discomfort generated by the content of
the questions asked. A list of support resources were provided to
all participants, and they were informed that if they experienced
any emotional distress and wanted to speak with a counselor, the
researcher would facilitate. One participant with ASC requested
this information.

Data Analysis

Chi-square analyses and odds ratios were used to examine
whether there were differences in the self-report of victimization
and perpetration between groups. Due to non-normal data,
the Mann Whitney test was calculated to compare groups
on self-reported breadth of victimization and perpetration,
on sociocommunicative competence, and emotion regulation
abilities. Preliminary analyses revealed no differences when
comparing men to women in either of the two groups (e.g., men
with ASC vs. women with ASC, or men without ASC to women
without ASC) on overall polyvictimization or polyperpetration,
and on aggregate scores, within either the ASC group or non-ASC
group (all p’s >.10).
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To establish whether self-reported polyvictimization and
polyperpetration experiences would be mediated by deficits in
sociocommunicative competence and emotion regulation, a test
of multiple mediation was run using SPSS INDIRECT macro
script for testing multiple mediator models with bootstrapping
(47). Given the large age range and concerns that men and
women could differ in terms of their experiences of victimization
or perpetration, all mediation analyses entered age and sex as
control variables (the same analyses were run without these
controls and no differences emerged in the pattern of results).

RESULTS

Childhood Victimization

As shown in Table 1, during their childhood, participants with
ASC were 6.7 times more likely to report experiencing a form
of property crime, largely the result of being more likely to
have been robbed than peers without ASC. Those with ASC
were 4 times more likely to report experiencing a form of child
maltreatment, including physical abuse, and psychological or
emotional abuse from adults, 27.1 times more likely to endorse
teasing from peers, 3.7 times more likely to endorse bullying from
peers, and 7.3 times more likely to endorse sexual assault by a
peer, compared to adults without ASC. Participants without ASC
were 4.4 times more likely to endorse having sexual relations with
someone over 18 than participants with ASC. Participants with
ASC reported significantly higher polyvictimization than those
without ASC (U = 1204, p = 0.03; ASC M = 12.62, SD = 5.45;
no ASC M = 10.05, SD = 7.12).

Adult Victimization

As shown in Table 2, participants with ASC were 2.7 times
more likely to endorse that they had experienced teasing during
adulthood. There was a trend toward those with ASC being more
likely to report sexual assault from a known adult, attempted
or complete rape, and dating violence. Sexual victimization was
further examined in order to separate contact victimization
versus noncontact victimization. Sexual assault (by a known adult
or unknown adult), and rape (attempted or completed) were
summed (resulting in a score of 0-3). Individuals with ASC had
significantly higher scores on this composite score than those
without ASC (U = 1148.5, p = 0.03; ASC group M = 0.67,
SD = 0.93; no ASC group M = 0.29, SD = 0.71) Participants
without ASC were 4.4 times more likely to endorse assault with a
weapon during adulthood. Participants with ASC did not report
greater polyvictimization in adulthood than those without ASC
(U = 894, p = 0.66; ASC group M = 6.16, SD = 5.52; no ASC
M = 5.95, SD = 4.22).

Adult Perpetration

Table 3 presents the frequencies of endorsing each type and
category of perpetration, and the comparisons across groups. No
significant differences were found between groups on any form of
perpetration, with very low rates reported. Groups did not differ
on their polyperpetration score (U = 1006, p = 0.59, ASC group
mean = 2.40, SD = 3.02; no ASC group M = 1.90, SD = 2.09).

Mediators of Victimization and

Perpetration

As expected, the ASC group reported less developed
sociocommunicative competence (ASC M = 3.32, SD = 0.40; no
ASC M = 4.05, SD = 0.40; U = 200.00, p < 0.001) and poorer
emotion regulation abilities (ASC M = 2.72, SD = 0.57; no ASC
M = 1.88, SD = 0.51; U = 200.00, p < 0.001) compared to the
comparison group. Neither sociocommunicative competence or
emotion regulation were significantly correlated with childhood
polyvictimization or adult polyvictimization in the ASC group
or the non ASC group (all p’s > 0.05). Multiple mediation
analyses were used in order to further examine whether emotion
regulation and sociocommunicative competence were related
to the group differences found in childhood polyvictimization
experiences. Table 4 shows the unstandardized coefficients of
each pathway, the confidence intervals, and the bootstrapping
results based on 1,000 resamples. The total direct effect (path
c) of ASC status approached significance before entering
the mediator variables, z = 1.95, p = 0.05. The relationship
between ASC diagnosis and polyvictimization in childhood
was not mediated by sociocommunicative status or emotion
regulation. The direction of estimates in the mediator pathways
(path a) indicated that having ASC was associated with lower
sociocommunicative competence (t = —8.30, p < 0.001), and
poorer emotion regulation (¢t = 7.27, p < 0.001). The total
indirect effects did not suggest the presence of mediation,
as emotion regulation and sociocommunicative competence
were not related to polyvictimization (path b). Mediation
analyses were not computed for adult polyvictimization or
polyperpetration, as no significant differences were found
between groups.

DISCUSSION

Victimization

This is the first study to explore self-reported experiences of
many forms of victimization and perpetration in adults with
ASC compared to those without. ~90% of participants with
and without ASC reported experiencing at least one form of
victimization in childhood, and approximately the same number
reported victimization in adulthood. Using the same measure
of childhood victimization, other research has found that 97%
of college age women (48) and 80% of young adult men and
women who had been identified as “at risk for high school drop
out” endorse experiencing at least one form of victimization in
childhood (36). It appears that using a broad measure of violence
experiences, in a broader range of adult ages, results in similar
high rates.

Adults with ASC reported a greater breadth of victimization
during childhood compared to adults without ASC, matched
on sex, 1Q, and age. Adults with ASC were more likely
to report that as a child, they experienced physical abuse,
psychological/emotional abuse from an adult, peer/sibling
victimization, various forms of bullying from peers, robbery,
and sexual assault by a peer than respondents without ASC.
The current research also shows that they are at risk for
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TABLE 1 | Frequency Table for the 34 types of childhood victimization on the JVQ-AR as reported by adults with and without ASC.

Victimization Type ASC n (%) No ASC n (%) Chi-square/Fisher’s exact

34 types of victimization, at least one type 45 (100) 41 (97.6) x2(1)=1.08,p = 0.30

Property Crime aggregate (at least one type) 43 (95.6) 32 (76.2) Fisher's exact p = 0.01; OR = 6.7
Robbery 40 (90.9) 22 (47.6) Fisher’s exact p < 0.0001; OR = 9.1
Theft 31 (68.9) 25 (59.5) x2(1) = 0.83,p = 0.36
Vandalism (68 2) 23 (54.8) X2(1) = 1.64,p = 0.20

Physical Assault aggregate (at least one type) 3 (95.6) 37 (88.1) Fisher’s exact p = 0.26
Assault with a weapon 4 (53.5) 19 (45.2) sz =0.57,p=0.45
Assault without a weapon 7 (82.2) 28 (66.7) x2(1) =2.78, p = 0.09; OR = 2.31
Attempted assault 2 (48.9) 13 (31) x2(1) = 2.91, p = 0.09; OR=2.13
Kidnap, attempted, or completed 5 (11 1) 3(7.1) Fisher’'s exact p = 0.71
Bias attack 7 (15.6) 8(19) x2(1) =0.19,p =0.67
Physical abuse (not spanking) 26 (57.8) 1(26.2) X2(1) = 8.87, p = 0.003; OR= 3.9
Assault by group or gang of peers 23 (561.1) 14 (33.3) %2(1) =281, p =0.09; OR = 2.09
Peer/sibling assault 35 (77.8) 32 (76.2) %2(1) =0.08, p =0.86
Genital assault 21 (46.7) 15(35.7) %2y =1.07,p=0.30
Dating violence 3(6.7) 5(11.9) Fisher’'s exact p = 0.48

Child maltreatment 36 (80) 21 (51) X2(1) = 8.65, p = 0.003; OR = 4.0
Physical abuse (not spanking) 26 (57.8) 11 (26.2) X2(1) =8.87,p=0.003; OR = 3.9
Psychological or emotional abuse 28 (62.2) 15(35.7) x2(1) = 6.11,p = 0.01; OR =34
Neglect 9 (20) 6 (14.3) x2¢1) =49,p =048
Custodial interference or family abduction 5(11.1) 5(11.9) Fisher's exact p = 1.0

Peer/sibling victimization aggregate (at least one type) 44 (97.8 36 (85.7) Fisher’'s exact p = 0.05; OR = 7.33
Assault by group or gang 51.1 4 (33.3) %2(1) = 2.81, p =0.09; OR = 2.09
Peer/sibling assault 76.2

Genital assault

)
)
5(77.8)
)
)
)

Teasing, emotional bullying
Dating violence

23 (
35
(46 7

Bullying 4 (75.6
4(97.8
3(6.7)
S (

Witnessed/indirect victimization aggregate (at least one type) 77.8)
Witness domestic violence 8 (1 7.8)
Witness physical abuse 0(22.2)
Witness assault with a weapon 17 (37.8)
Witness assault without a weapon 6 (59.1)
Household theft 22 (50)
Someone close murdered 0(0)
Witness murder 1(2.9)
Exposure to shooting, bombs, riots 4(9.1)

Sexual victimization aggregate (at least one type) 25 (55.6)
Sexual assault, known adult 7 (15.6)
Sexual assault, unknown adult 3(6.7)
Sexual assault, with peer 12 (26.7)
Rape, attempted or completed 6(13.3)
Flashing or sexual exposure 9 (20)
Sexual harassment 16 (35.6)
Sexual interactions with someone over 18 36.7)

(
(

32(76.2)
5(35.7) 2(1y=1.07,p=0.30
(45 2) x2(1) = 8.39, p = 0.004; OR = 3.7
6 (61.9) Fisher’s exact p < 0.001;0R = 27.1
(11 9) Fisher’'s exact p = 0.48s
31(73.8) x2¢) = 0.19,p = 0.67
9(21.4) x2¢1) =0.18,p = 0.67
8(22.2) x2(1) =0.10,p = 0.76
18 (42.9) x2(1)=0.23,p = 0.63
25 (61) x2(1) = 0.03, p = 0.86
16 (39) x2(1) = 1.08, p = 0.31
4(9.5) Fisher’s exact p = 0.05
2(4.9) Fisher’'s exact p = 0.61
10 (23.8) Fisher's exact p = 0.08; OR = 3.13
21 (50) x2(1) = 0.27, p = 0.60
7(16.7) x2(1) = 0.02, p = 0.89
2(4.8) Fisher’s exact p = 1.00
2(4.8) Fisher’'s exact p = 0.007; OR = 7.3
5(11.9) Fisher’s exact p = 1.00
6 (14.3) x2(1) =0.50,p = 0.48
1(26.2) x2(1) = 0.89,p = 0.35
10 (23.8) Fisher’s exact p = 0.04; OR = 4.4

violence victimization more broadly in childhood. Although the
short and long-term impact of victimization, or trauma more
broadly, on individuals with ASC is relatively unknown, peer
victimization in youth with ASC has been related to internalizing
and externalizing symptoms (6, 49), and maltreatment among

youth with ASC has been related to externalizing behavior,
suicide attempts, conduct and academic problems (7). It is
important that childhood victimization in various contexts
(home, school, and community) be addressed in order to keep
this vulnerable group of youth safe. There is emerging evidence
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TABLE 2 | Frequency table for the 29 types of adulthood victimization on the modified JVQ-AR as reported by adults with and without ASC.

Victimization Type ASC n (%) No ASC n (%) Chi-square/Fisher’s exact
29 types of victimization, at least one type 41 (91.1) 39 (92.8) X2(1) =0.09,p= 0.77
Property Crime aggregate (at least one type) 25 (55.6) 28 (66.7) x2(1) =1.13,p=0.29

Robbery 9 (20) 9(21.4) x2(1) =0.03,p=0.87

Theft 23 (51.1) 22 (52.4) x21) =0.01, p = 0.91

Vandalism 8(17.8) 15 (35.7) x2(1) = 38.59, p = 0.06; OR = 2.57
Physical Assault aggregate (at least one type) 27 (60) 25 (59.5) %2(4) =0.02, p =0.96

Assault with a weapon 3(6.7) 10 (23.8) Fisher’s exact p = 0.04; OR = 4.4

Assault without a weapon 20 (44.4) 16 (38.1) x2(1) = 0.36, p = 0.55

Attempted assault 8(17.8) 9(21.4) x2(1) =0.18,p = 0.67

Kidnap, attempted or completed 0(0) 2 (4.4) Fisher’s exact p = 1.00

Bias attack 2 (4.4) 2 (4.8) Fisher’s exact p = 1.00

Physical abuse 18 (40) 12 (28.6) X2(1) =1.26,p =0.26

Assault by group or gang of peers 3(6.7) 4 (9.5) Fisher’'s exact p = 0.71

Genital assault 2 (4.4 3(7.1) Fisher’'s exact p = 0.67

Dating violence 12 (26.7) 10 (28.8) %2¢4)=0.09,p =0.76
Maltreatment in Adulthood 29 (64.4) 21 (50) %2¢)=1.85,p=0.17

Physical abuse 18 (40) 12 (28.6) x2(1) =1.26,p = 0.26

Psychological or emotional abuse 16 (38.1) 25 (55.6) X2(1) = 2.66, p = 0.10; OR = 2.03
Peer/Coworker victimization aggregate (at least one type) 27 (60) 23 (54.8) x2(1) = 0.24,p = 0.62

Assault by group or gang of peers 3(6.7) 4(9.5) Fisher’'s exact p = 0.71

Genital assault 2 (4.4) 3(7.1) Fisher’s exact p = 0.67

Bullying 12 (26.7) 11(11.9) Fisher’s exact p = 0.11

Teasing, emotional bullying 27 (60) 15 (35.7) %2(1) =5.13, p = 0.02; OR=27

Dating violence 12 (26.7) 10 (23.8) %2(1) = 0.09, p =0.09; OR = 1.16
Witnessed/indirect victimization aggregate (at least one type) 26 (57.8) 32 (76) x2¢) = 3.31,p=0.07

Witness domestic violence 4(8.9) 4(9.5) Fisher’'s exact p = 1.00

Witness physical abuse 3(6.7) 3(7.3) Fisher’s exact p = 1.00

Witness assault with a weapon 6(138.3) 10 (26.3) X2(1) =2.28,p=0.14

Witness assault without a weapon 16 (35.6) 19 (46.3) x2(1) = 1.03, p = 0.31

Household theft 10 (22.2) 15 (36.6) X2(1) =2.45,p=0.14

Someone close murdered 5(11.1) 2(4.8) Fisher’'s exact p = 0.44

Witness murder 3(6.7) 3(7.3) Fisher’s exact p = 1.00

Exposure to shooting, bombs, riots 6(13.3) 12 (29.3) X2(1) =3.29, p = 0.07; OR = 2.69
Sexual victimization aggregate (endorsed at least one type) 21 (46.7) 17 (40.5) x2(1) = 0.34,p =0.56

Sexual assault, known adult 11 (24.4) 4(9.5) Fisher’'s exact p = 0.09; OR = 3.07

Sexual assault, unknown adult 6 (13.3) 3(7.1) Fisher’'s exact p = 0.49

Rape, attempted, or completed 13 (28.9) 5(11.9 Fisher’s exact p = 0.07; OR = 3.01

Flashing or sexual exposure 8(17.8) 14 (338.3) X2(1) =2.78,p = 0.10; OR = 2.31

Sexual harassment 12 (26.7) 8(19.0) x2(1) =0.71,p = 0.40

for strength-based school programming to reduce experiences
of victimization in general (50), and these programs could be
examined for their utility in decreasing victimization for those
with ASC.

No differences were found between groups on
polyvictimization in adulthood, though differences did emerge
in specific kinds. Individuals with ASC were more likely to report
experiencing teasing/emotional bullying from other adults,
which speaks to a continued risk for interpersonal difficulties
with peers across the lifespan. Adults with ASC, whether in
the role as an employee or with peers in the community, may

benefit from specific training on what constitutes bullying and
harassment and how to effectively manage those situations (51).
Adults with ASC were also more likely to endorse experiencing
some form of sexual victimization that involved contact,
including sexual assault and rape, in line with previous research
(5). There has been some research advocating for interventions
targeting the risk of sexual victimization of individuals with
developmental disabilities (52), focusing often on addressing
self-protection and assertiveness [e.g., (53)], and education on
sexual abuse for support workers (54). In considering how to best
reduce the risk of interpersonal violence victimization for adults
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TABLE 3 | Frequency table for the 19 types of adulthood perpetration on the modified JVQ-AR as reported by adults with and without ASC.

Victimization Type ASC n (%) No ASC n (%) Chi-square/Fisher’s exact
19 types of perpetration, endorsed at least one type 32 (71) 25 (59.5) X2(1)=1.29,p=0.26
Property Crime aggregate (at least one type) 25 (55.6) 28 (66.7) x2(1) =1.13,p=0.29
Robbery 7 (15.6) 7(16.7) x2(1)=0.02,p=0.88
Theft 9 (20.5) 4(9.5) Fisher’s exact p = 0.23
Vandalism 8(19) 8(18.2) x2(1) =0.01,p = 0.91
Physical Assault aggregate (at least one type) 27 (60) 25 (59.5) %24y = 0.002, p = 0.96
Assault with a weapon 3(6.8) 2 (4.8) Fisher’s exact p = 1.00
Assault without a weapon 14 (31.8) 15 (35.7) x2(1) =0.15,p = 0.70
Attempted assault 8(18.2) 3(7.1) Fisher’s exact p = 0.20
Kidnap, attempted or completed 0 (0) 0 (0) -
Bias attack 0(0) 0(0) -
Physical abuse of other adults 13 (29.5) 12 (28.6) X2(1) =0.01,p =0.92
Committing assault with a group or gang of peers 1(2.3 1(2.4) Fisher’s exact p = 1.00
Genital assault 3(6.8) 2(4.8) Fisher’s exact p = 1.00
Dating violence 5(11.9) 10 (22.7) Fisher’s exact p = 0.26
Emotional abuse/bullying aggregate (at least one type) 19 (43.2) 16 (38.1) %24y =023, p=0.63
Psychological or emotional abuse 19 (43.2) 15 (35.7) X2(1) =0.50,p =0.48
Bullying 5(11.4) 2 (4.8) Fisher’s exact p = 0.43
Sexual victimization aggregate (at least one type) 3(7.1) 4(9.1) Fisher’s exact p = 1.00
Sexual assault, known adult 1(2.9) 0 (0) Fisher’s exact p = 1.00
Sexual assault, unknown adult 1(2.3 0(0) Fisher’s exact p = 1.00
Rape, attempted, or completed 1(2.9) 0 (0) Fisher’s exact p = 1.00
Flashing or sexual exposure 2 (4.5) 2(4.8) Fisher’s exact p = 1.00
Sexual harassment 3(6.8) 2(4.8) Fisher’s exact p = 1.00

TABLE 4 | Multiple mediation analysis results for the mediating effect of sociocommunicative competence and emotion regulation on the relationship between group and

childhood polyvictimization after controlling for sex and age.

Bootstrapping for Indirect Results

Point estimate 95% CI

IV, Mediators, and Control Path B SE z/t P Lower Upper

Sex Control 0.81 1.41 0.57 0.57

Age Control 0.08 0.08 1.03 0.30

Group C 2.68 1.37 1.95 0.05 -0.17 -39 4.55
C 2.84 2.01 1.42 0.16

Emotion Regulation A 0.85 0.12 7.27 <0.001 117 —-1.95 3.88
B 1.37 1.36 1.01 0.32

Sociocommunicative Competence A -0.77 0.09 —-8.30 <0.001 —-1.34 —4.05 2.12
B 1.73 1.71 1.01 0.32

with ASC, proactive and accessible programming that promotes
inclusion and healthy relationships within relevant contexts
(including the home, school, workplace, and community levels)
are needed.

Perpetration

Groups had similar rates across all forms of perpetration,
categories of perpetration, and on polyperpetration, largely
due to the equally low endorsements. Low rates were found
for both severe and more minor occurrences of violence

perpetration. These results map onto the existing reviews finding
low rates of perpetration in individuals with ASC and no clear
association with violent crime (15, 16). While other studies have
examined inpatients, file reviews of incarcerated individuals, or
parent/caregiver report, the current study is the first to compare
two matched community samples. Researchers and clinicians
have cautioned that the sensational and unusual nature of some
criminal incidents with individuals with ASC may garner media
attention, and perpetuate the notion that individuals with ASC
are more violent that individuals without ASC, which is not
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the case (55). It may be the case that perpetrators with ASC
present differently than perpetrators without ASC, with authors
describing the links between the symptomology of ASC and
offending behaviors (56). These differences will not emerge in
examining rates per se, but in the nuances of how perpetration
is expressed and the contexts that underlie these behaviors.

Mediators of Victimization

Contrary to expectations, sociocommunicative ability and
emotion regulation deficits in adults with ASC did not
explain a heightened risk for victimization. In fact, neither
polyvictimization in childhood or adulthood was correlated
with either variable, in either group. In the typical population,
many additional factors have been associated with discrete
types of victimization (e.g., bullying) and with overall risk,
including age, gender, childhood experiences of victimization
(emotional/physical/sexual abuse), and mental and physical
health problems [e.g., (57-62)], which could be examined
in future research. As well, models of victimization largely
underscore the important of context, and the dynamics among
individual and contextual factors (13). Researchers have begun
to study the interplay, and differential impact, of individual and
contextual factors, and some have found that contextual factors,
such as dangerous neighborhoods, play an important role in adult
repeat victimization (63). This study did not consider contextual
risk factors for interpersonal violence (e.g., SES, education, family
relationships etc.), which may provide a more comprehensive
understanding of polyvictimization experiences.

Limitations and Future Directions

The present study is based on retrospective reporting, which
limits any discussion of causality and directionality. Longitudinal
design could be used to further examine the pathways that
lead to violence victimization and perpetration. Participation
was not anonymous, questions were answered in the presence
of a researcher, and we did not measure social desirability,
making it difficult to know whether participants in either
group were under reporting their experiences. We also did
not attempt to substantiate reports with other informants, as
we sought to understand and value self-reported experiences.
Future research could examine both self- and informant-report
to examine how responses may be correlated. It is possible
that this sample represents a more well-adjusted and functional
group of individuals with ASC, and it is unclear whether
these results generalize to those who have greater difficulties,
as the link between level of functioning and the violence
experiences of those with ASC is not well understood. We also
did not employ the ADOS-2 to ensure that the comparison
group did not have significant symptoms of ASC, though none
reported identifying as on the spectrum or being diagnosed
with ASC.

This study has both statistical and psychometric limitations.
This study was aimed to describe different kinds of victimization
and perpetration, and was the first study to apply the JVQ-AR
with an adult focus and with respondents with ASC. Alternative
measures of violence that are psychometrically validated could
provide different results, and are an important endeavor given
the current pattern of reported polyvictimization. Additionally,

our study had a small sample size and relatively low power for
low frequency occurring kinds of victimization or perpetration.
There multiple exploratory comparisons do increase the risk
of Type I error, and we did not correct for this as a result of
the exploratory nature of these comparisons and the relatively
small, but important, clinical sample. This remains an important
first step to inform future investigations. Finally, this sample
of participants had proportionally more women than expected
in ASC research, and it is likely that this does not reflect the
gender distribution in the population. While the two groups were
matched on gender, education level, ethnicity status, age, and 1Q,
we did not collect or match on other demographics which may
differ between groups or be associated with victimization (e.g.,
employment status, poverty).

CONCLUSION

Participants with ASC are at considerable risk for experiencing
polyvictimization in childhood and for bullying and sexual
contact victimization in adulthood. This increased vulnerability
to victimization, especially in childhood, highlights the
need for intervention and proactive prevention strategies to
decrease vulnerability and impact. These findings have serious
implications for how we discuss violence victimization, and
suggest that understanding interpersonal violence more broadly
is critical to ensuring that we identify and target factors that
may place people with ASC at risk for many kinds of negative
experience.
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Individuals with autism spectrum disorder (ASD) are at heightened risk of psychiatric
comorbidities across the lifespan, including elevated rates of internalizing, externalizing,
and self-injurious behaviors. Identification of medical comorbidities that contribute to
these concerns may elucidate mechanisms through which psychiatric concerns arise,
as well as offer additional avenues for intervention. Gastrointestinal (Gl) conditions are of
particular interest, as they are prevalent among those with ASD, may share genetic or
neurobiological etiologies with the core features of ASD, and are linked with psychiatric
difficulties in the general population. In this paper, we draw on data from nearly 2,800
children and adolescents with ASD within the Simons Simplex Collection to characterize
the unique contributions of (1) autism symptoms, (2) psychosocial factors (child’s age,
sex, verbal and nonverbal 1Q, adaptive behavior, race, and household income), and (3)
Gl concerns with respect to multiple psychiatric outcomes. Multiple regression models
revealed unique contributions of ASD symptoms and multiple psychosocial factors such
as verbal 1Q, adaptive behavior, and family income to internalizing, externalizing, and
self-injurious behavior. In general, higher levels of psychiatric symptoms were associated
with more ASD symptoms, higher verbal IQ, lower adaptive behavior skills, and lower
family income. Furthermore, levels of Gl symptoms accounted for unique variance in
psychiatric outcomes over and above these other factors, linking increased Gl problems
with increased psychiatric symptoms in children with ASD. Taken together, results
indicate that the presence and quantity of Gl symptoms should be considered when
evaluating psychiatric and behavioral concerns among children with ASD, and that
treatment of Gl conditions may be an important component in alleviating a broad array
of mental health concerns in this group.
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INTRODUCTION

Despite their absence from diagnostic criteria, internalizing
and externalizing symptoms are frequent and pervasive among
individuals with autism spectrum disorder (ASD). As early
as toddlerhood, children later diagnosed with ASD evidence
diminished positive affect and heightened negative affect relative
to children without ASD (1, 2). During childhood, rates of
anxiety, depression, aggression, and self-injurious behaviors are
elevated relative to peers without ASD (3-5), and psychiatric
symptoms often persist into adulthood (6). Compounding these
symptoms, significant internalizing and externalizing difficulties
often occur concurrently (7), with long lasting consequences with
regard to quality of life, educational and vocational outcomes,
and clinical service utilization throughout the lifespan (8).

Along with significant psychiatric symptoms, ASD is often
characterized by a number of medical comorbidities, including
seizure disorders (9), sleep difficulties (10), metabolic concerns
(11), and immune system dysfunction (11). Rates of these
concerns exceed not only those observed in the general
population (11), but also those observed among individuals
with other neurodevelopmental diagnoses such as ADHD (12).
Furthermore, reviews of medical records indicate that medical
comorbidities may cluster together among individuals with ASD
(13), such that experiencing one concern (e.g., gastrointestinal
disorder) can indicate a heightened likelihood of additional
concerns [e.g., sleep disorders; (10, 14)].

Among medical comorbidities, gastrointestinal symptoms
are particularly prominent among individuals with ASD,
occurring nearly four times as frequently as comparison
groups without ASD (15). Prevalence rates for GI concerns
in ASD vary considerably depending on sample characteristics
and methodological approach (16). Lower estimates place the
frequency of broadly defined GI symptoms around 15-20%
[e.g., (17)], whereas other researchers estimate that up to
90% of children with ASD may experience significant GI
difficulties (18, 19). Differences in data collection strategies
likely account, in part, for this sizeable range, as parent
questionnaires appear to yield higher prevalence rates [e.g.,
(19)] in comparison to direct evaluation by a medical provider
[e.g., (17)]. Within the broader construct of GI concerns,
specific symptoms reported by parents and other caregivers
often include abdominal pain, chronic constipation, frequent
vomiting, and gastro-esophageal reflux [see (16) for review].
Similar variability characterizes prevalence rates and relative
distributions of specific symptoms, with differing findings as
to the most prevalent GI symptom in ASD [e.g., constipation
(17), diarrhea (19)]. Regardless of this variability, it is clear that
GI difficulties affect an appreciable proportion of individuals
with ASD, and such symptoms likely have considerable effects
on children’s educational participation, family functioning, and
quality of life.

The cause(s) of such pervasive GI concerns in ASD are
not fully understood, but several pathways are plausible. First,
it may be that shared genetic substrates underlie both ASD
and GI dysfunction, at least for some individuals with ASD.
Increasingly understood to stem from complex genetic bases,

ASD has thus far been associated with familial and de novo
genetic events across hundreds of genes (20), many of which
contribute to GI function as well. For example, mutations and
polymorphisms in genes such as CHD8 and MET have been
associated with ASD phenotypes with comorbid GI complaints
[CHDS8, Bernier et al. (21); MET, Campbell et al. (22)].
Downstream, comorbidity between GI concerns and ASD may
reflect in part the core sensory-related symptoms often observed
among affected individuals (23). For example, many children
with ASD experience heightened awareness of their sensory
experiences, including tactile and vestibular sensations, likely
amplifying subjective experiences of GI discomfort.

The cumulative data to date support the co-occurring
relationship between psychiatric and GI concerns in children
with ASD. As early as preschool age, children with ASD
with significant GI symptoms demonstrate higher levels of
internalizing, aggressive, and repetitive behavior, with positive
correlations between GI and behavioral symptoms (24). Among
older children and adolescents with ASD, increased GI symptoms
appear to be associated with general affective problems (25), as
well as with more specific psychiatric symptoms such as anxiety
(26), depression (27), irritability (26), and self-injurious behavior
(28). Thus, links between GI and psychiatric concerns span both
internalizing and externalizing spectrums.

To some extent, these findings echo relations observed in
the general population, as children without ASD also tend to
display increased GI concerns in the context of both externalizing
disorders such as ADHD (29) as well as internalizing symptoms
such as anxiety and depression (30). However, interactions
between psychiatric and GI symptoms are particularly pertinent
in ASD, as the core symptoms of ASD appear to affect these
associations. Compulsive and repetitive behaviors, key diagnostic
criteria for ASD, correlate with GI symptoms among children and
adolescents with ASD (31). Similarly, sensory over-responsivity
and anxiety provide unique contributions in the prediction of
GI concerns among children and adolescents with ASD (32).
Finally, core impairments in communication appear to relate to
the presence and expression of GI concerns. Not only do poor
expressive language skills predict nearly 12-fold increase in risk
for particular GI symptoms (33), but Buie et al. (16) suggest that
“problem behavior in patients with ASDs may be the primary
or sole symptom of the underlying medical condition, including
some gastrointestinal disorder” (p. S1).

Our overarching goal in this paper was to explore the role of
gastrointestinal concerns as they relate to psychiatric symptoms
among children and adolescents with ASD. Within this goal, we
pursued two aims. First, we sought to document the prevalence
and variety of GI concerns within a large, well-characterized
sample of children and adolescents with ASD. Second, we
sought to understand relationships between ASD symptoms
and GI concerns over and above the effects of psychosocial
factors. Given the prevalence and pervasiveness of psychiatric
and gastrointestinal comorbidities in ASD, better understanding
of the relations between these components may offer additional
avenues for intervention for children and adults with ASD, as
well as inform our understanding of the multisystemic nature and
mechanisms of ASD.

Frontiers in Psychiatry | www.frontiersin.org

24

October 2018 | Volume 9 | Article 515


https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Neuhaus et al.

Gastrointestinal and Psychiatric Symptoms in ASD

METHOD

Participants

Data for the current analyses were obtained as part of the Simons
Simplex Collection [SSC; (34)], a collaboration across 12 research
sites within the United States in which families participated in
comprehensive and rigorous phenotypic assessment. In total,
the SSC includes nearly 3,000 families with exactly one child
with ASD between the ages of 4 and 18 years. Following
protocols approved by each site’s human subjects division,
research reliable clinicians evaluated children using the Autism
Diagnostic Observation Schedule [ADOS; (35)] with revised
algorithm scoring (36), Autism Diagnostic Interview—Revised
[ADI-R; (37)], and expert clinical judgment. All participating
children and adolescents met diagnostic criteria established by
the Collaborative Programs of Excellence in Autism [CPEA; (38)]
for autism spectrum disorder. The sample had a mean calibrated
severity score of 7.44 (SD = 1.7; Range = 4-10) according to
the guidelines developed by Gotham et al. (39), in which scores
can range from 1 to 10 and scores 4 or higher fall above the
diagnostic threshold. In addition, children and their parents were
carefully screened for a wide range of medical and familial factors.
Exclusionary criteria included the following: any family history
of suspected or diagnosed ASD; a nonverbal mental age below
18 months; presence of known genetic conditions, neurological
disease, or head injury; significant sensory or motor impairment;
extensive perinatal complications; gestational age below 36 weeks
at birth; birth weight below 2,000 g; and a primary language other
than English.

The resulting sample included 2,756 children (13.6% female,
86.4% male) with the following parent-reported racial/ethnic
backgrounds: African American (4.0%), Asian (4.0%), Native
American or Hawaiian (0.3%), more than one race (7.8%), other
than listed (4.5%), and white (78.6%). Table 1 displays descriptive
statistics for the families included in the current analyses.

Measures

Autism Spectrum Disorder Symptoms

The presence and degree of symptoms associated with ASD were
assessed using the total score from the age-appropriate ADI-
R Current Behavior algorithm, consistent with the procedure
described in Neuhaus et al. (40). This approach yields a
single total score that summarizes parent-report of both social-
communication and restricted/repetitive domains of symptoms
at the time of data collection.

Gastrointestinal Concerns

Parents completed extensive interviews regarding the child’s
medical history, including the presence/absence of 7 distinct GI
symptoms. Symptoms were considered to be present if they were
recurrent, not attributed to known acute illnesses (e.g., food
poisoning), and caused “significant bother” for the family. We
computed a summary variable tallying the number of symptoms
reported for each child with ASD: constipation, diarrhea, severe
abdominal pain, gastro-esophageal reflux, vomiting, excessive
gas, and bloating. We included data of reported symptoms that
were present beyond the age of 36 months, in order to exclude

symptoms (e.g., physiologic reflux) that may be benign during
infancy and very early childhood, with expected resolution over
time.

Psychiatric Symptoms

We identified three psychiatric symptom clusters of interest.
Parent-reported internalizing and externalizing symptoms were
measured via the age-appropriate versions of the Child Behavior
Checklist [CBCL; (41)]. Internalizing symptoms were indexed
with T-scores from the Anxious/Depressed subscale, which
contains items relating to worries, fear, sadness, and negative
cognitions and self-image, without items related to somatic
symptoms to avoid inflating associations with our GI measure.
Externalizing symptoms were reflected in the Externalizing
Problems broadband T-score, which incorporates items relating
to aggression and rule-breaking. In addition to these, the Self-
Injurious Behavior subscale of the Repetitive Behavior Scale-
Revised [RBS-R; (42)] was used as a measure of self-directed
injury (e.g., biting self, hitting self with objects). As noted earlier,
symptoms in all of these areas are elevated among individuals
with ASD.

Psychosocial Characteristics

A number of child and family characteristics relevant to the
emergence of psychiatric symptoms were extracted from the
background and clinical information available in the SSC dataset.
These included child age, biological sex, verbal and nonverbal IQ
scores as assessed with age-appropriate standardized measures
(43-45), child’s adaptive behavior composite score (46), the
family’s annual household income (dichotomized as below/above
$80,000), and the child’s race/ethnicity (sample demographics
permitted analysis of African American, Asian, and white
backgrounds).

Analytic Approach

In order to understand relations between child/family factors
and psychiatric outcomes, we assessed direct contributions of
these factors to each of our three psychiatric symptom areas
(internalizing, externalizing, self-injurious behavior). Within the
two age groups corresponding to ADI-R scoring algorithms (4
through 9 years of age; 104 years of age), we used SPSS version
19 to create separate three-level multiple regression models
predicting each psychiatric measure. Within each model, missing
data were handled with pairwise deletion.

e At Level 1 of the models, we entered ASD symptoms to
quantify the variance in psychiatric outcomes attributable to
core features of ASD.

e At Level 2, we entered psychosocial factors hypothesized to
account for additional variance in psychiatric concerns. These
consisted of child’s age, child’s biological sex, child’s verbal and
nonverbal 1Q scores, child’s adaptive behavior, family’s annual
income, and child’s race (African American, Asian, or white).

e At Level 3, we entered GI concerns present after the age of
36 months to assess contribution of these concerns over and
above ASD symptoms and psychosocial factors.
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RESULTS

Prevalence of Parent-Report Gl Concerns
Consistent with previous literature, families in the SSC frequently
reported that their child with ASD had significant GI symptoms.
Over one third of the sample (37.7%) experienced at least one
symptom, with a mean of 0.61 (SD = 0.98; Range = 0-6)
conditions endorsed. In all, 23.7% of participants experienced
one GI symptom, 8.3% experienced two symptoms, 3.0%
experienced three symptoms, and 2.6% experienced four or more
symptoms. Table 2 provides rates of specific parent-reported GI
concerns. Rates of symptoms ranged from 4.2% (vomiting) up
to 24.1% (constipation) of the SSC sample. As shown, the most
frequently reported symptoms were constipation, diarrhea, and
excessive gas.

Factors Associated With Psychiatric

Outcomes

Internalizing Symptoms

The sample as a whole had a mean Anxious/Depressed T-
score of 58.36 (SD = 8.9, Range = 50.0-98.0), with 24.7% of
participants’ scores falling at or above 65, indicating borderline
or clinical level of concern. Within the younger group (ages 4:0
to 9:11), ASD symptoms did not account for significant variance
in internalizing symptoms when entered alone [F(;, 1631) = 0.25,
p = 0.62]. The addition of psychosocial factors accounted for
an additional 15.7% of the variance in internalizing, a significant
increase over ASD symptoms alone [F(q, 1672) = 35.80, p < 0.001].
GI symptoms accounted for 1.0% of variance over and above

TABLE 1 | Demographic and clinical characteristics for participants.

Mean (SD) Range
Age (years) 9.03 (3.6) 4-18
ADI-R Current Behavior total score 27.47 (10.1) 1-60
ADOS Calibrated Severity Score 7.44(1.7) 4-10
Verbal IQ standard score 78.04 (31.3) 5-167
Nonverbal IQ standard score 84.52 (26.2) 9-161
Vineland-2 Composite standard score 73.13 (12.1) 27-115
CBCL Anxious/Depressed T-Score 58.36 (8.9) 50-98
CBCL Externalizing T-Score 56.58 (10.6) 32-97
RBS-R Self Injurious 2.09 (2.9) 0-21

TABLE 2 | Prevalence of parent-reported Gl concerns.

Endorsed beyond
36 months of age

Bloating 4.6%
Constipation 24.1%
Diarrhea 10.6%
Excessive Gas 6.9%
Reflux 5.5%
Severe Abdominal Pain 5.1%
Vomiting 4.2%

autism symptoms and psychosocial factors [F(j 1671) = 17.94,
p < 0.001], such that the combined model accounted for 16.5%
of the variance in internalizing symptoms among the younger
age group [F(11,1682) = 31.24, p < 0.001]. Within the combined
model, there were unique contributions from ASD symptoms,
child age, verbal IQ, adaptive behavior, family income, and GI
symptoms. For younger children, higher levels of internalizing
symptoms were associated with higher levels of ASD symptoms,
older age, higher verbal IQ, lower adaptive behavior, lower family
income, and more GI concerns. See Table 3.

Among the older children and adolescents (ages
10:0 and older), ASD symptoms entered alone did not
account for significant variance [F(j 997y = 1.17, p = 0.28].

However, psychosocial factors contributed 14.9% of variance
[F(9,808y = 17.52, p< 0.001], and GI concerns accounted for
an additional 1.1% [F(;,g97y = 11.45, p < 0.001]. As a whole,
the combined model accounted for 15.1% of the variance in
internalizing symptoms [F(; 908y = 15.67, p < 0.001], with
unique contributions from ASD symptoms, verbal IQ, family
income, and GI symptoms. Again, higher levels of internalizing
symptoms were associated with more ASD symptoms, higher
verbal IQ, lower family income, and more GI symptoms.

Externalizing Symptoms

A similar set of findings emerged with respect to externalizing
outcomes. The sample as a whole had a mean Externalizing T-
score of 56.6 (SD = 10.6, Range = 32.0-97.0), with 22.8% of
participants’ scores falling at or above 65. Within the younger
age group, significant variance was accounted for at each level
of the regression model, with unique variance accounted for by
ASD symptoms [3.8% of variance, F(;, 1631) = 68.13, p < 0.001],
psychosocial factors [6.0% of variance, Fg 1672) = 12.34,
p < 0.001], and GI concerns [1% of variance, F(;,1671) = 16.42,

TABLE 3 | Unique contributions of child and family factors to internalizing
symptoms.

Younger age group Older age group

(4 years < 10 years) (10 yrs < 18 years)

B t B t
ASD symptoms 0.1 4.24* 0.13 3.68"
Age 0.24 10.71 —0.01 —-0.18
Child sex —0.04 —-1.57 0.04 1.38
Verbal IQ 0.43 10.06™* 0.41 6.64***
Nonverbal IQ —0.06 —1.55 —0.01 —0.21
Adaptive behavior —0.09 —2.57* —0.03 —0.68
Household income —0.09 —4.07* -0.07 —2.26™
RACE/ETHNICITY
African American —0.03 —1.04 —0.04 —1.26
Asian —0.02 -0.77 —0.05 —1.47
White —0.04 —1.61 0.05 1.26
Gl symptoms 0.10 4.24* 0.10 3.83"

‘P <0.05 "p <0.01. "p < 0.001. Internalizing symptoms assessed via Child Behavior
Checklist Anxious/Depressed subscale T-scores.
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p < 0.001]. In total, the combined model accounted for 10.2%
of the variance in externalizing symptoms [F(1;,16s2) = 18.31,
p < 0.001]. As shown in Table 4, there were unique contributions
from ASD symptoms, verbal IQ, adaptive behavior, family
income, and GI symptoms. Externalizing behavior was higher
when children had higher levels of ASD symptoms, higher
verbal IQ, lower adaptive behavior, lower income, and more GI
concerns.

For older children and adolescents, there were again
significant contributions from each level of the model [ASD
symptoms: 5.3% of variance, F(j 908y = 52.35, p < 0.001;
Psychosocial factors: 9.7% of variance, F(9 g99) = 11.44, p < 0.001;
GI symptoms: 1.4% of variance, F(jgog) = 14.64, p < 0.001],
and the combined model accounted for 15.5% of the variance in
externalizing symptoms [F(;1, 999y = 16.16, p < 0.001]. However,
the relative contributions of individual predictors within the
combined model were somewhat different, with significant
contributions from ASD symptoms, child’s age, verbal IQ,
nonverbal IQ, adaptive behavior, family income, child’s ethnicity,
and GI symptoms. Externalizing behavior was higher when
children were younger, and had higher levels of ASD symptoms,
higher verbal IQ, lower nonverbal IQ, lower adaptive behavior,
lower income, parent-reported white ethnicity, and more GI
concerns.

Self-Injurious Behavior

Among the younger children in the sample, the regression model
predicting self-injurious behaviors revealed significant unique
variance associated with each level of the model, including ASD
symptoms alone [4.6%, F(;, 1631) = 82.89, p < 0.001], psychosocial
factors [4.4%, F(9 1672y = 9.02, p < 0.001], and GI concerns
[1.1%, F(1,1671) = 21.31, p < 0.001]. In total, the combined
model accounted for 9.7% of the variance in self-injurious
behaviors [F(;1,1682) = 17.36, p < 0.001]. Unique contributions
were associated with ASD symptoms, adaptive behavior, family
income, and GI concerns. Self-injurious behaviors were higher
for children with more ASD symptoms, lower adaptive behavior,
lower income, and more GI concerns. See Table 5.

Finally, for the older children and adolescents, the regression
model predicting self-injurious behavior revealed a more
distinctive set of findings. As before, ASD symptoms and
psychosocial factors each accounted for unique variance
[ASD: 6.3%, F(1,909) = 60.73, p < 0.001; psychosocial: 3.6%,
F 0000 = 3.94, p < 0.001]. However, the addition of GI
symptoms at the third level of the model did not account for
significant variance over and above these [F(j go9) = 1.94,
p = 0.16]. Taken together, the combined model accounted for
8.9% of the variance in self-injurious behavior [F(;; 910y = 9.09,
p < 0.001], with significant contributions from ASD symptoms,
nonverbal IQ, family income, and child race. Older children
and adolescents displayed higher levels of self-injurious behavior
when they had higher levels of ASD symptoms, lower nonverbal
IQ, lower income, and did not identify as African American.
Unlike the models described to this point, the presence of GI
concerns did not appear to contribute to level of self-injurious
behaviors by parent report.

TABLE 4 | Unique contributions of child and family factors to externalizing
symptoms.

Younger age group Older age group

(4 years < 10 years) (10 years < 18 years)

B t [ t
ASD symptoms 0.12 4.65*** 0.20 5.54*
Age 0.02 —0.98 -0.17 —5.37**
Child sex 0.00 0.14 0.06 1.95
Verbal 1Q 0.32 7.9 0.45 7.30
Nonverbal IQ -0.07 —1.65 —0.22 —3.69"*
Adaptive behavior -0.28 —7.46" -0.18 —3.56"*
Household income ~ —0.11 —4.65"* —0.11 —3.51"*
RACE/ETHNICITY
African American —0.01 —0.56 —0.03 —-0.70
Asian —0.04 —-1.37 0.02 0.50
White —0.03 —0.92 0.10 2.62*
Gl symptoms 0.09 4.05*** 0.12 3.83***

“p < 0.01. "p < 0.001. Externalizing symptoms assessed via Child Behavior Checklist
Externalizing T-scores.

TABLE 5 | Unique contributions of child and family factors to self-injurious
symptoms.

Younger age group Older age group

(4 years < 10 years) (10 years < 18 years)

B t B t
ASD symptoms 0.13 459" 017 4,65
Age 0.04 1.62 —0.04 —1.20
Child sex 0.00 0.00 0.06 1.82
Verbal IQ 0.03 0.66 0.09 1.42
Nonverbal 1Q 0.00 0.08 —0.16 —2.64*
Adaptive behavior -0.18 —4.75%* —0.09 —1.66
Household income ~ —0.12 —5.20"* —0.07 —2.18*
RACE/ETHNICITY
African American —0.01 —0.30 —0.08 —2.15*
Asian —0.04 —1.69 —0.03 —0.80
White -0.02 -0.84 —0.03 -0.71
Gl symptoms 0.11 4.62* 0.04 1.39

‘p < 0.05. "p < 0.001. Self-injurious behavior assessed via the Self-Injurious Behavior
subscale of the Repetitive Behavior Scale- Revised.

DISCUSSION

Our findings underscore the intertwined roles of psychiatric and
gastrointestinal symptoms among children and adolescents with
ASD. Although individuals with ASD are at elevated risk for
both psychiatric and medical comorbidities across the lifespan
(3, 5, 47), these constructs have not been fully investigated in
tandem despite increasing recognition of ASD as a disorder
with implications across neurobiological symptoms. In this
paper, we found evidence of unique variance associated with
GI symptoms across all three measures of psychiatric symptoms
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we examined, including internalizing, externalizing, and self-
injurious behaviors. In all but one of the regression models
described above, the inclusion of parent-reported GI symptoms
significantly increased the statistical variance explained in
psychiatric outcomes, over and above the contributions of
psychosocial variables.

Beyond GI concerns, our analyses also identified a number
of other child and family factors that corresponded to increased
psychiatric symptoms in this sample. For both internalizing
and externalizing symptoms, we found increased psychiatric
difficulties when children had more ASD symptoms, higher
verbal IQ scores, lower adaptive behavior skills, and lower
household income. These findings fit with previous literature
linking increased internalizing concerns with stronger cognitive
skills (48, 49) and lower family income (50) in ASD. Patterns
of findings were more distinct for older participants (age
10 years and older) with regard to externalizing and self-
injurious behaviors. For both of these outcomes in our
older participants, nonverbal IQ and race/ethnicity emerged as
significant predictors. Specifically, higher levels of externalizing
and self-injurious behavior were both associated with having
a lower nonverbal IQ. Higher levels of externalizing were
associated with being younger and being of white race/ethnicity,
whereas lower levels of self-injurious behavior were associated
with African American race/ethnicity. This overall picture—
in which similar predictors hold for younger children across
psychiatric outcomes while differences emerge for older children
across psychiatric outcomes—might suggest a developmental
trend in which psychiatric difficulties earlier in life are related
to a common set of factors, whereas contributing factors begin
to diverge and demonstrate more specificity in their links to
outcomes as children move toward adolescence.

With regard to the prevalence of GI symptoms among
individuals with ASD, our findings suggest marked GI symptoms
among approximately one third of children and adolescents
in this sample. As discussed earlier, estimates of prevalence
span a wide range among published studies on GI function in
ASD, likely due to methodological differences between them
(16). Higher estimates of GI concerns may be associated with
data collection approaches such as questionnaire measures and
medical record review, whereas medical history data in the
Simons Simplex Collection result from a standardized parent
interview. In addition, participants in the SSC met strict and
tightly defined diagnostic criteria for ASD, and this procedure
may have excluded some children who would have been included
in community-based clinic samples. As we discuss in more
detail later, the SSC is unique in its recruitment purely of
simplex families, and this feature likely also affects the phenotype
described here.

Taken together, our findings have implications for assessment
and intervention across disciplines. With regard to mental health
providers, our findings indicate a need to assess for GI symptoms
even when those are not the presenting complaint, as they
may serve to contribute to the behavioral concerns for which a
family is seeking services. Although GI symptoms accounted for
relatively small proportions of variance in psychiatric symptoms
in our analyses, they were nonetheless significantly associated

with mental/behavioral health. Moreover, effects of GI symptoms
were not limited to a single psychiatric symptom area but rather
applied across three different measures. As such, despite the
limited variance in some models, appropriate treatment of GI
symptoms may be an important part of reducing a broad array
of mental health symptomatology in this population, and may
be critical in improving quality of life and overall functioning.
Such recommendations are bolstered by observations that the
presence of significant GI conditions among children with ASD
may moderate response to psychopharmacological treatment for
behavior problems (51).

Conversely, with respect to medical providers, our findings
suggest that families seeking treatment for GI symptoms
may benefit from a comprehensive assessment of possible
“downstream” behavioral or psychological effects. Use of brief,
standardized, broad-based questionnaire measures such as those
included in the analyses presented here [e.g., Child Behavior
Checklist; (41)] can provide medical providers with a broad
overview of a child’s well-being, and can assist in exploration as to
whether medical treatment should be augmented with behavioral
intervention (e.g., parent support, psychotherapy) to address
effects in those domains.

Limitations of the Current Study

As always, conclusions from the current findings should be
considered within the context of the sample and measures
with which they were observed. By design, the Simons Simplex
Collection comprises children and adolescents with ASD with
minimal familial, perinatal, or historical risk factors for autism,
with the goal of enriching possible de novo genetic contributions
to ASD (34). Given this approach, it may be that our
results are most applicable to individuals with ASD who have
similar familial and genetic backgrounds (i.e., simplex status),
and may be less applicable to individuals with ASD in the
context of positive family history for ASD, significant perinatal
complications, or other identified ASD risk factors. While many
occurrences of ASD do appear to be spontaneous or idiopathic
in nature (34), the current approach does leave a proportion
of individuals with ASD for whom the SSC may not be fully
representative and for whom prevalence of GI concerns and
relations between GI and psychiatric symptoms may be different
than observed here.

Similarly, given the nature and goals of the SSC sample
and procedures, we cannot speak to the generalizability of our
findings to a broader population of individuals without ASD,
such as those with other neurodevelopmental or psychiatric
diagnoses. For instance, individuals with intellectual disabilities
may also experience heightened prevalence of psychiatric
comorbidities and gastrointestinal concerns when compared
to the general population (52), but our results cannot clarify
whether links between those psychiatric and GI symptoms
parallel those observed in our findings. The same is true
with regard to links between psychiatric and GI symptoms
for children in the general population, for whom psychosocial
and environmental factors are associated with GI symptoms
[e.g., (53)], as our analyses do not include data from typically-
developing children and adolescents.
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With regard to measurement, the measures used in the current
study carry both advantages and limitations. Our measures
of GI (parent-reported symptoms present after the age of 36
months) and psychiatric symptoms (standardized parent-report
questionnaires) rely upon parent report. A medical evaluation
based on standard diagnostic criteria (ROME IV; DSM 5)
and comprehensive testing (e.g., imaging, GI studies, direct
assessment) may determine the etiology of symptoms, and
extend our understanding of potential mechanisms underlying
the gastroenterology-psychiatry relationship. Our approach also
cannot clarify whether the GI concerns assessed are reported by
caregivers with equal reliability, as some may be more apparent
to parents (e.g., vomiting) while others (e.g., nausea, pain) may
yield fewer observable signs and rely more on children’s ability
to understand and communicate their internal state. In addition,
the nature of our GI variable does not include evaluation
of the severity and impact on quality of life. Severity, rather
than quantity, of GI symptoms may have greater impact on
psychiatric well-being, and symptom severity may show stronger
associations between measures of GI and psychiatric health. For
example, a child with severe abdominal pain may experience
greater negative impact, with reduced participation in physical
activities and increased school absenteeism, compared to a child
with multiple but less severe GI symptoms who may continue
in their normative roles. The summary variable in the current
study cannot capture the severity of GI concerns, and such
questions will be important aspects for future work. Finally,
as GI symptoms are aggregated into a composite score, we
cannot identify whether and how specific GI concerns have more
fine-grained or unique associations with particular psychiatric
symptoms.

Despite these considerations, this approach likely mirrors
typical clinical situations encountered by medical and mental
health providers, in which families present for medical or
psychiatric issues and clinicians must rely upon parent report
or questionnaire methods to gain information, with limited
access to prior diagnostic evaluations and/or referrals to specialty
evaluation. It is also promising to note that parents’ reports of
children’s GI symptoms tend to be relatively strong indicators of
true GI conditions (33), suggesting that the GI variables included
in the SSC dataset stand as a reasonable proxy for these purposes.

Future Directions

Moving forward, conclusions from our analyses and others
[e.g., (24, 25, 27)] regarding the links between psychiatric
and GI comorbidities among individuals with ASD would be
strengthened by use of longitudinal data that could inform
questions of causality and the direction of effects between
symptoms. Our findings are consistent with interpretations
positing a causal influence such that the presence of GI symptoms
are associated with increased likelihood of mental health
symptoms, either as a result of ongoing physical discomfort
and/or as a behavioral expression of that discomfort. However,
while these interpretations are both plausible and consistent with
previous thinking [e.g., (16)], the current data cannot confirm
that direction of effect due to the cross-sectional nature of the
SSC dataset.

Future research should also explore how comorbidities
between ASD, behavioral, and medical (including GI) concerns
relate to the biological mechanisms and genetic substrates of
ASD. A number of candidate genes in which de novo changes
can increase likelihood of ASD also appear to carry effects on
GI function, both in people with ASD and in animal models
of analogous genetic changes. For example, protein truncating
mutations to CHDS, a chromatin remodeling gene expressed
both in the central and enteric nervous systems, are among
the most common disruptive mutations identified in ASD
through exome sequencing (21). What is more, these de novo
changes also correspond to significant GI dysfunction (primarily
constipation) for 83% of affected individuals with ASD, and to
disrupted gut motility in zebrafish models of those same de
novo changes (21). Delineation of mechanistic pathways through
which genetic events result in an ASD phenotype will be critical,
and better understanding of intertwined medical and psychiatric
comorbidities may suggest candidate systems in those pathways
as well as identify additional systems influencing phenotype
(e.g., regulation of serotonin, implicated in both gut and brain
function).

Together, findings presented here reinforce the need
for conceptualizing ASD as a diagnosis affecting multiple
neurobiological systems. With this perspective comes the
potential of (1) identifying comprehensive research questions to
clarify ASD etiology and mechanism, (2) exploring meaningful
subgroups within the larger ASD diagnosis to guide that research,
and (3) offering multiple points of intervention through which
to support affected individuals and their families. In light of the
current findings, ties between psychiatric and gastrointestinal
comorbidities may be particularly well-suited for these purposes
and will continue to be an important avenue for investigation.
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Objective: Autism spectrum (ASD) and attention-deficit/hyperactivity disorder (ADHD)
are neurodevelopmental disorders with a high rate of comorbidity. To date, diagnosis
is based on clinical presentation and distinct reliable biomarkers have been identified
neither for ASD nor ADHD. Most previous neuroimaging studies investigated ASD and
ADHD separately.

Method: To address the question of structural brain differences between ASD and
ADHD, we performed FreeSurfer analysis in a sample of children with ADHD (n = 30),
with high-functioning ASD (n = 14), with comorbid high-functioning ASD and ADHD
(n =15), and of typically developed controls (TD; n = 36). With FreeSurfer, an automated
brain imaging processing and analyzing suite, we reconstructed the cerebral cortex and
calculated gray matter volumes as well as cortical surface parameters in terms of cortical
thickness and mean curvature.

Results: A significant main effect of the factor ADHD was detected for the
left inferior frontal gyrus (Pars orbitalis) volume, with the ADHD group exhibiting
smaller Pars orbitalis volumes. Dimensional measures of autism (SRS total raw score)
and ADHD (DISYPS-II FBB-ADHD score) had no significant influence on the left
Pars orbitalis volume. Both, ASD and ADHD tended to have an effect on cortical
thickness or mean curvature, which did not survive correction for multiple comparisons.
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Conclusion: Our results underline that ADHD rather than ASD is associated with volume
loss in the left inferior frontal gyrus (Pars orbitalis). This area might play a relevant role in
modulating symptoms of inattention and/or impulsivity in ADHD. The effect of comorbid
ADHD in ASD samples and vice versa, on cortical thickness and mean curvature, requires
further investigation in larger samples.

Keywords: autism spectrum disorder (ASD), attention-deficit/hyperactivity disorder (ADHD), FreeSurfer, cortical

thickness, mean curvature

INTRODUCTION

Previous studies mainly investigated autism spectrum disorder
(ASD) and attention-deficit/hyperactivity disorder (ADHD) in
isolation. The question to what extent there is a clinical overlap
between ADHD and ASD, whether they represent distinct
diagnostic categories or form a continuous disorder with a
continuum of brain dysfunction remains open to discussion
(1, 2). To identify endophenotypes across diagnostic categories,
it is important to further investigate the overlap between ADHD
and ASD on a behavioral, neurocognitive, and neurobiological
level (3, 4).

Co-occurrence of ASD and ADHD

ASD is characterized by impairment in social communication
and interaction as well as by a range of stereotypic behaviors
whereas deficits in attention, hyperactivity, impulsiveness,
disorganization and affective instability represent the core
symptoms of ADHD (5). As ASD is a frequent comorbid
condition in ADHD and vice versa (1), there is the possibility
of dual diagnosis according to DSM-5 (5). The interpretation
of studies prior to 2013 is limited by DSM-IV guidelines not
permitting the dual diagnosis of ASD and ADHD (6).

Studies report frequent co-occurrence with 30-50%
of individuals with ASD manifesting ADHD symptoms
(particularly at pre-school age) and two-thirds of individuals
with ADHD showing features of ASD (7). Social difficulties
in ADHD are often interpreted as part of ADHD symptoms
rather than reflecting impairments in social communication
being characteristic for ASD (8). Both disorders are highly
heritable (9).

Previous Volumetric Studies in ASD and
ADHD

Previous structural neuroimaging studies encompassing children
and adolescents with both, ADHD and ASD, are scarce and
show heterogeneous results (Table 1). There is only one previous
FreeSurfer study on ASD children with and without comorbid
ADHD, but without a separate ADHD group (12). Mahajan et al.
(12) found that gray matter (GM) volume and surface area (SA)
were increased in the left postcentral and the right precentral
gyrus which in this study was specific for ASD children without
ADHD, whereas an increase in the left precentral gyrus was
specific for children with ASD and comorbid ADHD. Regardless

of ADHD comorbidity, all children with ASD showed increases
in GM volume and SA in the left inferior parietal cortex (12).

Voxel based morphometry (VBM) studies display a
heterogeneous picture. The most recent VBM study suggested
GM reduction in the right posterior cerebellum to be disorder-
specific for ADHD relative to ASD. GM enlargement in the
middle/superior temporal gyrus, on the other hand, was reported
to be disorder-specific for ASD relative to ADHD (11). An earlier
VBM study pointed toward shared GM volume reduction within
the medial temporal and higher GM in the inferior parietal
cortex (3). Further, increased GM volume of the supramarginal
gyrus was reported in ASD, but not ADHD, relative to controls
(3). In the largest VBM study so far an increasing ASD score was
associated with greater global GM volume (10).

In ASD it has frequently been reported that after having
a normal (13) or smaller (14) brain size at birth, there is a
period of early brain overgrowth prior to 4 years of age (14-
16). The pathophysiology of such alterations is unknown, but
it is proposed to result from deviant neuronal proliferation and
axonal growth during fetal development that in turn leads to
an aberrant developmental pruning (17). In contrast, in children
with ADHD, smaller whole brain volumes (18-20) and lower GM
volumes have been described (21). It is hypothesized that ADHD
children show a delayed brain maturation process (22).

Despite similarities in clinical presentation as well as mutual
comorbidity rates in ASD and ADHD, these disorders present
a rather different neuroanatomical profile. Most studies report
subcortical temporal structures such as the amygdala to be
enlarged in young children (at ages 2-4) with ASD (23) with a
normalization in late childhood and adolescence (24). Amygdala
volumes in adults with ADHD have been found to be relatively
normal (25, 26) or smaller than in controls (27). Basal ganglia are
reported to be enlarged (15) in ASD and smaller in ADHD (1).
With regard to the corpus callosum, thalamus and cerebellum,
however, in many studies ASD and ADHD show a volume
reduction (1).

Previous Cortical Surface Parameter
Studies in ASD and ADHD

Studies focusing on cortical surface parameters in ASD also
reported mixed results. When investigating cortical surface
parameters, it has to be reflected that cortical development in
ASD varies across developmental stages or brain regions. Three
different phases have been proposed: accelerated expansion in
early childhood, accelerated thinning in later childhood and
adolescence, and decelerated thinning in early adulthood (28).
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TABLE 1 | Previous volumetric studies comparing children with ADHD and ASD.

Study n Age in years Q Methods Region(s) and results

(ADHD/ASD/TD) (ADHD/ASD/TD)
(Mean =+ SD)

1. Brieber et al. (3) 15 ADHD 1318+ 1.4 104.1 £ 15.8 VBM Smaller GM in left medial temporal lobe and higher
15 ASD 142+1.9 106.8 +21.4 GM volume in left inferior parietal cortex in ADHD
157D 13.3+1.8 107.7 £ 12.7 and ASD vs. TD

(10-16y) Increased GM volume in right supramarginal gyrus
in ASD vs. ADHD and TD

2. O’Dwyer et al. 180 ADHD 16.2 £3.7 98.8 +14.9 VBM Increasing ASD score is associated with greater GM

(10 140 TD 16.8 £ 3.6 106.6 + 13.2 volume
124 unaffected 16.9+4.0 101.8 = 14.2
siblings (7.4-28.5y)

3. Limetal (11) 44 ADHD 13.6 +£1.87 922 +£11.7 VBM Smaller right posterior cerebellar GM volume in
19 ASD 149 +1.86 113+ 15.7 ADHD vs. ASD and TD
33 TD 14.3 £ 2.52 110 £ 11.5 Larger left middle/superior temporal gyrus GM

volume in ASD vs. ADHD and TD

4. Mahajan et al. 30 ASD- 105 +1.7 102 £ 14 Free Increased GM volume and SA in the left inferior

(12) 33 ASD+ 103+1.4 108 +£ 17 Surfer parietal cortex in ASD+ and ASD-

63 TD 105+1.3 112 +£ 11 ROI Increased GM volume and SA in the left post-central
8-12y) gyrus and the right precentral gyrus in ASD-

Increased GM volume and SA in the left precentral
gyrus in ASD+

n, number; SD, standard deviation; ADHD, attention-deficit/hyperactivity disorder; ASD, autism spectrum disorder; ASD+, autism spectrum disorder with comorbid ADHD; ASD-, autism
spectrum disorder without comorbid ADHD; TD, typically developed; VBM, voxel based morphometry; ROI, region of interest; GM, gray matter; IQ, intelligence quotient.

Hazlett et al. (29) examined young children with ASD (ages 2—
5 years) and found increased cortical volumes, but no alterations
in cortical thickness implicating that brain enlargement may be
associated with increased cortical SA in ASD. Increased cortical
thickness in temporal lobes was reported in children (ages 8-
12 years) with ASD (30) with greater cortical thinning in ASD
over time especially in occipital regions (31). Greater cortical
thinning was associated with more severe symptoms in ASD
(31). Further investigations pointed toward cortical thinning in
adolescents (ages 12-25 years) with ASD (32-34). Studies in
adults are divergent with some reporting cortical thinning (35—
37) in brain regions involved in social cognition, others cortical
thickening within frontal lobe regions (38) or regions from
all four lobes (36). A large recent study found no significant
difference in overall cortical thickness or surface area between
ASD and typically developed (TD) (39).

In children and adults with ADHD, cortical thinning has
been described in parietal and frontal regions responsible for
executive function and attention (40-42). Another study detected
no differences in cortical thickness of ADHD children, but
decreased SA and cortical folding (43).

The unclear and puzzling current state requires further studies
directly comparing volumetric and cortical thickness parameters
between ASD and ADHD. Individuals with isolated autism
and individuals, who present comorbid conditions in terms of
ADHD, can be distinguished behaviorally as already documented
by our research group (44).

Rationale of Our Study
Based on the available evidence, we aimed to study the brain
structure in children with ASD with and without comorbid

ADHD as well as TD. To address the question of a potential
neurobiological overlap between ADHD and ASD, we analyzed
the brain scans for shared and disorder-specific abnormalities.
We investigated differences in terms of GM as well as cortical
thickness and mean curvature.

In doing so, this study represents the first FreeSurfer study
comprising ASD and ADHD groups, as well as subjects with co-
occurrence of both conditions. Because previous studies showed
inconsistent and widely distributed changes, we did not limit the
analysis to individual a priori regions of interest (ROIs).

MATERIALS AND METHODS

Participants
The ethics committee of the University Medical Center Freiburg
approved the study (approval ID: 279/06). Magnetic resonance
imaging (MRI) scans were acquired following written informed
consent of the children’s parents. Male children with ASD
and ADHD were recruited from the Department of Child and
Adolescent Psychiatry, Psychotherapy, and Psychosomatics of the
University Medical Center Freiburg.

We obtained scans of high quality in 40 male children with
a diagnosis of ASD according to ICD-10 and DSM-5 criteria.
Twenty-nine ASD patients were included in the final analysis
after 7 patients were excluded due to image artifacts, 3 due to IQ
< 70 and one patient due to comorbid seizures. All ASD children
were high-functioning and with no language delay. Intellectual
disability (full scale IQ below 70), comorbid Tourette syndrome
or severe neurological diseases were defined as exclusion criteria.
With the exception of 2 patients, no ASD participant had
comorbid depressive or anxiety symptoms. The diagnostic
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process followed international guidelines, including the Autism
Diagnostic Observation Schedule [ADOS-G, (45)] and the
Autism Diagnostic Interview [ADI-R, (46)]. Psychometric tools
included the Child Behavior Checklist [CBCL, (47)], the Social
Responsiveness Scale [SRS, (48)], and the diagnostic interview K-
SADS-PL (49). According to the K-SADS-PL, 15 autistic children
additionally met the diagnostic criteria for ADHD. The ADHD
diagnosis was confirmed with the DISYPS-II FBB-ADHD (50),
and verified by a multi-professional team of expert clinicians
to ensure a comorbid ADHD. The group without (14 patients)
and the group with comorbid ADHD (15 patients) were not
significantly different for age and IQ.

Additionally, MRI-scans of 50 male patients with ICD-10
and DSM-5 ADHD diagnosis without a comorbid ASD were
acquired. Twelve scans were excluded due to poor image quality,
7 due to the low IQ of the subjects (<70) and one due to
an arachnoid cyst, so that finally 30 ADHD patients were
analyzed. ADHD diagnosis was clinically based on ICD-10 and
DSM-5 criteria and additionally confirmed with the DISYPS-
II FBB-ADHD (50). ASD symptoms were ruled out applying
the SRS score (48), also the CBCL (47) was consulted. With
the exception of one ADHD patient, no one suffered from
comorbid depression or anxiety disorder as assessed by the K-
SADS-PL (49). Methylphenidate medication in children with an
ADHD diagnosis was discontinued at least 24 h prior to scanning
procedure.

Fourty-eight typically developed male children (TD) were
recruited from local schools and sport groups. Control subjects
were included after a phone interview with the parents who
additionally completed a sociodemographic questionnaire, the
CBCL (47) and the SRS (48) for ruling out ASD and ADHD
symptoms. Four children were excluded from the TD group,
because of the presence of ADHD or autistic symptoms, 7 due
to imaging artifacts and one due to an IQ < 70, so that we finally
included 36 male TD participants in the study.

Subjects were matched according to IQ assessed with Raven’s
Standard Progressive Matrices (51), age and sex.

All subjects included in the study accomplished behavioral
tasks of executive functions and planning as well. The results are
published elsewhere (44).

Image Acquisition

A standard magnetization-prepared rapid gradient echo
(MPRAGE) TI-weighted anatomical scan was conducted
(relaxation time = 2,200ms, echo time = 2.15ms, flip angle
= 12°, inversion time = 1,100 ms) on a 3T Siemens TIM Trio
Magnetom scanner (Erlangen, Germany). Slice thickness was

1 mm and voxel size 1 x 1 x 1 mm?3.

Brain Segmentation

Cortical reconstruction and segmentation was performed using
FreeSurfer version 5.3 (http://surfer.nmr.mgh.harvard.edu/).
FreeSurfer is a fully automated suite of tools that enables analysis
of key features in the human brain such as segmentation of most
macroscopically visible brain structures (52). FreeSurfer allows
to compute the volume of subcortical areas and reconstructs
the cerebral cortex (53). It also provides information about

mapping of cortical GM thickness (54) and the construction of
surface models of the cerebral cortex (55). The technical details
of FreeSurfer procedures are described elsewhere (52). Applying
FreeSurfer, we removed non-brain tissue and segmented cortical
and subcortical GM and WM depending on image intensity.
FreeSurfer output was inspected by three blinded trainees
and rated on a scale ranging from 1 to 4. A “1” means no
visible artifacts, whereas “4” denotes distinct blurred and low-
quality images. Manual correction followed recommendations
of FreeSurfer developers (https://surfer.nmr.mgh.harvard.edu/
fswiki/FsTutorial/PialEdits_freeview).

MRI scans of poor quality, which showed geometric
inaccuracies, were rated “4” (blurred and low quality) or for
which the segmentation procedure failed, were excluded.

Region of Interest Parcellation

Individual brains were registered on a spherical atlas for
parcellation, taking into account individual cortical folding
patterns to match brain geometry between the subjects.
FreeSurfer parcellated each brain into 148 GM and 32 subcortical
ROIs using the Desikan-Killiany-Atlas (56). Afterwards, ROI
labels were transformed back into each subject’s individual space
to compute the volume of each ROL

Surface and Cortical Thickness

Cortical surface area was calculated with FreeSurfer based on
a 2D representation of cortical surface after estimation of
GM/WM boundary and pial surface (54). Cortical thickness
was then calculated for each vertex as distance from the
GM/WM boundary and the pial surface. FreeSurfer offers better
alignment of cortical landmarks than volume-based registration
and does not produce an age-associated bias between older
and younger children when registering children’s brains to a
common space (57).

Statistical Analysis

Psychometric Data

Group comparisons of demographic and psychometric data (age,
IQ, psychometric scores) were carried out using SPSS software,
version 22 (IBM Corp., Armonk, NY, USA). We used analysis of
variance (ANOVAs) for the assessment of significance of putative
differences.

Analysis of Imaging Data

Further analysis of imaging data was carried out using R
statistical computing software (58). We tested for differences
in cortical GM volumes respecting all regions of FreeSurfer
segmentation according to the Desikan-Killiany-Atlas (56).
Additionally, we focused on cortical surface parameters in terms
of cortical thickness and mean curvature of ROIs, again defined
with the Desikan-Killiany-Atlas (56).

We adjusted volume, mean curvature and thickness data for
differences in age and IQ using a linear model applying the
groups mean age and IQ.

Type III two-way 2 x 2 ANOVAs on the adjusted
volume, thickness and curvature data were calculated using the
independent between-subject factors ASD diagnosis (yes vs. no)
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and ADHD diagnosis (yes vs. no; see Table 2). Results were
corrected for multiple comparisons applying false discovery rate
(FDR) correction. FDR corrected p < 0.05 were considered
significant, and uncorrected p < 0.05 were regarded as trends.
We didn’t restrict our analysis to a priori regions of interest.

Multiple regression models with either SRS total raw score or
DISYPS-11 FBB-ADHD as independent variables were conducted
with the adjusted left Pars orbitalis volume as dependent
variables. The regression model included an interaction term
with the binary moderator variables ASD and ADHD.

RESULTS

Demographic and Psychometric Data

Table 3 summarizes the demographic and psychometric data of
the ASD, ADHD, and TD group. The study included 95 male
participants (6-13 years old): 14 with ASD without comorbid
ADHD, 15 with ASD and comorbid ADHD, 30 ADHD, and 36
TD controls. Groups did not differ significantly with respect to
age and IQ.

Volumetric Results

The two-way ANOVA model showed a significant main effect of
the factor ADHD for the left Pars orbitalis volume after FDR
correction [F(j 91y = 12.63; prpr 0.039, puncorr < 0.001].
Children with an ADHD diagnosis exhibited smaller left Pars
orbitalis volumes (Figure 1). Uncorrected significant effects were
regarded as trends (Table 4). A main effect of ADHD on trend
level could also be observed in the right Pars orbitalis and
precuneus cortex, in terms of a volume reduction. An interaction
of the factors ADHD and ASD could be detected for the right
isthmus cingulate cortex.

Cortical Thickness

Two-way ANOVA models exhibited no significant main effects or
interaction surviving FDR correction. The following uncorrected
significant effects were regarded as trends (Table 4):

A main effect for the diagnosis ASD emerged in the bilateral
postcentral gyrus and the left pericalcarine and cuneus cortex, as
well as in the right superior parietal cortex, in terms of cortical
thinning. ADHD effects were observable in the left Pars orbitalis,
again, linked to a cortical thinning. An interaction of diagnosis
ADHD and ASD could be observed for the left inferior parietal,
parahippocampal, pericalcarine, transverse temporal, and right
post-central thickness measures.

TABLE 2 | Factor levels of the 2 x 2 ANOVA model.

ADHD diagnosis No ADHD diagnosis

Mean Curvature

The two-way ANOVA model showed no significant interaction
or main effects for the factors ASD or ADHD on mean
curvature after FDR correction. Uncorrected significant
results we regard as trends (Table4). The right medial
orbitofrontal cortex showed a significant main effect of
the factor ASD, as did the left postcentral gyrus and right
cuneus cortex. ADHD, in turn, had an effect on mean
curvature of the left transverse temporal cortex and right
Pars triangularis. Uncorrected significant interactions could be
found in the left pericalcarine and right medial orbitofrontal
cortex.

SRS-Total Score and DISYPS-II Effect on

Main Result

Neither the multiple regression model with the independent
variable SRS total score nor DISYPS-II FBB-ADHD revealed any
significant effect of these scores or their interaction with the
factors ADHD and/or ASD on left Pars orbitalis volume.

DISCUSSION

To our knowledge, this is the first FreeSurfer study that examines
children with ADHD, ASD, and comorbid ASD and ADHD in
a single study. Our investigation focused on the detection of
possible morphometric differences (cortical volume, thickness
and mean curvature).

Due to the heterogeneity of findings in earlier studies, we did
not limit our analysis to a priori regions of interest.

Volumetric Results

The diagnosis ADHD has a significant effect on the left
Pars orbitalis volume with ADHD-diagnosed children
showing smaller left Pars orbitalis volumes. These findings
suggest that ADHD rather than ASD is related to left
Pars orbitalis volume loss. Whether there are weaker
“additive” effects on the Pars orbitalis volume of ASD
and ADHD cannot be ruled out with a study of the given
sample size.

On trend level, we additionally found an ADHD main
effect for the right Pars orbitalis and precuneus cortex and an
interaction of diagnosis ADHD and ASD for the right isthmus
cingulate cortex.

The so-called default-mode network (DMN) has been
described as comprising the precuneus/posterior cingulate
cortex, the medial prefrontal cortex and the medial, lateral and
inferior parietal cortex. It is a network of brain regions associated
with task-irrelevant mental processes and mind wandering (59,
60) In line with our results, Castellanos et al. (61) showed
ADHD-related decreases in functional connectivity between the
precuneus and other DMN components.

The Pars Orbitalis of the Inferior Frontal

ASD diagnosis ASD with comorbid ADHD ASD Gyrus
No ASD diagnosis ABHD D The Pars orbitalis represents a subdivision of the inferior frontal
TD,  typically — developed;  ASD, autism  spectrum  disorder;  ADHD, gyrus which more or less cor reSpOIldS well to the Brodman
attention-deficit/hyperactivity disorder. Area 47.
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TABLE 3 | Demographic and psychometric data.

ADHD ASD with ASD TD ANOVA
comorbid ADHD
Mean + SD Mean + SD Mean + SD Mean + SD
N 30 15 14 36
Age 9.89 +2.18 10.32 £ 2.21 10.35 £ 2.47 9.86 +2.33 F(3,91) = 0.274; p = 0.844
Q 93.71 £ 13.32 98.24 + 13.37 93.71 £ 14.17 97.79 + 13.05 F(3,91) = 0.789; p = 0.503
SRS total score 59.23 + 31.03 92.93 + 40.60 81.29 +22.10 18.83 £ 14.39 F(3,91) = 36.76; p < 0.001
DISYPS-II FBB-ADHD 1.44 £ 0.65 1.85 £ 0.61 0.80 £0.35 0.20£0.15 F(3,64) = 25.25; p < 0.001

N, number; SD, standard deviation; ADHD, attention-deficit/hyperactivity disorder; ASD, autism spectrum disorder; TD, typically developed; IQ, intelligence quotient; SRS, Social

Responsiveness Scale; DISYPS, Diagnostik System f(r Psychische Stérungen.

4000

3500

3000

left Pars orbitalis volume [mm3]

2500

2000

ADHD £ no ADHD

ASD

FIGURE 1 | Adjusted left Pars orbitalis volume in children with and without ASD or ADHD, respectively. ADHD, attention-deficit/hyperactivity disorder; ASD, autism
spectrum disorder. Boxes indicate upper/lower quartile as well as the median. The black line indicates the sample mean.

group

no ASD

Functionally it has been linked to the recognition of facial
expressions of basic emotions (62) and to the modulation of
positive emotionality (63). It is also assumed that besides the
specific association between the right inferior frontal gyrus and
the inhibitory control, the left inferior frontal gyrus is also
involved in the successful implementation of inhibitory control
over motor responses (64). This could be partly responsible for
the impulsive behavior that can be observed in ADHD.

Children with ADHD and autism have a lot of similar
features and there is high frequency of ADHD symptoms
in autism (65). Also, in autistic patients, difficulties with
emotion and facial recognition have been described (66—
69). In addition, it was assumed that Brodmann Area

47 is involved in semantic/syntactic processing (70, 71).
Previous studies pointed toward abnormalities the
pragmatic understanding and the use of language in ASD
(72). Brothers (73) proposed that there is a network of neural
regions (the amygdala, the orbito-frontal cortex, the superior
temporal sulcus and gyrus) comprising the “social brain.”
Accordingly, reduced Pars orbitalis volume in ASD with
comorbid ADHD might not necessarily be responsible for the
aforementioned symptoms in ASD, but it may be a complicating
factor.

In a recent publication the Pars orbitalis has been implicated
as being part of a critical network for the identification of specific
ADHD/ASD subtypes (74).

in
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TABLE 4 | Uncorrected adjusted volume, thickness, and mean curvature results.

Measure Region ADHD ASD- ASD + TD Two-way ANOVAs
Mean 4+ SD Mean + SD Mean + SD Mean + SD (p-values)
Volume Left pars orbitalis  2738.70 + 328.53 2884.21 £+ 284.83 2621.54 £ 241.09 3043.94 + 413.61 ASD: p =0.148
ADHD: p < 0.001
ASD x ADHD: p = 0.784
Right pars orbitalis 3387.65 + 485.42 3676.62 + 613.57 3285.59 + 463.18 3656.61 + 430.33 ASD: p = 0.896
ADHD: p = 0.027
ASD x ADHD: p = 0.572
Right isthmus 3204.79 £+ 512.29 324411 £ 425.46 2875.96 + 477.66 3075.76 £ 575.98 ASD: p = 0.308
cingulate ADHD:p = 0.320
ASD x ADHD: p = 0.035
Right precuneus 12868.08 + 1570.15 13284.51 + 1850.61 12637.10 £ 1968.18 13783.22 + 1989.24 ASD: p = 0.392
ADHD: p = 0.047
ASD x ADHD: p = 0.745
Thickness Left inferior parietal 2.83 & 0.14 2.85+0.12 2.70+0.21 2.84+0.14 ASD: p = 0.829
ADHD: p = 0.708
ASD x ADHD: p = 0.039
Left post-central 224 £014 217 £0.12 221 +0.13 2.31+£017 ASD: p = 0.004
ADHD: p = 0.059
ASD x ADHD: p = 0.107
Right post-central 2.20 + 0.12 211 +0.10 220+ 0.14 2.24 +£0.15 ASD: p = 0.004
ADHD: p =0.218
ASD x ADHD: p = 0.030
Right superior 244 £014 2.36 £ 0.12 2.37 £0.12 2.48 £0.14 ASD: p = 0.008
parietal ADHD: p = 0.280
ASD x ADHD: p = 0.485
Left cuneus 2.01+0.18 1.92 £0.13 2.00 +0.15 2.04 +£0.16 ASD: p =0.017
ADHD: p = 0.346
ASD x ADHD: p = 0.104
Left 2.89 £ 0.33 2.97 £0.29 2.76 £ 0.27 2.84 +£0.24 ASD: p =0.130
parahippocampal ADHD: p = 0.491
ASD x ADHD: p = 0.040
Left pars orbitalis  2.89 + 0.33 2.97 £0.29 2.76 £ 0.27 2.84 +£0.24 ASD: p = 0.062
ADHD: p = 0.049
ASD x ADHD: p = 0.377
Left pericalcarine  1.59 + 0.11 1.54 £ 0.10 1.66 + 0.19 1.64 £ 0.15 ASD: p = 0.032
ADHD: p = 0.177
ASD x ADHD: p = 0.010
Left transverse 2.45 £ 0.25 2.39 £ 0.24 2.61+0.22 2.52 +£0.28 ASD: p =0.124
temporal ADHD: p = 0.300
ASD x ADHD: p = 0.016
Mean Left transverse 0.141 £0.010 0.129 £ 0.010 0.140 £ 0.015 0.133+ 0.014 ASD: p = 0.304
curvature temporal ADHD: p = 0.012
ASD x ADHD: p = 0.544
Left pericalcarine  0.158 + 0.016 0.160 + 0.034 0.150 £ 0.013 0.152 £ 0.014 ASD: p =0.168
ADHD: p = 0.179
ASD x ADHD: p = 0.048
Left post-central 0.143 £ 0.021 0.149 £ 0.021 0.142 £ 0.016 0.137 £ 0.011 ASD: p = 0.036
ADHD: p = 0.188
ASD x ADHD: p = 0.100
Right cuneus 0.165 + 0.008 0.167 £0.013 0.166 + 0.010 0.161 £ 0.010 ASD: p = 0.016
ADHD: p = 0.650
ASD x ADHD: p = 0.018
Right medial 0.147 £ 0.010 0.141 £ 0.006 0.150 £ 0.012 0.148 £ 0.010 ASD: p =0.016
orbitofrontal ADHD: p = 0.650
ASD x ADHD: p = 0.018
Right pars 0.144 £ 0.010 0.138 £ 0.011 0.142 £ 0.013 0.139 £ 0.009 ASD: 0.873
triangularis ADHD: p = 0.046

ASD x ADHD: p = 0.748

SD, standard deviation; ADHD, attention-deficit/hyperactivity disorder; ASD, autism spectrum disorder; TD, typically developed. Bold: p < 0.05.
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Relationship to Other Publications

The volume reduction in the Pars orbitalis is partly consistent
with one previous study which reported a trend toward a lower
Pars orbitalis volume in ADHD, but in this investigation, the
right Pars orbitalis was affected (75). In the present study,
decreased right Pars orbitalis volume could only be observed
on an uncorrected level (see Table 4). It is assumed that besides
the specific association between the right inferior frontal gyrus
and the inhibitory control, the left inferior frontal gyrus is
also involved in the successful implementation of inhibitory
control over motor responses (64). We could not replicate
other volumetric results of the few earlier heterogeneous studies
that combined ASD and ADHD patients into a single study
(3, 10-12, 76). However, it should be mentioned that previous
studies are not directly comparable to our study design.
Heterogeneous findings are difficult to interpret due to the often
arbitrary distinction between both clinical groups without careful
consideration of ASD/ADHD comorbidities (74). Furthermore,
different methodology in terms of voxel-based morphometry
(VBM) was applied in most previous investigations (3, 10,
11) and none of the earlier investigations included ASD-
(ASD without comorbid ADHD), ASD+ (ASD with comorbid
ADHD), ADHD, and TD participants (3, 10-12).

Additionally, VBM studies examined adolescent samples.
Only the study by Mahajan et al. (12) studied children whose
average age corresponded to our study (but a smaller age range
than our sample). In fact, age and IQ differences across studies
are potential factors leading to heterogeneity of results. Even
if covariates are used to correct for age effects, the results
cannot be transferred to samples from other age groups or age
structures.

Dimensional Correlations

Multiple regression models with the independent variable SRS
total score or DISYPS-II FBB-ADHD revealed no significant
effect of these scores or their interaction with the factors ADHD
and/or ASD on left Pars orbitalis volume. It can therefore be
assumed that the reduction of the left Pars orbitalis volume
is a categorical effect due to ADHD diagnosis and is not due
to the severity of different symptoms or traits represented by
questionnaires.

Surface Parameters

No significant interaction or main effects for the factors ASD or
ADHD on cortical thickness or mean curvature could be detected
after FDR correction. The fact that significant group effects only
emerged on an uncorrected level might indicate that the effect
sizes of possible differences are too small to be detected with
the present group size. We decided to interpret the uncorrected
significant differences as possible trends.

In doing so, a main effect for ASD diagnosis emerged for
the bilateral post-central, left pericalcarine, left cuneus as well
as right superior parietal cortical thickness, and an effect for
the factor ADHD resulted for the left Pars orbitalis thickness.
An interaction of ASD and ADHD diagnosis was detected for
left inferior parietal, parahippocampal, pericalcarine, transverse
temporal, and right post-central thickness measures.

Our results of cortical thinning in several areas in ASD
children (aged 6-13 years) are concordant with studies reporting
accelerated thinning in childhood ASD (28). Greater cortical
thinning was associated with more severe symptomatology
in ASD (31). Another previous study focusing on ASD
children (aged 6-12 years) revealed widespread, but mostly left-
hemispheric thinning in frontal, temporal, parietal and occipital
brain areas related to the theory-of-mind network (77). It
should be noted that cortical development in ASD is most
likely subject to three different phases: accelerated expansion
in early childhood, accelerated thinning in later childhood and
adolescence, and decelerated thinning in early adulthood (28).
Therefore, when comparing different studies in childhood and
adulthood, the exact stage of development must be taken into
account.

The detected cortical thinning in the superior parietal cortex
in ASD relates well with previous investigations (28, 33). The
superior parietal lobule showed decreased activation during
learning in ASD and was suggested to play an important
role in motor learning and repetitive behaviors (78). Higher
SRS- total scores, indicating autistic traits, were associated with
thinner cortex in the left superior parietal lobule (79). The
postcentral gyrus is important for the representation of haptic
and proprioceptive feedback (12). In line with this observation,
previous research revealed differences of ASD children in tactile
discrimination in comparison to TD (80, 81).

The definite pathomechanisms resulting in cortical thinning
are not yet clarified. Regressive (e.g., synaptic pruning) and
progressive (e.g., myelination) events are supposed to result in
the appearance of GM density reduction or cortical thinning (82),
but further research is required.

Methodological Issues and Limitations

The study was conducted with a sample of children with ASD
or ADHD being prone to motion artifacts (83). Therefore, many
of the MRI brain images were excluded from analysis due to
poor image quality, which could have biased the study results.
We applied manual inspection and correction as suggested by the
recommendations of the developers of FreeSurfer. Nevertheless,
we cannot completely rule out any confounding effects induced
by head motion. Most previous studies did not quantify the
degree of observed motion in groups (1). Therefore, differences
in the applied (or not applied) motion correction or exclusion
criteria might partly be responsible for the heterogeneity of
results across studies. To date, a quantification of head motion
as described in diffusion tensor imaging (DTI) studies is not
possible in FreeSurfer morphometric studies (84). There is very
sparse evidence of utilization of automated quality metrics in
FreeSurfer studies (85, 86).

Due to the study’s focus on primary forms of ASD the results
presented here can not necessarily be generalized to forms of ASD
with intellectual impairment or to syndromal-secondary autism
(defined as autism with known etiology) (87). Additionally, a
larger total sample size would have been desirable to detect more
potential subtle differences.

Methylphenidate medication was discontinued at least 24 h
prior to scanning procedure. Evidence suggests an impact
of long-term neurotropic medication on brain structure with
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stimulant medication being associated with normalization of
structural abnormalities in ADHD (88). This confounding factor
might have influenced our results, yet, given the earlier literature,
not in terms of a volume loss as we report in this study (89).
Furthermore, for future studies, it would be helpful to choose
longitudinal designs to study longitudinal neurodevelopmental
trajectories of ASD and ADHD vs. TD.

CONCLUSION

In summary, we detected that ADHD rather than ASD mediates
volume loss in the inferior frontal gyrus (Pars orbitalis). The
volume reduction in the left Pars orbitalis seems to be primarily a
categorical diagnostic effect than to reflect the severity of various
traits or symptoms. ASD and ADHD diagnoses tended to have
an effect on cortical thickness or mean curvature, which did
not survive correction for multiple comparisons. Further studies
of more power in larger samples are necessary to investigate
the effect of ADHD and ASD on cortical thickness and mean
curvature. Additionally, further research is needed to disentangle
the precise causal pathways.
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Background: Linking genotype to phenotype is a major aim of genetics research, yet
the underlying biochemical mechanisms of many complex conditions continue to remain
elusive. Recent research provides evidence that relevant gene-phenotype associations
are discoverable in the study of intellectual disability (ID). Here we expand on that work,
identifying distinctive gene interaction modules with unique enrichment patterns reflective
of associated clinical features in ID.

Methods: Two hundred twelve forms of monogenic ID were curated according to
comorbidities with autism and epilepsy. These groups were further subdivided according
to secondary clinical manifestations of complex vs. simple facial dysmorphia and
neurodegenerative-like features due to their clinical prominence, modest symptom
overlap, and probable etiological divergence. An aggregate gene interaction ID network
for these phenotype subgroups was discovered via a public database of known gene
interactions: protein-protein, genetic, and mMRNA coexpression. Additional annotation
resources (Gene Ontology, Human Phenotype Ontology, TRANSFAC/JASPAR, and
KEGG/WikiPathways) were utilized to assess functional and phenotypic enrichment
patterns within subgroups.

Results: Phenotypic analysis revealed high rates of complex facial dysmorphia in ID
with comorbid autism. In contrast, neurodegenerative-like features were overrepresented
in ID with epilepsy. Network analysis subsequently showed that gene groups divided
according to clinical features of interest resulted in distinctive interaction clusters, with
unique functional enrichments according to gene set.

Conclusions: These data suggest that specific comorbid and secondary clinical
features in ID are predictive of underlying genotype. In summary, ID form unique clusters,
which are comprised of individual conditions with remarkable genotypic and phenotypic
overlap.

Keywords: autism spectrum disorder, epilepsy, craniofacial abnormalities, neurodegeneration, infantile
proteopathy, genetic phenotype associations
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Casanova et al.

ID Genotype-Phenotype Correlations

BACKGROUND

Phenomics is a new and emerging area of study, underlying
the development of genotype-phenotype mapping and the
identification of different disease interaction networks (1).
Genotype-phenotype mapping involves the delineation of a
relationship between the genetic constitution of an individual
and an observable set of characteristics of interest. While the
relationship between a phenotype and a given genotype is
complex, in the case of rare disorders with high-penetrance
mutations determining such a relationship becomes relatively
easier, although may still require the aid of computational
methods such as those employed in the following study.

Intellectual disability (ID) is a complex and highly
heterogeneous group of disorders despite cognitive and
behavioral overlap. Genotype-phenotype correlations have been
reported within individual ID syndromes and across different
mutations within a given gene, yet only recently have there been
reports of more extensive and generalizable genotype-phenotype
clusters comprising subsets of the condition.

For instance, Casanova et al. (2) produced a manually
curated catalog of 650 ID-associated genes that were grouped
according to the presence of syndromic ID, non-syndromic
ID, and multisystemic disorders. In addition, conditions
were further subdivided according to variations in severity
and mutation penetrance. The team identified a variety of
functional enrichment patterns associated with specific clinical
manifestations, such as MAPK, growth factor, and DNA repair
signaling in conditions exhibiting short stature and ectodermal
anomalies; microcephaly and behavioral features associated with
genes enriched for chromatin-related functions, which regulate
gene availability and expression patterns; and epilepsy and other
neurologic, metabolic, and myopathic abnormalities associated
with mitochondrial dysfunction. Some of these findings overlap
those presented within the present paper, although we have used
alternative methods for phenotype clustering based on our earlier
work.

Previously, we reported associations between autism
and epilepsy comorbidities in monogenic (single-gene) ID
with trends in functional gene enrichment, suggesting these
behavioral/neurological ~ phenotypes represent etiological
divergence at the molecular level in at least some forms of ID
(2). Here we show that additional secondary clinical features are
also prominent, such as multiple congenital anomalies (MCA),
neurodegeneration, brain atrophy, and motor disorders like
upper motor neuron disease (UMND), all of which co-vary to
greater or lesser degrees. Because of the prominence of these
secondary clinical features, we have elected to extend similar
work as Kochinke et al. (3) to perform in depth investigation
into functional and modular enrichment in association with
these clinical features, in the hopes that in using a more general
approach across an array of different disorders we may identify

Abbreviations: ID, Intellectual disability; CFD, complex facial dysmorphisms;
SED, simple facial dysmorphisms; NLE, neurodegenerative-like features; MCA,
multiple congenital anomalies; UMND, upper motor neuron disease; MMD,
multiple movement disorders; PPI, protein-protein interaction.

previously unseen genotype-phenotype associations. It is our
aim that this approach may allow us to group IDs into subtypes
according to these gene-phenotype relationships, which may
afford better understanding of their inherent biologies, as well
as provide prognostic powers and potential cross-application of
useful treatment paradigms.

In this study, we report multiple unique gene clusters
with specific functional enrichment patterns that coincide with
distinctive clinical phenotypes, indicating ID genes exhibit broad
associations with observable phenotype.

METHODS

Gene-Phenotype Curation

Our gene-ID dataset was curated as described in Casanova et al.
(2). To summarize the curation process, a comprehensive list of
different forms of ID with known molecular origins was accessed
from the Mendelian Inheritance in Man (MIM) database (4).
By selecting conditions with ID, we were able to estimate
genetic penetrance for the autism and epilepsy phenotypes
according to rates of comorbidity. Keywords for initial accession
included: “intellectual disability,” “mental retardation,” “mentally
retarded,” “global developmental delay,” “severe developmental
delay,” and “profound developmental delay.” Any rare conditions
not accessed by these call words were not included in the study
for the sake of consistency. In addition, conditions were removed
if they fulfilled any of the following criteria: (1) the ID was
variably expressed and not considered a primary feature; (2)
onset of ID was later than 3 years of age; (3) the condition
was often lethal in infancy or early childhood; (4) the condition
was considered genetically complex (e.g., deletion/duplication
syndromes), with the exception of chromosome 2p16.3 deletion
syndrome, which contains only the NRXNI gene; (5) autism
was a defining symptom for diagnosis, as in the case of certain
“susceptibility” genes; (6) the condition had <2 reported cases;
(7) the condition was a chromosomal instability syndrome,
leading to an accumulation of different mutations; and (8) the
condition was demarcated by a “?” indicating an unconfirmed or
potentially spurious mapping.

The larger group was then subdivided according to
comorbidities with autism and epilepsy and their frequencies,
which were verified both through MIM and the larger literature
(see Additional File 2, Tables 2-4 tabs). For this study, only
conditions with high autism and/or epilepsy rates, or without
either comorbidity, were retained.

In addition, all conditions that were not contained within
MIM’s Clinical Synopses were removed, resulting in a
final dataset of 212 different conditions. The autism group
with/without epilepsy (referred to here as the “autism group”)
contained 59 unique conditions; ID with epilepsy but without
autism (referred to as the “epilepsy group”) was composed of
83 unique conditions; and ID without autism or epilepsy (ID
group) was composed of 70 unique conditions. (see Additional
File 2, “Table_1” tab for full list of IDs according to group and
associated genes).

Comorbidity frequencies between ID and autism/epilepsy
were obtained from the literature and described in detail in
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Casanova et al. (2). (In addition, see Additional File 2, Tables 2-4
for citation information). A high cut-off for inclusion within
both the autism and epilepsy groups was >20% for all conditions
for the sake of relative homogeneity. Only conditions without
any indications of autism or epilepsy comorbidities, including
the exclusion of single case examples, were placed within the
ID group. This curation process culminated in three groups of
conditions with very distinctive clinical and genetic profiles, as
will be discussed in the Results section.

All conditions were annotated using the MIM’ Clinical
Synopses (12/15/2016), which represent common clinical
features of a disorder and are organized anatomically. According
to Amberger et al. (5), features included within Clinical Synopses:

. are taken from the literature and incorporated into the
synopsis using a semi-controlled vocabulary. Many features
include modifiers and additional terminology specific to medical
subspecialties that are helpful for delineating overlapping disorders
and distinguishing characteristic features. Among genetically
heterogeneous disorders, care is taken to include only those
features that are present in patients with mutations in the same
causative gene [our emphasis].

Conditions were annotated according to the presence of
congenital anomalies in the following organs/tissues: the facial
suite (face, eyes, ears, nose, mouth, dentition, neck); the cranial
suite (cranial volume, synostoses, other cranial malformations,
e.g., bitemporal narrowing); hands and feet; the limbs; the
viscera and genitals (changes to the latter not otherwise due
to peripubertal hypogonadism, etc.); hair and skin; and the
brain [partial/complete agenesis of the corpus callosum and
malformations of cortical development (MCD), the limbic
system, the midbrain, and the brainstem, all visible via
MRI]. Complex (CFD) and simple facial dysmorphia (SFD)
were annotated according to the number of facial regions
affected, rather than according to the number of specific
dysmorphisms associated with a given condition. Tissue regions
include overall facial shape; the nose; the exterior of the
mouth; the interior mouth such as tongue, dentition, and
jaw shape; the form of the eyes; the midface (cheeks); and
the ears. CFD was defined according to three or more
malformations in distinct tissue regions, while SFD was defined
as 1-2.

Phenotype interactions were analyzed across all congenital
anomalies. Following analysis (see Results), CFD was selected as a
defining secondary clinical feature for further genetic study, due
both to clinical prominence and predictive ability in the presence
of MCA syndromes. SFD were also selected as a secondary feature
of interest for the sake of contrast, although were generally not
predictive of MCA syndromes.

Conditions were also annotated for the presence of:
neurodegeneration (confirmed according to literature search);
brain atrophy; symptoms indicative of UMND, such as spasticity
and hyperreflexia; and the presence of symptoms indicating
the co-occurrence of 2 or more distinct movement disorders
[UMND, lower motor neuron disease [LMND], disorders of the
cerebellum, and disorders of the basal ganglia]. Because brain

atrophy and motor disorders were positively associated with
neurodegeneration (see Results), all of the above clinical features
were collapsed into a single category, “neurodegenerative-like
features (NLF),” for the purposes of further genetic study.
CFD and NLF phenotypes were further substantiated using
the Human Phenotype Ontology (HPO) database, and, when
that was insufficient, the general literature in order to ensure
reliability of MIM’s Clinical Synopsis results for each of the
conditions studied (6).

In order to study the association of the above clinical
phenotypes with autism, epilepsy, and ID groups, conditions
were subdivided according to the overlapping clinical phenotypes
presented in Figure 1. This resulted in 18 unique gene sets,
composed of 216 genes representing 212 different forms of
monogenic ID (Additional File 2, “Table_1" tab).

Extended Gene Interaction Network

The GeneMANIA gene interaction database [genemania.org;
(7)] was queried to discover additional known interactions for
all 216 curated seed genes (Additional File 3, Tables_15-17
tabs). The database provides a report containing several different
interaction types including physical, genetic, pathway, predicted,
co-localization, co-expression, and shared protein domains. All
interactions were obtained from the “networks.data” link, but for
the purpose of this study only genes with physical, genetic, or
co-expression interactions were included in the finalized network
(Additional File 3, Tables 16-17 tabs).

Visualization and analysis of the network was conducted
via Cytoscape (8). The “Network Analysis” Cytoscape app was
used to determine topological parameters including node degree
distribution fit to the power law, centrality, average connectivity,
and clustering co-efficient. The clusterMaker MCL algorithm
(granularity 1.2) in the Cytoscape clusterMaker app was used to
identify highly connected gene clusters in the extended network
(http://www.cgl.ucsf.edu/cytoscape/cluster/clusterMaker.shtml).
The clusterMaker algorithm is a plugin that partitions clusters
into “meta nodes,” allowing interactive exploration of putative
associations.

Kochinke et al. (3) reported that nearly half of all ID genes
physically interact with one another, with more than a third
forming a single large interactive network. Therefore, we tested
if phenotype labels, assigned at the gene curation stage, and
their extended interactions were non-randomly enriched in
MCL gene clusters using the Fisher’s Exact Test (p < 0.001).
Label enrichment was performed on the observed clusters.
Fisher’s test addresses the potential relationship of these clusters
without the need to randomize genes between clusters or
create random networks for label enrichment analysis (see
Additional File 1).

In addition, because there is a portion of genes within the
autism gene group that are not currently contained within
the syndromic category of the SFARI gene database and may
therefore be suspect, we have also assessed nonrandom clustering
of syndromic SFARI seed genes to illustrate that similar clustering
still occurs with more stringent exclusion criteria. Our approach
was identical as in the full network analysis, with the exception
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FIGURE 1 | Major Subgroups. lllustration showing breakdown of the three main groups (autism, epilepsy, and ID only) into smaller clinically-related subgroups.
Subgroups were defined according to the presence of complex facial dysmorphia (CFD), neurodegenerative-like features (NLF), simple facial dysmorphia (SFD), or a
lack of these same features (i.e., “none”). As shown in the lower portion of the image, CFD, and NLF overlapped ~20% of the time, although analyses indicate no
clear relationship between the two sets of features, suggesting possible genetic pleiotropy when comorbid.

that only seed genes contained within the syndromic SFARI ~ (12) were computed to examine associations amongst different

category were used (9). congenital anomalies, as well as associations within NLF, the
Enrichr was used for functional enrichment analysis of latter without sample size adjustment.

each phenotypically-driven subgroup gene list (N = 570 total

genes) for these annotation categories: Gene Ontology (GO), RESULTS

KEGG/WikiPathways, TRANSFAC/JASPAR Position Weight

Matrix (PWM), MGI Mammalian Phenotype (MP), and Human  Clinical Features Common in Monogenic

Phenotype Ontology (HPO) (10). The Enrichr platform provides  |ntellectual Disability

adjusted p-values using the Enrichr list randomization method,  Congenital anomalies are prominent features within monogenic

which is based on the Fisher’s Exact test as well as Z-scores and  forms of ID. In this study, the most common congenital

combined scores for each annotation and is fully explained in anomaly reported was CFD, occurring in almost half of the

Chen etal. (11). Asa guide of possible collective gene functionfor  ¢onditions studied. Less frequent though still prominent

each gene list, we used an adjusted significance p-value threshold  ongenital anomalies included (in order of frequency from

of p < 0.05. most to least): microcephaly; organ malformations; brain
o malformations (visible via MRI); craniosynostoses and
Statistical Analyses other cranial malformations; hand and foot malformations;

For phenotype analyses, between- and within-group  skin and hair disturbances; SFD; macrocephaly; and limb
comparisons were performed using two-sample proportion  malformations.

Chi-square tests with a false discovery rate p-value adjustment Not only was CFD the most common dysmorphism, it
(R pairwise.prop.test). Odds ratios with sample size adjustments  is also strongly associated with other types of dysmorphia

Frontiers in Psychiatry | www.frontiersin.org 46 October 2018 | Volume 9 | Article 535


https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Casanova et al.

ID Genotype-Phenotype Correlations

(z = 0.7813-7.1947, p < 0.001-0.014; OR 2.19-13.461;
OR CI = 1.261-6.266, 3.805-28.717), with the exception of
specific brain malformations (z = 0.328-2.230, p = 0.055-0.814;
OR =1.159-1.744; 95% CI 0.479-1.108, 2.654-4.892;
see Additional File 3, “Table_11" tab for full results). One
primary exception was the strong relationship between
complete/partial agenesis of the corpus callosum (ACC) and
CFD, suggesting significant etiological links (z = 2.993, p
= 0.009; OR = 4.465; 95% CI = 95% CI = 1.762, 15.117).
Microcephaly was also only very weakly predictive of MCA
(aside from brain and cranium; z = 1.113-2.781, p = 0.014-
0.369; OR =1.393-2.19; 95% CI = 0.734-1.261, 2.498-3.948),
and therefore facial dysmorphia were annotated separately
from deviations in cranial volume in this study, despite the
clinical tradition of grouping all craniofacial malformations
together.

Neurodegeneration was also common occurring in ~20% of
ID and was an extremely strong predictive factor for the presence
of brain atrophy and various movement disorders, especially
UMND (z = 5.110, p < 0.001; OR = 8.61; 95% CI = 3.77,
19.68; see Additional File 3, “Table_13” tab). Another ~30% of
conditions displayed either brain atrophy, UMND, or multiple
movement disorders (MMD; or some combination thereof)
but are not currently recognized as classical neurodegenerative
disorders. However, because of their strong interrelationship
suggesting linked etiologies, neurodegeneration, brain atrophy,
UMND, and MMD were combined under a single heading,
“neurodegenerative-like features” or “NLE’ for the purposes
of this study (z = 4.69-8.73, p < 0.001; OR = 4.64-56.53;
95% CI = 2.44-22.86, 8.82-139.82). NLF occurred in 50% of
the conditions studied, overlapping CFD ~19% of the time.
Despite this large overlap, in the majority of cases these
features did not co-occur and, overall, exhibited no statistically
significant relationship with one another (p 0.515; OR
= 0.834; 95% CI = 0.483, 1.440). This suggests that while
these phenotypes may co-occur in a large minority of these
conditions, they are nevertheless unique symptom clusters
and may instead reflect genetic pleiotropy (i.e., a single gene
influences 2 or more unrelated traits) when comorbid (see
Figure 1).

Previous results by Casanova et al. (2), utilizing a
near-identical dataset, indicate a divergence in functional

gene enrichment in ID according to autism and
epilepsy comorbidities. Here we report additional clinical
phenotype enrichment that varies according to these

behavioral/neurological comorbidities. Namely, the autism
group was significantly enriched for the presence of CFD (61%
vs. 37-40%), suggesting many rare autism syndromes may be
dysplastic in nature (x* = 5.42-6.38, p = 0.03) (13-15) (see
Additional File 3, “Table_12” tab). Meanwhile, the epilepsy
group was similarly enriched for NLF (68% vs. 31-39%),
indicating some form of cell stress may be involved in these IDs
(x% = 11.18-19.63, p < 0.001) (16, 17). There are additional
clinical phenotypes that vary according to group, such as
enrichment of neocortical malformations (identified by MRI;
z = 4.4566, p < 0.001, OR = 6.4289; 95% CI = 2.836, 14.573)
and microcephaly (z = 2.8656, p = 0.011, OR = 2.2778; 95%

CI = 1.297-4.000) in the epilepsy group. (For full results, see
Additional File 3, “Table_14" tab).

ID Genes Cluster According to Phenotype
Using a list of 216 seed genes divided according to our
phenotypes of interest, we have identified an additional 354
interacting genes using the GeneMANIA gene interaction
database (genemania.org). This resulted in the formation of 17
unique gene sets composed of a total of 1,195 genes upon which
to perform gene module detection according to all protein-
protein interaction (PPI), genetic interaction, and mRNA co-
expression connections. One of the autism subgroups failed
to show any significant intracluster interactions and therefore
was not included in the cluster and functional enrichment
analyses.

As can be seen in Figure2A, the seed genes plus PPI,
genetic interacting, and co-expression loci form 17 sets of
relatively non-overlapping gene clusters, constituting tight
interaction/coexpression networks. Thirteen of the 17 gene
sets form particularly tight clusters and are interconnected
via specific hub nodes (Figures 2B-E). (For detailed views
of the full cluster network, see Additional File 1, Figure 1)
Overall network degree distribution modestly fits the power
law distribution (r = 0.776), indicating the network trends
toward scale free behavior (i.e., clustering is non-random and
potentially reflects a real gene interaction networks). Other
topological parameters of interest include: clustering coefficient
= 0.342; centralization = 0.034; and average connectivity =
5.287. SFARI-only syndromic genes likewise formed similar non-
random clusters (r = 0.687), indicating the robustness of the
autism results overall (Figure 2F). Overall, these results indicate
that our genes of interest form nonrandom interaction clusters
that naturally fall within clusters according to the phenotypes of
interest (CFD, NLE, SFD, etc.), suggesting that these phenotypes
are strong predictors to which gene cluster, if any, a given gene
belongs.

Within the main network, more than half of the gene sets are
interconnected via 10 hub nodes (genes onto which the major
clusters converge; Figures 2B-E). The Rett syndrome-associated
gene, MECP2, for instance, forms a hub connecting half of
the autism-related gene sets, particularly those with secondary
clinical features of CFD, combined CFD/NLE, and pure NLE, as
well as connecting one of the ID group clusters (Figure 2B). In
addition, MECP2 remains an important hub node in the SFARI-
only syndromic network, continuing to link CFD, CFD/NLEF, and
NLF autism subgroups. MECP2’s nature as a semi-ubiquitous
repressor of long genes, which typifies many neural genes, places
it in a key position to regulate development of the central nervous
system and thus to potentially interact with many of the genes
presented here (18).

Likewise, the Fragile X syndrome-associated gene, FMRI,
forms a major hub connecting the same clusters as MECP2 within
the main network, although this result is not maintained within
the abbreviated SFARI network (Figures 2B, F). Interestingly,
like MECP2, there is some evidence to suggest that FMRP
specifically targets gene products translated from long genes,
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FIGURE 2 | Gene Interaction Network. (A) Full gene interaction network. (See Supplementary Figure 1 for detailed gene network). (B) Autism-linked MECP2 and
FMR1 hubs. (C) Epilepsy-linked CPSF1 hub. (D) Epilepsy- and autism-linked PPT7 hub. (E) Epilepsy- and autism-linked PRPF8 hub. (F) Syndromic SFARI gene
interaction network. (See Supplementary Figure 2, for detailed gene network).
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suggesting MECP2 and FMRP may regulate different points
along many of the same pathways (19, 20).

Two other major hubs in the main network are involved in
mRNA processing: CPSF1, which is involved in 3" processing
of mRNA, and PRPF8, which acts as a scaffold for spliceosomal
complexes and snRNA. As shown in Figure 2C, CPSF1 connects
two epilepsy modules with features of NLF; meanwhile, PRPF8
(Figure 2E) connects epilepsy/ CFD (EPI/CFD) with autism/CFD
(AUT/CFD). As we shall see in the following section, a number
of the epilepsy clusters are enriched for mRNA processing.
Interestingly, PRPF8 is also essential for sister chromatid
cohesion, making it therefore surprising that it forms a hub with
AUT/CFD rather than AUT/CFD/NLE as we shall see in the
following section (21).

Finally, the hub, PPTI, whose mutation is responsible for
the neurodegenerative and lethal condition, Neuronal Ceroid
Lipofuscinosis 1, links the EPI/NLF and AUT/CFD/NLF modules
(Figure 2D). As a glycoprotein involved in catabolism of lipid-
modified proteins and a regulator of heat shock proteins, its
loss results in excessive generation of reactive oxygen species
(ROS) (22, 23). PPTI’s role as a hub linking EPI/NLF and
AUT/CFD/NLF can potentially be viewed in light of the roles
chronic ROS play in the synaptic impairment that ultimately
leads to a host of neurodegenerative disorders (24).

Functional Enrichment Trends in Gene
Subgroups

The genes sets in some phenotype subgroups showed little
obvious trends in functional enrichment, such as EPI/SFD/NLF
and ID/SED. This may be a reflection of etiological diversity
in these respective modules and/or the inadequacy of current
platforms in estimating disparate functional relationships.

Other groups, however, appeared to show distinctive
functional trends, particularly those associated with CFD. For
instance, the AUT/CFD gene subgroup is strongly enriched
for processes relating to chromatin modification (z = —2.40,
p < 0.001), histone modification (z = —2.39, p < 0.001),
methylation (z —2.45, p = 0.007), transcription factor
binding (z = —2.16, p = 0.026), and is localized to the
nucleus (nucleolus; z = —2.21, p = 0.002; Figure 3A). All of
these enrichments strongly implicate AUT/CFD genes in the
regulation of gene expression and, ultimately, organ and tissue
development.

More than a third of AUT/CFD genes are also transcriptional
targets for Wilms tumor suppressor 1 (Wtl), a transcription
factor that helps regulate cell development and survival (z =
—1.62, p = 0.036). In addition, almost half of AUT/CFD genes
are transcriptional targets of Lefl, a positive regulator of the
canonical Wnt pathway, which is itself a foundational network
involved in organ and tissue morphogenesis (z = —1.48, p =
0.036) (25).

In contrast, the EPI/CFD gene subgroup, though likewise
relegated to the nucleoplasm (z = —2.16, p < 0.001) and involved
in histone modification (z = —2.39, p < 0.001), is also enriched
for processes involved in mRNA processing (z = —2.37, p =
0.003) and the spliceosomal complex (z = —2.15, p < 0.001).

Similarly, EPI/CFD/NLF was enriched for RNA polyadenylation
(z = —2.66, p <= 0.003). Many of these functions concern
post-transcriptional stages of gene expression regulation, while
enrichments associated with AUT/CFD involve regulation of
transcription itself. ID/CFD meanwhile is enriched in kinase
binding (z = —2.55, p = 0.011) and chromatin binding (z =
—2.45, p = 0.031), while ID/CFD/NLF is enriched for protein
glycosylation (z = —2.34, p < 0.001) and is localized to the Golgi
membrane (z = —2.29, p > 0.001) and the lysosome (z = —2.31, p
> 0.001). All CFD enrichments strongly implicate the role of gene
expression regulators in the pathophysiology of complex facial
dysmorphia.

When comparing the two autism CFD subgroups to one
another, we found that both AUT/CFD and AUT/CFD/NLF are
involved in chromatin binding (z = —2.47, p < 0.001). However,
AUT/CFD/NLEF is also strongly enriched for processes involving
the mitotic cell cycle (z = —2.30, p < 0.001) and sister chromatid
cohesion (z = —2.67, p < 0.001), which is entirely missing from
the AUT/CFD gene subgroup (Figure 3B).

In contrast to its CFD counterparts, ID/NLF was enriched
in hydrogen ion membrane transporter activity (z = —2.34, p =
0.003) and was involved in the respiratory chain (z = —2.59, p
< 0.001) within mitochondria. In addition, it displayed pathway
enrichment in relation to Parkinsons disease (z = —1.77, p
< 0.001), Huntington’s disease (z = —1.85, p = 0.002), and
Alzheimer’s disease (z = —1.72, p = 0.015). The EPI/NLF gene
subgroup, in contrast, was enriched for a variety of terms, such
as myelin sheath (z = —2.89, p < 0.001), mRNA polyadenylation
(p = 0.007, z = —2.71), carboxylic acid biosynthetic process (z
= —2.35, p = 0.007), and protein folding (z = —2.31, p =
0.007), suggesting that despite strong intracluster connectivity,
the etiology of the EPI/NLF subgroup is comparatively diverse.
Meanwhile, AUT/NLF was modestly enriched for membrane
depolarization (z = —2.26, p = 0.005), regulation of postsynaptic
membrane potential (z = —2.09, p = 0.009), and regulation
of synaptic plasticity (z = —2.15, p = 0.027) (Figure 3C).
This indicates that disturbances to synaptic proteins in autism
could be related to symptoms of NLE an idea that may be
worthy of further exploration in relation to autistic regression
given the role of synaptic impairment in the etiologies of
many neurodegenerative disorders (26). Interestingly, recent
research indicates that autistic individuals with gene disrupting
mutations in postsynaptic density genes are more likely to
experience autistic regression than individuals with mutations
in genes of other functional classes (27) (see Additional File
4, “Table_19” tab for more extensive enrichment results by
subgroup).

DISCUSSION

The present study provides evidence of genotype-phenotype
correlations throughout multiple ID subsets. In particular,
the presence of autism (with or without epilepsy), epilepsy
(without autism), CFD, and NLF appear to be general predictors
of associated gene function. The AUT/CFD gene subgroup,
for instance, is linked with genes localized to the nucleus.
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These genes are involved in chromatin modifications; histone
modifications; methylation; transcription factor binding; and are
key in regulating embryonic development. In contrast, gene
products of the AUT/CFD/NLF subgroup are likewise localized
to the nucleus and involved in chromatin binding, but are
typically involved in regulation of the cell cycle and sister
chromatid segregation. Nuclear localization appears to be a
strong risk factor in the developments of both autism and
CFD in these subgroups; however, cell cycle involvement may
provide an additional risk for NLF as we see in many classical
neurodegenerative diseases (28).

Nuclear localization, in general, seems to be a strong
predictive factor for the presence of CFD and, more weakly, SFD,
although specific functional enrichments vary with the presence
of autism, epilepsy, and NLF accordingly. AUT/CFD, EPI/CFD,
and ID/CFD all tend to be localized to the nucleus and are
at least modestly enriched in processes relating to chromatin
binding and modifications. The important roles these gene
expression regulators play in organogenesis likely underlie their
associations with complex facial dysmorphia and other physical
features.

We have also identified a number of major hubs within
the clusters analysis, linking otherwise non-overlapping gene
sets. Although functional relevance of some of the hubs is
currently uncertain, several of the autism hubs are already major
foci within the current literature. MECP2, the primary gene
responsible for Rett syndrome, and FMRI, the gene associated
with Fragile X syndrome, have both received considerable

attention and FMRI in particular has been previously identified
as a major pathway of interest in the pathophysiology of
autism (29-31). From the clinical perspective, both Rett and
Fragile X syndromes share strong associations with autism.
Most girls with Rett’s present with transient autistic features at
a characteristic stage within the prolonged regressive period.
Meanwhile, approximately half of individuals with Fragile X
present with an enduring autism phenotype (32). Despite
their unique clinical phenotypes, our data indicate that both
MECP2 and FMRI form foundational pathways underlying
autism risk and may overlap in part due to their roles as
major regulators of neuronal gene expression and protein
translation.

Finally, we have shown that specific secondary clinical
phenotypes exhibit strong association with ID according to
comorbidities with autism and epilepsy. For instance, the high
rates of CFD and MCA in rare autism syndromes are strongly
suggestive of a common biology despite genotypic variation.
Despite the dearth of obvious brain malformations reported in
our autism dataset, the high prevalence of microscopic dysplastic
foci in idiopathic autism tends to validate this point (13, 15, 33,
34).

Our results have also shown that close to half of the
conditions studied here exhibit features reminiscent of
neurodegeneration, although only about a fifth are officially
recognized as “neurodegenerative disorders.” The occurrence
of NLF is particularly prominent in the epilepsy group,
although functional enrichment of the ID/NLF subgroup is
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more aligned with processes of classic neurodegeneration.
However, these data suggest that: (1) postmortem analysis
of neurodegeneration may be understudied in some of
these conditions, and/or (2) proteopathies with obvious
inclusions may comprise only a subset of a broader range of
neurodegenerative-like disorders, which have subtler, more
complex etiologies with progressions that differ from the
typical dementias that occur in later life. In support of this,
Sarnat and Flores-Sarnat (35) have recently addressed such
concepts within the context of “infantile tauopathies,” such as
tuberous sclerosis and focal cortical dysplasia 2. At present,
recognized infantile proteopathies include only those conditions
resultant from MTOR overexpression, a known mechanism of
neurodegeneration (36). However, given the range of inclusion
bodies associated with adult forms of neurodegeneration and
senile dementias, the list of infantile proteopathies is likely
to expand in future and may eventually be recognized as a
major cause of some developmental and intellectual disabilities
(35, 37).

Current Limitations and Future Research
Given the nature of the MIM database, whose purpose is
intended to summarize genetic and syndromic disease states,
research procedures have varied across individual studies that
compose the MIM. The state of the MIM is also potentially
incomplete, leading to gaps in our dataset. For these reasons,
our results must be extrapolated cautiously, requiring further
investigations at the clinical and molecular levels. However,
although the MIM data may be incomplete, we feel the current
dataset provides an excellent overview of the major gene-
phenotype trends that are currently available for data mining.
In addition, in order to limit the extent of Type I errors,
we have elected to study clinical phenotypes whose medical
evaluations are standardized across health fields, ensuring
that the clinical data reported here may be relatively reliable
(38, 39).

One major exception to this is the field of autism diagnostics,
which has changed significantly over the past 25 years. A
majority (59%) of seed genes used in this analysis is included
within the syndromic category of the SFARI Gene Database,
supporting their diagnostic reliability in this study. While we
are unable to directly address diagnostic reliability of the
remainder of autism genes, we instead assessed robustness
of non-random clustering of this subset of syndromic SFARI
genes, which like the larger autism gene group exhibited
similar clustering. This supports our general findings as well
as potential risk status of non-SFARI genes included in this
study.

Another limitation of the study is the question of its
applicability to a broader range of conditions. The study
of severely affected individuals with rare genetic syndromes
is a common approach to investigating human illness in
order to better understand complex conditions. However, such
assumptions are based on symptom similarity rather than
biological evidence. As such, our results may not apply to
forms of ID, autism, and epilepsy that lack strong genetic
roots. However, recent work by Rossi et al. (40) suggest

that even those patients with autism but without obvious
syndromes often harbor potentially deleterious variants in many
of the same genes studied here. Further lines of research will
continue to address potential cross-applicability of the data
presented here. In the meantime, we believe the subgroups we've
described can provide a platform for the further elucidation of
common denominator pathways and the regulatory networks
underlying these complex conditions, leading to the subtyping of
disorders.

CONCLUSIONS

The present study provides strong evidence that ID-
associated phenotypes cluster according to related gene

function. Specifically, gene modules form according to
autism, epilepsy, CFD, and NLF comorbidities. Future
research will help to delineate these subgroups in

greater detail, as well as determine whether additional
genotype-phenotype correlations exist in these and related
datasets.

AUTHORS NOTE

Emily L. Casanova, Ph.D., is a postdoctoral fellow in Biomedical
Sciences at the University of South Carolina Greenville
Medical School with training in developmental and molecular
biology and a focus on neurodevelopmental disorders. Zachary
Gerstner is a graduate student in Genetics and Biochemistry
at Clemson University with training in microbiology, genetics,
and computer science. Julia L. Sharp, Ph.D., is an associate
professor and director of the Graybill Statistical Laboratory
at Colorado State University. She is an applied statistician
with expertise in experimental design and mixed models.
Manuel F. Casanova, MD, is the SmartState Endowed
Chair in Childhood Neurotherapeutics for the University
of South Carolina and the Greenville Health System. His
clinical and research focus concerns neurodevelopmental
disorders with an emphasis on autism. F. Alex Feltus, Ph.D.,
is an associate professor in the Department of Genetics
and Biochemistry at Clemson University with 23 years of
broad experience in bioinformatics, systems genetics, and
genomics.

AVAILABILITY OF DATA AND MATERIAL

All data generated and analyzed during this study are included
in this published article and its Supplementary Information files.
Full statistical results are also available, as well as additional
results that support the main text, such as Additional File 4,
“ID_Comparison” and “No_Cases” tabs.

AUTHOR CONTRIBUTIONS

EC and FF conceived the study. EC curated the phenotypic
data and JS performed statistical analyses on that data.
ZG and FF performed cluster and enrichment analyses

Frontiers in Psychiatry | www.frontiersin.org

51

October 2018 | Volume 9 | Article 535


https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Casanova et al.

ID Genotype-Phenotype Correlations

and associated statistics. MC provided expertise on autism,
intellectual disability, and epilepsy and was integral in helping
design the study as well as interpret results. All authors
contributed substantially to the drafts and have read and
approved the final manuscript.

FUNDING

This work was supported by the National Institutes of Health
[grant number R0O1 HD-65279].

REFERENCES

1. Houle D, Govindaraju DR, Omholt S. Phenomics: the next challenge. Nat Rev
Genet. (2010) 11:855-66. doi: 10.1038/nrg2897

2. Casanova EL, Sharp JL, Chakraborty H, Sumi NS, Casanova MF. Genes with
high penetrance for syndromic and non-syndromic autism typically function
within the nucleus and regulate gene expression. Mol Autism. (2016) 7:18.
doi: 10.1186/513229-016-0082-z

3. Kochinke K, Zweier C, Nijhof B, Fenckova M, Cizek P, Honti E et al
Systematic phenomics analysis deconvolutes genes mutated in intellectual
disability into biologically coherent modules. Am ] Hum Genet. (2016)
98:149-64. doi: 10.1016/j.ajhg.2015.11.024

4. OMIM. Online Mendelian Inheritance in Man. Baltimore, MD: McKusick-
Nathans Institute of Genetic Medicine, Johns Hopkins University (2016).

5. Amberger JS, Bocchini CA, Schiettecatte F, Scott AF, Hamosh A. OMIM.
org: Online Mendelian Inheritance in Man (OMIM(R)), an online catalog of
human genes and genetic disorders. Nucleic Acids Res. (2015) 43:D789-98.
doi: 10.1093/nar/gku1205

6. Kohler S, Vasilevsky NA, Engelstad M, Foster E, McMurry J, Ayme S, et al. The
human phenotype ontology in 2017. Nucleic Acids Res. (2017) 45:D865-76.
doi: 10.1093/nar/gkw1039

7. Warde-Farley D, Donaldson SL, Comes O, Zuberi K, Badrawi R, Chao P,
et al. The GeneMANIA prediction server: biological network integration for
gene prioritization and predicting gene function. Nucleic Acids Res. (2010)
38:W214-20. doi: 10.1093/nar/gkq537

8. Cline MS, Smoot M, Cerami E, Kuchinsky A, Landys N, Workman C, et al.
Integration of biological networks and gene expression data using Cytoscape.
Nat Protoc. (2007) 2:2366-82. doi: 10.1038/nprot.2007.324

9. Abrahams BS, Arking DE, Campbell DB, Mefford HC, Morrow EM,
Weiss LA, et al. SFARI Gene 2.0: a community-driven knowledgebase
for the autism spectrum disorders (ASDs). Mol Autism. (2013) 4:36.
doi: 10.1186/2040-2392-4-36

10. Kuleshov MV, Jones MR, Rouillard AD, Fernandez NE, Duan Q, Wang Z,
et al. Enrichr: a comprehensive gene set enrichment analysis web server 2016
update. Nucleic Acids Res. (2016) 44:W90-97. doi: 10.1093/nar/gkw377

11. Chen EY, Tan CM, Kou Y, Duan Q, Wang Z, Meirelles GV, et al. Enrichr:
interactive and collaborative HTML5 gene list enrichment analysis tool. BMC
Bioinformatics (2013) 14:128. doi: 10.1186/1471-2105-14-128

12. Jewell NP. On the bias of commonly used measures of association for 2x2
tables. Biometrics (1986) 42:351-8. doi: 10.2307/2531055

13. Casanova MF, El-Baz AS, Kamat SS, Dombroski BA, Khalifa F, Elnakib A,
et al. Focal cortical dysplasias in autism spectrum disorders. Acta Neuropathol
Commun. (2013) 1:67. doi: 10.1186/2051-5960-1-67

14. Jones KL, Adam MP. Evaluation and diagnosis of the dysmorphic infant. Clin
Perinatol. (2015) 42:243-261, vii-viii. doi: 10.1016/j.clp.2015.02.002

15. Wegiel J, Kuchna I, Nowicki K, Imaki H, Wegiel J, Marchi E, et al
The neuropathology of autism: defects of neurogenesis and neuronal
migration, and dysplastic changes. Acta Neuropathol. (2010) 119:755-70.
doi: 10.1007/s00401-010-0655-4

16. Lindholm D, Wootz H, Korhonen L. ER stress and neurodegenerative
diseases. Cell Death Differ. (2006) 13:385-92. doi: 10.1038/sj.cdd.4401778

17. Mancuso C, Scapagini G, Curro D, Giuffrida Stella AM, De Marco C,
Butterfield DA, et al. Mitochondrial dysfunction, free radical generation and

ACKNOWLEDGMENTS

A preprint of this article is available through bioRxiv doi: https://
doi.org/10.1101/220608.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpsyt.
2018.00535/full#supplementary-material

cellular stress response in neurodegenerative disorders. Front Biosci. (2007)
12:1107-23. doi: 10.2741/2130

18. Kinde B, Wu DY, Greenberg ME, Gabel HW. DNA methylation in the gene
body influences MeCP2-mediated gene repression. Proc Natl Acad Sci USA.
(2016) 113:15114-9. doi: 10.1073/pnas.1618737114

19. Ouwenga RL, Dougherty J. Fmrp targets or not: long, highly brain-expressed
genes tend to be implicated in autism and brain disorders. Mol Autism. (2015)
6:16. doi: 10.1186/513229-015-0008-1

20. Zylka MJ, Simon JM, Philpot BD. Gene length matters in neurons. Neuron
(2015) 86:353-5. doi: 10.1016/j.neuron.2015.03.059

21. Kurtovic-Kozaric A, Przychodzen B, Singh J, Konarska MM, Clemente M],
Otrock ZK, et al. PRPF8 defects cause missplicing in myeloid malignancies.
Leukemia (2015) 29:126-36. doi: 10.1038/leu.2014.144

22. Kim SJ, Zhang Z, Saha A, Sarkar C, Zhao Z, Xu Y, et al. Omega-3 and omega-6
fatty acids suppress ER- and oxidative stress in cultured neurons and neuronal
progenitor cells from mice lacking PPT1. Neurosci Lett. (2010) 479:292-6.
doi: 10.1016/j.neulet.2010.05.083

23. Wandinger SK, Suhre MH, Wegele H, Buchner J. The phosphatase Pptl is
a dedicated regulator of the molecular chaperone Hsp90. Embo J. (2006)
25:367-76. doi: 10.1038/sj.embo;j.7600930

24. Guo ZH, Mattson MP. Neurotrophic factors protect cortical synaptic
terminals against amyloid and oxidative stress-induced impairment of glucose
transport, glutamate transport and mitochondrial function. Cereb Cortex
(2000) 10:50-7. doi: 10.1093/cercor/10.1.50

25. Sokol S. A role for Wnts in morpho-genesis and tissue polarity. Nat Cell Biol.
(2000) 2:E124-5. doi: 10.1038/35017136

26. Wishart TM, Parson SH, Gillingwater TH. Synaptic vulnerability in
neurodegenerative disease. ] Neuropathol Exp Neurol. (2006) 65:733-9.
doi: 10.1097/01.jnen.0000228202.35163.c4

27. Goin-Kochel RP, Trinh S, Barber S, Bernier R. Gene disrupting mutations
associated with regression in autism spectrum disorder. ] Autism Dev Disord.
(2017) 47:3600-7. doi: 10.1007/s10803-017-3256-4

28. Lee HG, Casadesus G, Zhu X, Castellani RJ, McShea A, Perry G. Cell
cycle re-entry mediated neurodegeneration and its treatment role in
the pathogenesis of Alzheimer’s disease. Neurochem Int. (2009) 54:84-8.
doi: 10.1016/j.neuint.2008.10.013

29. Hormozdiari F, Penn O, Borenstein E, Eichler EE. The discovery of integrated
gene networks for autism and related disorders. Genome Res. (2015) 25:142-
54. doi: 10.1101/gr.178855.114

30. TIossifov I, Ronemus M, Levy D, Wang Z, Hakker I, Rosenbaum J, et al. De
novo gene disruptions in children on the autistic spectrum. Neuron (2012)
74:285-99. doi: 10.1016/j.neuron.2012.04.009

31. Parikshak NN, Luo R, Zhang A, Won H, Lowe JK, Chandran V, et al.
Integrative functional genomic analyses implicate specific molecular pathways
and circuits in autism. Cell (2013) 155:1008-21. doi: 10.1016/j.cell.2013.10.031

32. Percy AK. Rett syndrome: exploring the autism link. Arch Neurol. (2013)
68:985-89. doi: 10.1001/archneurol.2011.149

33. Bailey A, Luthert P, Dean A, Harding B, Janota I, Montgomery M, et al.
A clinicopathological study of autism. Brain (1998) 121( Pt 5):889-905.
doi: 10.1093/brain/121.5.889

34. Casanova MEF, Buxhoeveden DP, Switala AE, Roy E. Minicolumnar
pathology in autism. Neurology (2002) 58:428-32. doi: 10.1212/WNL.5
8.3.428

Frontiers in Psychiatry | www.frontiersin.org

October 2018 | Volume 9 | Article 535


https://doi.org/10.1101/220608
https://doi.org/10.1101/220608
https://www.frontiersin.org/articles/10.3389/fpsyt.2018.00535/full#supplementary-material
https://doi.org/10.1038/nrg2897
https://doi.org/10.1186/s13229-016-0082-z
https://doi.org/10.1016/j.ajhg.2015.11.024
https://doi.org/10.1093/nar/gku1205
https://doi.org/10.1093/nar/gkw1039
https://doi.org/10.1093/nar/gkq537
https://doi.org/10.1038/nprot.2007.324
https://doi.org/10.1186/2040-2392-4-36
https://doi.org/10.1093/nar/gkw377
https://doi.org/10.1186/1471-2105-14-128
https://doi.org/10.2307/2531055
https://doi.org/10.1186/2051-5960-1-67
https://doi.org/10.1016/j.clp.2015.02.002
https://doi.org/10.1007/s00401-010-0655-4
https://doi.org/10.1038/sj.cdd.4401778
https://doi.org/10.2741/2130
https://doi.org/10.1073/pnas.1618737114
https://doi.org/10.1186/s13229-015-0008-1
https://doi.org/10.1016/j.neuron.2015.03.059
https://doi.org/10.1038/leu.2014.144
https://doi.org/10.1016/j.neulet.2010.05.083
https://doi.org/10.1038/sj.emboj.7600930
https://doi.org/10.1093/cercor/10.1.50
https://doi.org/10.1038/35017136
https://doi.org/10.1097/01.jnen.0000228202.35163.c4
https://doi.org/10.1007/s10803-017-3256-4
https://doi.org/10.1016/j.neuint.2008.10.013
https://doi.org/10.1101/gr.178855.114
https://doi.org/10.1016/j.neuron.2012.04.009
https://doi.org/10.1016/j.cell.2013.10.031
https://doi.org/10.1001/archneurol.2011.149
https://doi.org/10.1093/brain/121.5.889
https://doi.org/10.1212/WNL.58.3.428
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Casanova et al.

ID Genotype-Phenotype Correlations

35.

36.

37.

38.

39.

40.

Sarnat HB, Flores-Sarnat L. Infantile tauopathies: hemimegalencephaly;
tuberous sclerosis complex; focal cortical dysplasia 2; ganglioglioma.
Brain Dev. (2015) 37:553-62. doi: 10.1016/j.braindev.2014.
08.010

Pei JJ, Hugon J. mMTOR-dependent signalling in Alzheimer’s disease. J Cell Mol
Med. (2008) 12:2525-32. doi: 10.1111/j.1582-4934.2008.00509.x

Kovacs GG. Neuropathology of Neurodegenerative Diseases: A Practicel Guide.
Cambridge: Cambridge University Press (2015).

Fahn S, Jankovic J, Hallett M. Principles and Practice of Movement Disorders:
Expert Consult. Edinburgh: Elsevier (2011).

Hall J, Allanson J, Gripp K, Slavotinek A. Handbook of Physical Measurements.
Oxford: Oxford University Press (2006).

Rossi M, El-Khechen D, Black MH, Hagman KEF, Tang S, Powis Z. Outcomes
of diagnostic exome sequencing in patients with diagnosed or suspected

autism spectrum disorder. Pediatr Neurol. (2017) S0887-994:30572-0.
doi: 10.1016/j.pediatrneurol.2017.01.033

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Casanova, Gerstner, Sharp, Casanova and Feltus. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Psychiatry | www.frontiersin.org

October 2018 | Volume 9 | Article 535


https://doi.org/10.1016/j.braindev.2014.08.010
https://doi.org/10.1111/j.1582-4934.2008.00509.x
https://doi.org/10.1016/j.pediatrneurol.2017.01.033
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

l" frontiers
in Psychiatry

ORIGINAL RESEARCH
published: 30 October 2018
doi: 10.3389/fpsyt.2018.00542

OPEN ACCESS

Edited by:

Emily L. Casanova,

School of Medicine Greenville,
University of South Carolina,
United States

Reviewed by:

Nishant Goyal,

Central Institute of Psychiatry, India
Alessandro Tonacci,

Istituto di Fisiologia Clinica (IFC), Italy

*Correspondence:
Yi Huang
huangyi0412@126.com

Specialty section:

This article was submitted to
Child and Adolescent Psychiatry,
a section of the journal

Frontiers in Psychiatry

Received: 28 June 2018
Accepted: 11 October 2018
Published: 30 October 2018

Citation:

Cai J, Hu X, Guo K, Yang B, Situ M
and Huang Y (2018) Increased Left
Inferior Temporal Gyrus Was Found in
Both Low Function Autism and High
Function Autism.

Front. Psychiatry 9:542.

doi: 10.3389/fpsyt.2018.00542

Check for
updates

Increased Left Inferior Temporal
Gyrus Was Found in Both Low
Function Autism and High Function
Autism

Jia Cai', Xiao Hu', Kuifang Guo', Pingyuan Yang', Mingjing Situ’ and Yi Huang "*%*

" Mental Health Center, West China Hospital of Sichuan University, Chengdu, China, ? Psychiatric Laboratory, State Key
Laboratory of Biotherapy, West China Hospital, Sichuan University, Chengdu, China, ° Brain Research Center, West China
Hospital of Sichuan University, Chengdu, China

Previous neuroimaging studies of autism spectrum disorder (ASD) have focused on
subjects with 1Q > 70 or ASD without considering IQ levels. It remains unclear whether
differences in brain anatomy in this population are associated with variations in clinical
phenotype. In this study, 19 children with low functioning autism (LFA) and 19 children
with high functioning autism (HFA) were compared with 27 healthy controls (HC). We
found increased gray matter volume (GMV) in the left inferior temporal gyrus in subjects
with both HFA and LFA and increased GMV of left middle temporal gyrus BA21 was
found only in the LFA group. A significant negative correlation was found between the
left inferior temporal gyrus (LITG) and the score of repetitive behavior in the HFA group.

Keywords: low functioning autism, high functioning autism, inferior temporal gyrus, VBM, structural MRI

INTRODUCTION

Autism spectrum disorder (ASD) is a neurodevelopmental disorder that presents with social
communication deficits and restricted, repetitive patterns of behavior, interests, and activities (1).
ASD is reported to affect 1 in 59 individuals according to the last CDC update of autism’s estimated
prevalence (2). Among the patients, more than 80% are male and about 70-80% have intelligence
disabilities (ID) (3, 4). The symptoms of ASD negatively impact the patients” social outcomes and
consequently they become a tremendous burden on both the family and community (5).

According to the 10th revision of the International Statistical Classification of Diseases (ICD-
10) by the World Health Organization (WHO) in 2016, there is clinical heterogeneity within
this disorder, including cognitive functioning, behaviors, and sensory-motor functioning. Subjects
with an IQ < 70 are typically defined in the literature as having low functioning autism (LFA)
and those with an IQ > 70 are defined as having high functioning autism (HFA). Those who
have normal or even superior intellectual abilities and have no history of developmental language
delay are classified as having Asperger syndrome (6, 7). Because of its heterogeneity and frequent
comorbidities (epilepsy, intelligence disability, or other mental disorders), it is difficult to elucidate
the underlying biological causes of ASD (8, 9). It has been hypothesized that environmental,
immunological, and genetic factors all were involved in its etiology (10, 11). Exploring the biological
markers for the heterogeneous phenotypes of ASD, using techniques such as magnetic resonance
imaging (MRI) of the brain, can help us to better understand the underlying disease mechanisms
and improve patient outcomes by targeted interventions.

Several Voxel-based morphometry (VBM) studies (using an MRI technique to investigate
focal differences in brain anatomy) have demonstrated abnormalities in the right fusiform gyrus,
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right temporal-occipital lobe, left parietal lobe, left middle
temporal gyrus, and superior temporal gyrus in patients with
ASD, but the conclusions have been inconsistent (12-15).
Furthermore, abnormalities were also found in subcortical
areas, including increased volume in the caudate nucleus and
hippocampus, and decreased volume in the cerebellum and basal
ganglia (16-18). Evidence from HFA patients has also shown
correlations between clinical symptoms, cognitive functioning,
and abnormal regional brain volume. For example, caudate
nucleus, parietal lobe, and temporal lobe activity are involved in
the repetitive behaviors of ASD patients (19), and the cerebellum
is associated with the communication deficits and repetitive
behaviors (20). A recent study found that increased gray matter
volume (GMV) in the left temporal gyrus was correlated with
social interactions and frontal lobe changes were associated
with more severe repetitive symptoms in adults with ASD
(21). Three studies showed that ASD patients may have an
abnormal structure of the “social brain” that may be associated
with development of social communication disorder (22-24).
The relationship between the autistic symptoms, cognitive
functioning and abnormal brain volumes was not clear and most
of the studies examining neuroimaging features and manifest
behaviors have been conducted in HFA subjects, making it
unclear as to whether the results can be generalized to LFA
subjects who account for nearly 80% of the ASD population.
Previously, we found four VBM studies which took the
individuals’ cognitive function into account by separating the
whole sample into LFA and HFA. Toal et al. (25) found that
adults with ASD had significant reductions in the gray-matter
volume of the medial temporal, fusiform, and cerebellar regions
that varied with clinical phenotype. Adult patients with autism
also demonstrated an increase in gray matter in the frontal and
temporal lobes (25). An additional three studies were focused on
children with ASD. Riva et al. (18) reported that decreased GMV
regions were found in the basal forebrain, nucleus accumbens,
and cerebellar hemispheres in the LFA group. Furthermore, the
reduction of GMV in the Vermis and CRUS-II was associated
with social and interaction deficits in LFA patients (26). Another
recent study found increased GMV in the left superior temporal
gyrus and left postcentral gyrus in 3- to 7-year-old children
with LFA, but no correlation was found between the abnormal
GMYV and their ASD symptoms (27). In addition, one of two
earlier studies that did not use VBM methods reported that
cerebral GMV was enlarged in both HFA and LFA compared
to controls (28). A larger whole-brain volume was also reported
in LFA but not in HFA patients who were 1.9- to 5.2-years old
(29). Using semi-automated image analyses, it was reported that
autistic individuals have a significantly smaller corpus callosum
but not cerebellar area (30). The results of these studies were
inconsistent, probably because some researchers recruited only
adults or only LFA, while others included both children and
adults, making comparisons difficult. The second reason is that
some of the research used manual or semi-automated imaging
analysis programs which can only be applied to specific brain
regions. However, the demonstrated differences in brain anatomy
may indicate true biological variability in ASD that accurately
reflects its clinical heterogeneity. In any case, to our knowledge

no previous studies have been carried out using VBM-DARTEL
to explore the different patterns of brain anatomy in children with
ASD with different I1Q levels.

In summary, there are relatively few VBM studies of children
with ASD distinguishing HFA from LFA. It remains unknown
whether there are differences in brain anatomy associated with
the variable clinical phenotypes, and if so, how those variations in
brain structure are related to the symptoms of ASD. To address
these questions, it will be necessary to recruit relatively large
samples of subjects, acquire and analyze the data in a similar
manner, and compare the brain anatomy of these subjects across
the full spectrum of autism, to reveal any correlations between
the brain structure and autistic symptoms that may exist.

One of the aims of our study was to compare the GMV among
HFA, LFA, and HC by using the method of VBM-DARTEL; the
second aim was to explore the relationship between the clinical
phenotype of ASD and autistic symptoms. We hypothesized that
LFA has more regions of abnormal brain anatomy than HFA and
we assumed that there may be some correlations between specific
abnormal brain regions and the severity of autistic symptoms.

MATERIALS AND METHODS

Subjects

All subjects were recruited during a 4-year period (2013-2017)
from community and clinical sources, including patients from
West China Hospital of Sichuan University, special schools,
regular schools, and from clinic social skills training groups
in Chengdu. Typical developing subjects were recruited from
regular schools in Chengdu. After completion of the description
of the study purposes to subjects and their parents, written
informed consent was obtained. The study was approved by
the Ethics Committee of the West China Hospital of Sichuan
University. All subjects were ascertained and assessed by a child
psychiatrist trained in diagnosis of autism at the Mental Health
Center, West China Hospital of Sichuan University. MRI scans,
image processing, analysis, and quality control were completed
by a professional image technician at the West China Hospital of
Sichuan University.

After excluding 16 subjects (including 11 ASD subjects who
could not cooperate with MRI scanning even after sedation with
chloral hydrate and 5 HC subjects whose MRI images were of
low quality) 65 right-handed subjects participated in this study.
Among them, there were 19 ASD with HFA (17 males and 2
females, age ranges 5-16 years old, IQ ranges 71-122, excluding
3 Asperger subjects), 19 LFA (15 males and 4 females, age ranges
5-16 years old, IQ ranges 30-67), and 27 HC (26 males and 1
female, age ranges 5-14 years old, IQ ranges 70-130). HFA, LFA,
and HC were group matched on gender, age and handedness, and
HFA and HC were also matched on IQ.

Diagnosis

First, the child was diagnosed by an experienced child psychiatrist
based on the Fourth Edition of the Diagnostic and Statistical
Manual of Mental Disorders (DSM-4). Second, an interview with
the child’s parents and an assessment of the child was performed
by using the Autism Diagnostic Interview-Revised (ADI-R) (31)
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and Autism Diagnostic Observation Schedule-Generic (ADOS-
G) (32).

The ADI-R is an interview about the individual’s current
social and early childhood and stereotyped, repetitive behaviors
and interests and communication development. The ADOS-
G includes activities for young children and activities and an
interview for older, verbal children, and it is a semi-structured
interactive observation session designed to document signs of
autism if they are present. Subjects were tested with one of four
different modules depending on their age and verbal ability.
Because the caretakers of 2 LFA could not come to our hospital
and 14 children could not complete the ADOS-G, we failed to
collect the results of ADI-R of 2 LFA children and ADOS-G of
14 children (6 LFA and 8 HFA). All patients were medication-
naive and met the criteria of DSM-5. ASD subjects were excluded
if they had a history of head injury, seizures, birth asphyxia, and
metabolic or genetic disorders such as Fragile-X Syndrome.

HC had no history of developmental, learning, neurological,
cognitive, or neuropsychiatric problems and they had no history
of psychotropic medication use. To confirm that they were
typically developing, all of them had extensive testing, including
the ADI-R, IQ, and psychiatric testing.

IQ and Handedness

IQ was measured by different versions of intelligence tests
for ASD and HC. The Wechsler Preschool Intelligence Scale
(WPPSI) was used for the 5- to 6-year-old subjects. The Wechsler
Intelligence Scale for Children (WISC-III) was used for 6- to 16-
year-old subjects (33). We used the handedness questionnaire as
revised by Li Tianxin in 1983. This questionnaire was formulated
by asking about the use of hands in daily life of the subjects (34).

MRI Data Acquisition and Preprocessing
Magnetic resonance images were acquired using a standard
quadrature head coil, 8-channel, receive-only on a 3.0 T Verio
MRI system (Achieva, Philips, The Netherlands). Foam padding
and earplugs were used to diminish the head movement and
scanner noise. A number of pulse sequences (T2-weighted, and
2D FLAIR) and image contrasts were collected for clinical review.
High-resolution images were obtained with a T1-weighted
three-dimensional (3D) spoiled gradient (SPGR) sequence. The
parameters were as follows: TR = 8.37ms; TE = 3.88 ms; flip
angle = 7°; in-plane matrix resolution = 256 * 256; field of
view = 24 * 24 cm?; voxel size = 1 * 1* 1 mm?; thickness =1 mm;
number of slices = 188.

The 15 ASD and 6 HC who could not cooperate with
the scanning were sedated using chloral hydrate with parental
consent before the MRI was performed. The dosage of chloral
hydrate was based on the child’s weight (1 ml/kg). The maximum
dosage was usually 20ml. No complications occurred in the
subjects who were sedated.

We used MRI Convert software (http://lcni.uoregon.edu/
downloads/mri_convert/mriconvert/view) to transform the
DICOM format data collected from magnetic resonance
scanning. VBM-DARTEL was conducted with SPM8 (http://
www.filion.ucl.ac.uk/spm) software on a Matlab (2012Ra)
platform. The pre-processing steps were as follows: (1)

Examining the images for evidence of anatomical abnormalities
in each subject; (2) Setting the image origin to the AC-PC line; (3)
Segmentation in the DARTEL procedure (A DARTEL was used
to create a customized T1 template of our own images rather
than a standard T1 template and the segmented gray matter,
GM, and white matter, WM, maps were spatially normalized);
(4) Affine transform of segmented brain maps into the MNI
space; (5) Modulating the segmented images with the Jacobian
determinants derived from the spatial normalization; (6) Using
standard smoothing by an 8-mm-full width-half maximum
Gaussian kernel. This pre-processing yielded the smoothed
modulated normalized data (in the MNI space) used for the
statistical analysis.

Statistical Analysis

Statistical analysis was performed using the Statistical Package
for the Social Sciences (SPSS 22.0 for Windows, IBM Corp.,
Armonk, NY, USA). Two sample t-tests were used to compare
the demographic data between the ASD and HC groups. For the
sex data, %2 tests were applied. ANOVA was used to compare
the demographic data between the LFA, HFA, and HC groups,
and two sample ¢-tests were applied to compare the scores of
ADI-R between the LFA and HFA groups. We set the statistical
significance level at F < 0.05 or p < 0.05.

Group differences were evaluated for GMV and white matter
volume (WMYV) absolute volumes and total cerebral volume
(TCV) which were obtained in the brain segmentation step of the
VBM-DARTEL pre-processing. TCV was calculated as the sum
of the volume of GM, WM and cerebrospinal fluid (CSF).

First, a two sample f-test contained in SPM8 was applied to
analyze the differences of regional GMV between the ASD group
and the HC group. Intelligence quotient, age, sex, and GMV
were treated as covariates. VBM analysis was employed using
a p < 0.001 significance threshold, False Discovery Rate (FDR)
uncorrected with an extent threshold of 50 voxels. An absolute
threshold mask of 0.2 was used on the GMV. Each individual
cluster that showed significant differences between groups was
defined as a region of interest (ROI). The GMVs of individual
ROIs were extracted from each subject and compared between
groups. Pearson’s correlation analysis was used to discuss the
relationship between the values of GMV and the score of ADI-R
and IQ.

Second, the ASD group was divided into a HFA group and
a LFA group and ANOVA analysis was used to analyze the
differences of regional GMV between the three groups. Age,
sex, IQ, and GMV were treated as covariates. Then, post hoc
analysis was carried out between these three groups. To assess the
functional significance of GMV alterations in patients, the values
of GMVs in each ROI were correlated with the score of ADI-R,
with IQ, age, sex, and GMV being treated as covariates.

RESULTS

Demographic Characteristics and Clinical

Variables
No significant differences were found between the ASD
group and the HC group in demographics, including age
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(p = 0.111), gender (p = 0.224); IQ in the ASD group was
significantly lower than that in the HC group (p < 0.001)
(Table 1).

No significant differences were found among the LFA, HFA,
and HC groups in demographics including age (p = 0.16) and
gender (p = 0.239) except that the IQ of the LFA group was
significantly lower than the HC group (p < 0.05) and the HFA
group (p < 0.05). To assess the potential effect of IQ on GM
group differences, GM volumes were correlated with IQ within
each group. Besides, the score of subscales of ADI-R including
communication, verbal interaction, non-verbal interaction, and
total score of ADI-R in the LFA group were significantly higher
than the HF group (p = 0.044, p < 0.05, p < 0.05, p < 0.05)
(Table 2).

Quantitative Structure MRI
No significant differences were found between the ASD and
the HC group with regard to whole TCV (p = 0.132), GMV
(p =0.316), and WMV (p = 0.185) (Table 1).

Also, no significant differences were found among the three
groups (HFA, LFA, and HC) with regard to TCV (p = 0.283),
GMV (p = 0.402), and WMV (p = 0.401) (Table 2).

VBM-DARTEL Analysis of GMV Differences
Subjects With ASD vs. Controls

Participants with ASD had a large cluster of significant increases
in GMV in the left inferior temporal gyrus (T = 4.3789,
volume = 189) and bilateral middle temporal gyrus (Left:
T = 4.1618, volume = 283; Right: T = 3.8091, volume = 67) as
compared to HC. The ASD subjects also had three small areas
of decreased GMYV including the right precuneus (T = —4.6267,
volume = 377), right cerebellum anterior lobe (T = —3.9329,
volume = 84) and the right angular gyrus (T = —4.2512,
volume = 167) (Table 3).

TABLE 1 | Demographic characteristics and clinical variables of the ASD and
HC groups.

Characteristics ASD group HC group F/t P
(N = 38) N =27)
Age (years) 9.56 (3.43) 8.33 (2.3) 1,615 0.1118
Gender(Male/Female) 32/6 26/1 / 0.224P
IQWISC-R) 75.84 (25.1) 98.59 (16.64) —4.107  0.0002
ADI-R(M,SD) 42.79 (18.15) / / /
Communication 16.777 (6.47) / / /
verbal interaction 13.86 (5.64) / / /
non-ver interaction 7.44 (4.79) / / /
Restricted repetitive 3.61 (2.23) / / /
behavior
TCV(ml) 1448.36 1395.46 1524  0.1322
(148.01) (122.77)
GMV(ml) 777.51 (68.21) 761.31 (56.69) 1.01 0.3162
WMV/(mI) 487.39 (70.98)  465.17 (57.83) 1.34 0.1852

aThe p-values were obtained by two sample t-tests.
bThe p-values were obtained by chi-square test.

ANOVA Results From Subjects With LFA, HFA, and
Controls

The ANOVA showed six increased GMV clusters among the
three groups (significant threshold p < 0.001, uncorrected)
which included the left inferior temporal gyrus (T = 11.4038,
volume = 89); left middle temporal gyrus BA21 (T = 11.8575,
volume = 211); left parahippocampal gyrus BA35 (T = 9.5346,
volume = 50); right inferior parietal lobule (T = 12.3161,
volume 99); right parahippocampal gyrus (T = 9.3148,
volume = 67); and right precuneus (T = 10.8188, volume = 72)
(Table 4).

Subjects With LFA vs. Controls

Compared with the HC group, increased GMV was found in
the LFA group in the left inferior temporal gyrus (T = 4.5422,
volume = 75); left middle temporal gyrus BA21 (T = 4.9095,
volume = 210) (Figure 1, Table 4).

Subjects With HFA vs. Controls

When the HF group was compared with the HC group, increased
GMYV was found only in left inferior temporal gyrus (T = 4.9022,
volume = 87) (Figure 1, Table 4).

Subjects With LFA vs. HFA

No significant increases or decreases of GMV were found when
the HF group was compared to the LF group (Figure 1, Table 4).

A two-sample t-test was also carried out between every
two of the three groups, and the results are shown in
Supplemental Table 1.

Correlation Between GMV and Clinical
Symptoms in HFA and LFA Patients

A significant negative correlation was found between GMV
and the score of repetitive behavior in the HFA group
(p < 0.01, r = —0.649). Yet no significant correlation was
found in the LFA or ASD groups (Supplemental Tables 1-3,
Figure 2).

Correlation Between GMV and 1Q in the
ASD and HC Groups

No significant correlation was found between GM
volumes and IQ and clinical ratings within each group
(Supplemental Tables 4-6).

DISCUSSION

In our study, the unbiased whole brain VBM-DARTEL method
was used to assess neuroanatomical differences between children
with ASD and HC. We also applied Pearson’s correlation
analysis to correlate the scores of ADI-R and IQ with
abnormalities of brain volume. We found some brain regions
that had previously been reported to be abnormal in people
with ASD (17, 25, 35). We also found preliminary evidence
that some of these anatomical differences occurred in both
the LFA and HFA groups whereas others vary according to
diagnostic categorization based on IQ. More abnormal brain
structures were found in the LFA group, which fitted our
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TABLE 2 | Demographic characteristics and clinical variables of the three groups (HFA, LFA, and HC).

Characteristics LF group (N = 19) HF group (N = 19) HC group (N = 27) F/t P Post hoc
Age (years) 9.03 (2.99) 10.08 (3.82) 8.22(2.3) 1.89 0.162 /
Gender (Male/Female) 17/2 4/15 26/1 3.321 0.239P /
IQWISC-R) 55.89 (10.83) 95.79 (18.37) 98.59 (16.64) 46.9 0.002 LF<HFHC
ADI-R(M,SD) 54.94 (14.36) 36.42 (10.38) / 4.468 0.000°¢ /
Communication 19.05 (7.49) 14.73 (4.71) / 2.095 0.044¢ /
Verbal interaction 17.41 (5.36) 10.68 (3.69) / 4.422 0.000¢ /
Non-ver interaction 10.52 (4.78) 4.68 (2.71) / 4.573 0.000¢ /
Restricted repetitive behavior 3.71 (2.84) 3.52 (1.57) / 0.238 0.814°¢ /
TCV(ml) 1,460.3 (131.05) 1,436.51 (166.0) 1,395.4 (122.77) 1.288 0.2832 /
GMV(ml) 786.96 (58.56) 768.06 (77.11) 761.31 (56.69) 0.926 0.4028 /
WMV(mI) 490.51 (61.043) 484.28 (81.32) 465.17 (57.83) 0.927 0.4012 /

LF, Low Function; HF, High Function; HC, Healthy Control; TCV, total cerebral volume; GMV, gray matter volume; WMV, white matter volume. Statistical significance level: p < 0.05.

aThe p-values were obtained by ANOVA.
bThe p-values were obtained by chi-square tests.
¢The p-values were obtained by two-sample t-tests.

TABLE 3 | Comparison of gray matter volume between the ASD and HC groups.

TABLE 4 | Comparison of gray matter volume between the LF, HF, and HC

groups.
Volume T Talairach Anatomical regions
(mm3) coordinates (x,y,z) Volume T Talairach Anatomical regions
(mm3) coordinates (x,y,z)
ASD>HC
189 4.3789 —48,1.5, —42 L Inferior Temporal Gyrus ANOVA
67 3.8001 36,9, —42 R Middle Temporal Gyrus BA38 89 11.4038 —48,3, —42 L Inferior Temporal Gyrus
283 41618 _57Y 3’ —21 L Middle Temporal GyrusBA21 211 11.8575 —58.5, 4.5, —21 L Middle Temporal Gyrus BA21
ASD<HC 50 9.56346 —22.5, =27, -22.5 L Parahippocampa GyrusBA35
84 —3.9329 18Y 728.5, —~19.5 R Cerebellum Anterior Lobe 99 12.3161 51, —64.5, 48 R Inferior Parietal Lobule
377 —4.6267 3, —54, 60 R Precuneus 67 9.3148 19.5, —28.5, —21 R Parahippocampal
167 —4.2512 495Y 764.5, 45 R Angular 72 10.8188 3, 754, 60 R Precuneus
LF>HC
All labels are derived from the Anatom{ca/Automgt/c Atlas (AAL). Tbe thr‘esho/d was set at 75 45400 4950 435 L Inferior Temporal Gyrus
p < 0.0017 (uncorrected). x,y,z, coordinates of primary peak locations in the MNI space. i
L, Left; R, Right: BA, Brodmann Area; LF, Low Function; HF, High Function; HC, Healthy ~ 210 4.9095 —601.5-12 L Middle Temporal Gyrus BA21
Control. HF>HC
87 4.9022 —45 —1.5 -37.5 L Inferior Temporal Gyrus

previous assumptions that LFA has more abnormal brain
anatomy than HFA. In addition, significant correlations between
increased GMV and autistic symptoms were found in our
study.

We demonstrated increased GMV of the left inferior temporal
gyrus (ITG) in both the LFA group and the HFA group. This
result remains the same while excluding the influence of IQ
on brain structure with IQ as covariates. This suggests that the
left ITG is implicated in the pathophysiology of ASD across
the autistic spectrum at different IQ levels. In agreement with
our study, some studies also found an increase of left temporal
lobe (including inferior, middle and superior temporal gyrus)
in children with ASD (36-38).But another VBM study found
those with autism demonstrated a reduction in superior and
inferior temporal gyrus (25). This may be explained by the fact
that the subjects in their group were all adults with a mean
age of 30, whereas the mean age of our subjects was 9.5 years.
It has been reported that infants and children with ASD had

All labels are derived from the Anatomical Automatic Atlas (AAL). The threshold was set
atp < 0.001 (uncorrected). x,y,z: coordinates of primary peak locations in the MINI space.
L, Left; R, Right; BA, Brodmann Area; LF, Low Function; HF, High Function; HC, Healthy
Control.

a larger brain size than typical of developing children, but
that with increased age, the difference in whole brain volume
between the two groups was no longer significant (39-41). On
the other hand, when the HFA and LFA were combined into
one autism group, the heterogeneity of the phenotypes would
inevitably be increased. Another study merely found decreased
GMYV regions including the left ITG, basal forebrain, nucleus
accumbens, and cerebellar hemispheres in the LFA group (18).
The age of their subjects ranged from 2- to 10-years old,
which is younger than the age of our subjects. Moreover, they
only included the LFA and HC. As the main brain area to
coordinate social communication, emotion and verbal function,
the temporal lobe has abnormalities that have been associated
with the communication and speech deficits of ASD (42). Early
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a:Left inferior temporal gyrus(HF>HC)

b: Left inferior temporal gyrus(LF>HC)
c:Left middle temporal gyrus BA21(LF>HC)

FIGURE 1 | Increased GMV in HFA and LFA group. (A) Left inferior temporal gyrus (HF>HC). (B) Left inferior temporal gyrus (LF>HC). (C) Left middle temporal gyrus
BA21 (LF>HC).

studies showed that the inferior temporal surface plays an In our study, increased GMV of the left middle temporal
important role in orthographic decoding, or was the so-called  gyrus (MTG) BA21 was only found in the LFA group, and not
basal temporal language area (43-45). Later, the concept of the  in the HFA group. This suggests that, neuroanatomically, the
“local combination detector” (LCD) was raised by Dehaene et al.  LFA sample may represents a more heterogeneous population
(46), who suggested that the function of the inferior temporal =~ than HFA. MTG BAZ21 is a site involved in auditory processing,
gyrus was related to transmitting large amounts of information  language and social perception implicated in ASD-associated
back and forth, starting by encoding visual features, then single  behaviors (50). It has been reported that abnormal activity occurs
letters, bigrams, quadrigrams, and finally whole words (46, 47).  in left middle/superior temporal gyrus, especially in region
This was later supported by the ERP study (48). These studies ~ BA21, which may be the key brain region for speech disorders
suggest that the ITG may play a key role in learning language  of ASD children (12). Moreover, the middle temporal cortex
at an early age. Left ITG is also supposed to be involved in  and superior temporal gyrus are important sites for perceiving
common object perception. A study found fMRI abnormalities  and decoding other people’s gaze (26). In postmortem BA21
in the inferior temporal and fusiform gyri in face discrimination ~ temporal cortex, a study found that compared to controls,
tasks (49) The abnormal structure of left ITG may explain the = ASD patients exhibited altered protein levels of mitochondria
difficulty in recognizing faces in ASD patients. More importantly, ~ respiratory chain protein complexes, decreased Complex I
given this importance of the ITG in language acquisition, our ~ and IV activities, decreased mitochondrial antioxidant enzyme
results showing increased GMV of the ITG both in HFA and  SOD2, and greater oxidative DNA damage (51). Thus it can
LFA may partly explain the occurrence of delayed language  be seen that MTG is abnormal in both microstructure and
development before age 3 in both the HFA and LFA groups  macrostructure, indicating that it may be one of the important
(25, 28). causes of ASD. In this study, the subscale scores of ADI-R

Frontiers in Psychiatry | www.frontiersin.org 59 October 2018 | Volume 9 | Article 542


https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Cai et al.

Different Brain of HFA and LFA

HFA

R2(L)=0.116
70.00

60.00-] o

LITG 50.00

40.007 (o}

30.00-

T T T
3.00 4.00 5.00

ADIR rep beh

FIGURE 2 | Correlation between LITG and score of repetitive behavoir in HFA
group.

including communication, verbal interaction and non-verbal
interaction in the LFA group were significantly higher than in
the HFA group. Therefore, it can be postulated that the more
impaired the left temporal gyrus, the more obvious the core
symptoms of autism, especially with respect to communication
and social interaction deficits. However, we failed to find any
correlation between left MTG and core autistic symptoms such
as communication deficits. This may be explained by the small
sample size.

Finally, in the correlation analysis, we reported significant
negative correlations between the GMV of the left ITG and
the score of repetitive behavior only in the HFA group. The
result remains the same with IQ as covariates. A review
summarized the brain regions that related to stereotypical
repetitive behaviors reported in previous literature were include
basal ganglia, caudate, frontal and temporal cortices. Among
these brain areas, basal ganglia was the most commonly reported
one and Alterations to frontal and temporal cortices are the
most varied and difficult to interpret in relation to RRB, as
these regions are also implicated in social and/or communication
deficits (52). (53) found faster striatal growth was correlated
with more severe repetitive behavior (insistence on sameness) at
the preschool age. Rojas et al. (19) reported repetitive behavior
was positively associated with the left inferior frontal gyrus,
caudate nuclei and right amygdala. In their study, the ASD
group included both HFA and LFA subjects and the age ranged
from 7.8 to 44. This could introduce variability and reduce
the effect sizes for some brain structures. In the present study,
we only included children who were 5- to 15-years old, and
would have fewer developmental covariant influences that could
affect the findings. We did not find the same relationship in
the LFA group or in the whole ASD group (HFA combined
with LFA). This may be explained by three ways. First, LFA
and HFA may be two different subtypes of ASD with different

neuroimaging features, so that our results of correlation between
GMV of the left ITG and the score of repetitive behavior
could only exist in HFA but not in LFA. Second, repetitive
behavior reflected by abnormal structures may not particularly
evaluated by the ADI-R in LFA patients. Third, the sample size
was too small to find any potential relationship in the LFA

group.

Strengths and Limitations

The strengths of this study include the enrollment of three groups
of young children (LFA, HFA, and HC) and the use of rigorous
diagnostic tools, strict and validated imaging methodologies,
and exact and original analytic methods. More importantly, so
far as we know, this was the first investigation of abnormal
brain anatomy in HFA and LFA using VBM, and the first
to assess correlations between autistic symptoms, making the
results more representative of ASD population. But this study
also has limitations. First, all of the subjects were children,
so we do not know whether our findings can be generalized
to adults. Second, our ASD patients were not followed over
time, and so it is difficult to know whether the abnormalities
would be altered or extinguished as they grow older. Third,
the sample size was relatively small (because we found that it
is too difficult for many LFA children to cooperate with MRI
scanning). Fourth, we did not include a control group of children
with other intellectual disorders for comparison, because the
purpose of this research was to find different brain regions
in different clinical phenotypes of ASD and HC on various
levels of IQ in the same sample. Given the higher proportion
of LFA in the overall ASD population, ASD phenotype should
include different levels of intelligence to make the results more
representative. In attempting to “control” for a domain- non-
specific construct such as IQ, variability truly associated with
autism could be discarded as “non-specific” (54). In fact, the
pathology underlying neurodevelopmental disorders and ASD
is itself not well understood (55), so subjects defined on the
basis of cognitive function are likely to introduce additional
variation related to the causes of the cognitive impairment in
ASD research studies (55). Together with the present study, it
can be postulated that while understanding biological features
of delicate subtypes, research studies on ASD should include
subjects with a variety of phenotypes, including different IQ
levels, to make the findings more generalizable, so that they can
shed light on the biological markers and targeted interventions of
ASD in the future.

CONCLUSION

Our findings supported the hypothesis that the neurological
findings LFA and HFA reflect abnormal function in the same
brain regions, but LFA had involvement of more abnormal
regions of the brain than HFA. Increased GMYV in the left ITG
was found in both HFA and LFA, but increased GMV of the left
MTG BA21 was found only in the LFA group. Furthermore, there
was a significant negative correlation between GMV of the LITG
and the score of repetitive behavior in the HFA group. These
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findings seem to provide a theoretical basis for exploration for
biological markers and further targeted interventions in ASD.
More importantly, our findings indicate that different levels of IQ
should be taken into consideration when discussing the biological
markers and targeted intervention of ASD in the future research.
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Forensic and Neurodevelopmental Sciences, Sackler Institute for Translational Neurodevelopmental Sciences, Institute of
Psychiatry, Psychology and Neuroscience, King’s College London, London, United Kingdom

Attention-deficit/hyperactivity disorder (ADHD) and autism spectrum disorder (ASD) often
co-occur and share neurocognitive deficits. One such shared impairment is in duration
discrimination. However, no studies using functional magnetic resonance imaging (fMRI)
have investigated whether these duration discrimination deficits are underpinned by the
same or different underlying neurofunctional processes. In this study, we used fMRI to
compare the neurofunctional correlates of duration discrimination between young adult
males with ASD (n = 23), ADHD (n = 25), the comorbid condition of ASD+ADHD
(n = 24), and typical development (TD, n = 26) using both region of interest (ROI)
and whole brain analyses. Both the ROl and the whole-brain analyses showed that the
comorbid ASD+ADHD group compared to controls, and for the ROl analysis relative to
the other patient groups, had significant under-activation in right inferior frontal cortex
(IFG) a key region for duration discrimination that is typically under-activated in boys
with ADHD. The findings show that in young adult males with pure ASD, pure ADHD
and comorbid ASD4+ADHD with no intellectual disability, only the comorbid group
demonstrates neurofunctional deficits in a typical duration discrimination region.

Keywords: duration discrimination, neurodevelopment disorder, attention-deficit/hyperactivity disorder (ADHD),
autism spectrum disorder (ASD), functional magnetic resonance imaging, comorbidity, time estimation
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Duration Discrimination in ASD, ADHD, and ASD+ADHD

INTRODUCTION

Autism spectrum disorder (ASD) is characterized by difficulties
in reciprocal social communication/interaction and stereotyped
and repetitive behaviors, while attention-deficit/hyperactivity
disorder (ADHD) is characterized by age-inappropriate
symptoms of inattention, hyperactivity and impulsivity (1). Both
conditions co-occur despite their distinctive diagnostic criteria
even in adulthood [e.g., (2, 3)]. Consequently, studies have
compared the cognitive and neural correlates of these conditions,
and their comorbid presentation (i.e., ASD+ADHD), with the
intention of predicting a model of impairments for the comorbid
group in relation to the “pure” disorders (4-6).

Perceptual timing, i.e., “the ability to estimate explicitly
attended temporal intervals” (7), could be used for investigating
potentially different underlying substrates of the pure disorders
and of the comorbid disorder. People with both psychiatric
conditions are often impaired in daily functions involving timing
and time perception skills, including planning and organizing (8-
11). Impaired timing is a major pathway to ADHD (7, 12-14) and
symptoms of impulsivity, such as verbal blurting and aversion
toward delays, have been found to be correlated with impaired
time perception (14-16). Anecdotal accounts from parents and
clinicians also suggested timing problems in individuals with
ASD (17, 18), which possibly forms the basis for checking
behavior or strict adherence to routine (18, 19). Furthermore,
time perception difficulties are associated with executive function
(EF) deficits [e.g., (20-22)], which have been found to be present
in these related conditions (23, 24).

Experimental studies of time perception have consistently
reported impaired task performance in ADHD [see (7, 14, 25)].
Consistently, reports show that children and adults with ADHD
are less able to detect changes in time intervals within the
millisecond range [e.g., (26-28)] and tend to over-estimate supra-
second time intervals relative to typically developing controls (12,
29-31). Such difficulties, according to reviews and meta-analyses
of fMRI studies in people with ADHD, are related to functional
impairments in inferior frontal, inferior parietal, striatal, and
cerebellar regions (7, 32, 33). Furthermore, during discrimination
of intervals differing by several hundreds of milliseconds
specifically, ADHD boys have shown under-activation in right
dorsolateral prefrontal (DLPFC), bilateral inferior frontal gyrus
(IFG), dorsal anterior cingulate/supplementary motor area
(DACC/SMA), striatum, left inferior parietal lobe (IPL) and left
cerebellum (14, 34-38).

Experimental findings have also suggested an impairment of
time perception in people with ASD (39-44) although there are
also some negative results (45-47). Despite evidence for time
estimation deficits in ASD, no studies have tested the neural
substrates of these deficits or compared patients with ADHD and
ASD in time perception.

Several studies, however, have compared the two disorders
in other EF domains [e.g., (4, 48, 49)], which have been shown
to have some overlap in neural activations with time perception
(50). During motor inhibition, ASD-specific over-activation was
found in bilateral IFG while ADHD-specific under-activation
was observed in ventrolateral prefrontal cortex and basal

ganglia (49). Furthermore, shared under-activation of the DLPFC
was found in both disorders during sustained attention and
working memory tasks (4, 48). Interestingly, a study of temporal
discounting (6), which is closely related to timing functions
(14, 51, 52), showed weaker brain-behavior association in the
ASD+ADHD group in typical areas of temporal discounting
such as ventromedial and lateral prefrontal cortex, ventral
striatum, and anterior cingulate, indicating increased severity of
neural impairments in the comorbid than the pure disorders.

To address the gap in the literature, this study explores
the neural correlates of time discrimination in young adult
males with ASD, ADHD, and ASD+ADHD relative to age-
matched controls. We were particularly interested in the potential
impairments in the comorbid group compared to the pure groups
to elucidate the mechanisms underpinning the co-occurrence of
ASD and ADHD, as this information could be useful clinically
for formulating disorder-specific treatments. Based on previous
fMRI studies of time perception in ADHD, we hypothesized
functional impairments in regions previously implicated with
timing deficits in the ADHD group, i.e, in ACC/SMA, IFG,
caudate, IPL and cerebellum (14, 34-38), with similar but more
pronounced deficits in these timing regions in the comorbid
group (6), but potentially different abnormalities in the ASD
group, based on more inconsistent findings of time perception
deficits in ASD [e.g., (41, 44)].

METHODS AND MATERIALS

Participants

Participants were 107 young adults aged 20-27 years with ASD,
ADHD, ASD+ADHD, and TD and full-scale intelligent quotient
(FSIQ) > 70, estimated using the Wechsler Abbreviated Scale
of Intelligence-II (WASI-II) (53). Only males were included
to increase homogeneity since ASD and ADHD are highly
prevalent among males (54, 55). There were equal proportions
of left- and right-handed participants across groups, assessed
on the Edinburgh Handedness Inventory (56). Excluded were
individuals with epilepsy, personality disorder, current substance
abuse/dependence, or lifetime history of bipolar disorder,
schizophrenia or head injury. Participants in the clinical groups
were invited from adult ASD and ADHD clinics, support
organizations, social media and an ASD epidemiological cohort
the Special Needs and Autism Project (SNAP) (57). Prescriptions
of psychostimulants or selective serotonin reuptake inhibitors
(SSRIs) were not exclusion criteria for the clinical groups,
but psychostimulants were withdrawn 48 h prior to the study.
Participants completed an investigation involving several fMRI
tasks and a neurocognitive task battery. For the present study,
nine subjects were excluded [seven due to excessive motion
(>3 mm), one due to missing behavioral data caused by technical
issues and another due to incidental MRI finding]. The final
sample comprised 23 ASD, 25 ADHD, 24 ASD+ADHD, and 26
TD subjects (Table 1).

In the ASD group, 15 participants had clinical diagnoses
confirmed by consultant psychiatrists specialized in ASD (eight
with autism; seven with Asperger’s syndrome) and eight had
research diagnoses of ASD through the SNAP study [three
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TABLE 1 | Group differences in socio-demographic variables and clinical measures.

TD ASD ADHD ASD+ Group comparison Post-hoc
(n =26) (n=23) (n =25) ADHD
(n=24)
M SD M SD M SD M SD F/t df P

Age 234 15 230 07 231 19 229 13 046 3,94 0.71 --
FsiQ 117.3 12.0 103.7 18.4 116.0 13.2 106.9 159 4.9 3,94 0.003 ADHD, TD > ASD*
Handedness 66.2 69.3 68.3 638 652 66.1 51.9 719 029 3,94 0.83 --
CAARS ADHD index (t-scores)

Self-rated 418 85 446 117 652 7.7 591 118 31.3 3,94 <0.001 ADHD, ASD+ADHD > ASD***; TD***

Informant-rated -- -- 488 7.2 604 165 645 174 7.3 2,69 <0.001 ADHD, ASD+ADHD > ASD*
SDQ17+ Hyperactivity/Inattention (raw scores)

Self-rated 24 18 34 22 74 15 69 21 428 3,8 <0.001 ADHD, ASD+ADHD > ASD***, TD***

Informant-rated -- - 81 19 74 20 71 17 381 2,66 <0.001 ASD+ADHD, ADHD > ASD***
ADHD symptom counts(@

Inattention -- -- -- - 82 13 75 11 —-15 1,40 0.13 --

Hyperactivity/impulsivity -- -- - - 561 26 46 28 -—-14 1,40 068 --
Total SRS-2 (t-scores)

Self-rated 485 6.1 613 89 627 69 667 122 20.6 3,93 <0.001 ASD, ADHD, ASD+ADHD > TD***

Informant-rated -- -- 638 86 569 105 699 116 94 2,67 <0.001 ASD+ADHD > ADHD***; ASD > ADHD*
ADOS-2 Module 4(b)

Communication - - 1.8 20 - - 21 23 -0.44 1,37 0.66 -

Social interaction - - 33 27 - - 40 39 -0.65 1,37 0.2 -

Communication + social interaction -- -- 54 44 -- -- 6.1 6.0 -061 1,37 0.55 --

Stereotyped behaviors and restricted interest ~ -- - 0.3 0.9 - - 10 13 —-19 1,37 0.07 -

TD, Typical development; ASD, Autism Spectrum Disorder; ADHD, Attention Deficit and Hyperactivity Disorder; M, mean, SD, standard deviation; FSIQ, full-scale intelligence quotient;
CAARS, Conners Adult ADHD Rating Scale; SRS-2, Social Responsiveness Scale version 2; SDQ17+, Strengths and Difficulties Questionnaires for adults. @Current ADHD symptom
counts were based on the Diagnostic Interview for Adult ADHD (DIVA 2.0) or the Young Adult Psychiatric Assessment (YAPA), available in 18 participants with ADHD and 16 participants
with ASD+ADHD. ©)Current ADOS-2 scores were available in a subset of 18 individuals with ASD and 14 participants with ASD+ADHD. Post-hoc significant threshold: *p < 0.05,

*p < 0.001.

with autism; four with atypical autism, one with pervasive
developmental disorder (PDD) unspecified], according to the
International Classification of Diseases (ICD-10) criteria (58).
Twenty-two ASD diagnoses were supported by gold-standard
research instruments, the Autism Diagnostic Observation
Schedule (ADOS) (59); three were accompanied by parent
interviews on the Autism Diagnostic Interview-Revised (ADI-
R) (60). Ten participants met the current cut-off criteria for
ASD on at least one of these measures. One participant without
ADOS or ADI-R report received childhood ASD diagnosis from a
consultant psychiatrist in a specialist neurodevelopmental clinic
supported by an assessment on the Diagnostic Interview for
Social and Communication Disorders (DISCO) (61) but had no
current scores.

All pure ADHD participants met the current DSM5
diagnostic criteria for ADHD, fifteen with combined, nine
with predominantly inattentive and one with predominantly
hyperactive presentation, diagnosed by consultant psychiatrists
in specialist adult ADHD clinics. Twenty-two diagnoses were
supported by the Diagnostic Interview for Adult ADHD
(DIVA 2.0) (62) and three by the Conners Adult ADHD
Diagnostic Interview for DSM-IV (CAADID) or other type
of psychiatric interviews (no current scores) (63). Symptoms

of ADHD are reported on Table2. Five participants were
prescribed psychostimulants (four methylphenidate [MPH], one
lisdexamphetamine), two SSRIs (sertraline, escitalopram) and
one both (MPH, sertraline).

In the ASD+ADHD group, eighteen participants had clinical
ASD diagnoses (five with autism; eleven with Asperger’s
syndrome; two with atypical autism) and six had research
diagnoses through SNAP [four with atypical autism, two with
PDD unspecified], based on the ICD-10 criteria. Twenty-one
diagnoses were supported by the ADOS and/or the ADI-R.
Eleven met the current cut-off criteria for ASD on at least one of
these measures. Three without ADOS or ADI-R reports received
childhood ASD diagnoses from consultant psychiatrists in a
specialist neurodevelopmental clinic supported by the DISCO
(no current scores). Fifteen had clinical DSM5 ADHD diagnoses,
11 of which were supported by current scores of DIVA 2.0, four
clinical diagnoses were supported assessment on the CAADID
or other psychiatric interview methods (no current scores).
Nine participants had a significant history of ADHD symptoms
assessed through SNAP (three of whom had clinical diagnosis of
ADHD) and met current ADHD DSM5 criteria on the Young
Adult Psychiatric Assessment (YAPA) (64). Sixteen met the
criteria for combined and eight for inattentive DSM5 ADHD
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TABLE 2 | Behavioral measures of the duration discrimination task across groups.

TD ASD ADHD ASD+ADHD
(n = 26) (n = 23) (n = 25) (n = 24)
% Mean error DD (SD)  21.7 (10.6)  23.3(156.7) 23.0(14.2) 28.0(13.4)
% Mean error TOJ (SD)  15.3 (12.7) 187 (6.0) 19.0(13.3) 17.3(14.3)

Mean RT DD (SD)
Mean RT TOJ (SD)
SDRT DD (SD)
SDRT TOJ (SD)

426.4 (91.4) 402.4 (118.5) 437.5 (146.4) 427.4 (106.9)
203.9 (72.7)
141.3 (74.2)

( (
( (
591.3 (116.3) 560.1 (175.3) 618.1 (159.3) 572.3 (135.5)
( (
(

192.3 (90.0)
122.4 (63.2)

220.6 (86.7) 224.9 (101.9)

1568.5(80.2) 183.2(91.2)

Comparison of measures during the duration discrimination task indicated no difference
across groups in performance in accuracy, MRT, and SDRT. The MRT and SDRT are in
seconds, whereas accuracy is presented as raw number where the maximum was 30.
MRT, Mean response time; SDRT, standard deviation of response time, a measure of
response time variability and SD, standard deviation.

subtype. Six were prescribed psychostimulant (five MPH, one
dexamphetamine), two SSRIs (sertraline, escitalopram) and one
both (MPH, sertraline).

The TD participants were from local communities, had no
psychiatric disorders, were medication-free and scored below
clinical cut-off for ADHD and ASD traits on the Conners’ Adult
ADHD Rating Scale (CAARS) (65) and the Social Responsiveness
Scale-2 (SRS-2) (66). This study was in accordance of the
Declaration of Helsinki and received ethical approval from
a local National Health Service Research Ethics Committee
(13/LO/0373). Each participant gave written informed consent
and was given £50 for their time.

Clinical Measures

ADHD traits were measured using the ADHD index on the
CAARS and the hyperactive/impulsive and inattention domain
on the Strengths and Difficulties Questionnaires for adults
(SDQ17+; provided by Professor Robert Goodman at the
IoPPN). Autistic traits were indexed using the total SRS-2 score.
All participants completed self-report measures, corroborated
by informants (parents/partner/siblings) for those in the clinical
groups.

Time Discrimination Task

This block-design time discrimination task (14, 34-37, 67)
consisted of ten 30-s blocks, alternating between duration
discrimination (DD) and temporal order judgment (TOJ) blocks.
During the DD block, the participants indicated which circle
stayed for a longer time on the screen. In the TOJ block, the
participants indicated the circle that was shown second. Each
block began with a 3-s cue. The cue “2” signaled the start
of the TOJ block while “L” signaled the DD block (Figure 1).
Each block consisted of six trials. In each trial, a pair of circles
(green and red) appeared sequentially on the left- and right-
hand side of the screen and equal number of trials started
from the left and the right side first. Each block consisted of
two trials comparing a 1,000-ms standard interval against a
1,300-, 1,400-, or 1,500-ms test duration, followed by a 2100-
ms response period. Participants responded as soon as the
second circle was presented. Discrimination errors were the

primary outcome measures while mean response time (MRT)
and standard deviation of response time (SDRT) were secondary
measures. Higher values in these variables reflect increased
impairments.

fMRI Data Acquisition and Analyses
Neuroimaging data were acquired on a General Electric
MR750 3T scanner (Boston, MA, USA) at Kings College
London. The scanner’s body coil was used for RF transmission
while an 8-channel head coil was used for signal reception.
The echo planar image (EPI) gradient-echo pulse sequence
(TR/TE = 2,000/30ms, flip angle 75°, FOV 21 x
2lcm, 64 X 64 matrix, in-plane resolution = 3mm, slice
thickness/gap = 3.0/0.3 mm) was used to acquire 41 consecutive,
top-to-bottom, slices of T2*-weighted MR images parallel to
the inter-commissural plane covering the entire brain. The 5-
min scan produced 153 volumes in time series. A whole-brain
high resolution structural T1-weighted scan (Sagittal ADNI Go/2
ACC SPGR) was acquired in the inter-commissural plane with
TR/TE = 7.312/3.016 5, 196 slices, FOV = 27 x 27 cm, 256 x 256
matrix and slice thickness of 1.2 mm.

Each participants echo-planar imaging (EPI) data were
slice-time corrected, realigned, co-registered to the individual’s
structural T1-weighted scan, segmented, normalized to the
Montreal Neurological Institute (MNI) EPI template and
smoothed with an 8-mm Gaussian kernel. Statistical analyses
were completed in two steps on the Statistical Parametric
Mapping (SPMS8). At the subject-level, BOLD response was
predicted using a vector of onsets and durations convolved with
the canonical hemodynamic response function. Six nuisance
motion regressors (x-, y-, z-translations and rotations) and
separate regressors for each spike (>1 mm) controlled the effects
of volume-to-volume head motion and abrupt movements.
A high-pass filter (128s) was applied and a first-order
autoregressive model corrected the time series correlation.
The contrast DD > TOJ indexed neural correlates of time
processing.

Within-group activations (reported in Supplement) were
analyzed at the second-level analysis with a cluster extent
threshold of p < 0.05, family-wise error corrected (FWE,,) and
a voxel threshold of p < 0.001. Between-group activations were
analyzed using univariate ANCOVA with group as independent
factor, covarying total frame-wise head displacement, in spherical
region of interests (ROIs, 10-mm radius) associated with
perceptual timing in the general population, drawn from a
meta-analysis (68), in the bilateral IFG, SMA, left putamen, left
pre-central gyrus, right middle temporal gyrus, right DLPFC,
right cingulate gyrus, left insula, and left supramarginal gyrus.
The influence of IQ alone on the findings was investigated
by adding FSIQ as covariate. To examine the influence of
current medication alone, medication status (0 = medicated
or 1 non-medicated) was added in the initial model as
covariate. The influence of both medication status and IQ on the
group difference findings was assessed by adding both factors as
covariates. Additionally, a sensitivity analysis was carried out in
participants with no psychotropic medication (22 TD, 21 ASD, 18
ADHD, and 17 ASD+ADHD). BOLD activations were extracted
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FIGURE 1 | The time discrimination task. This figure illustrates the temporal order judgement and duration discrimination blocks within the task. In this task, pairs of
circles (red and green) are presented sequentially. Each temporal order judgment block begins with a screen showing the number “2.” In this block, participants are
required to identify the circle that appears at later time between the pairs. Each duration discrimination block starts after the letter “L” is displayed instead. The
participants are required to identify the circle that appears for longer duration between the pairs.

from the clusters using the MarsBaR toolbox (69) for post-hoc
pairwise comparisons and further correlational analyses. Finally,
to explore neural impairments across groups that are non-specific
to ADHD, we conducted a whole-brain ANOVA analysis with
Group as predictor and whole-brain t-contrasts between each
clinical group against the TD controls (cluster extent threshold
of p < 0.05 FWE,, and voxel threshold of p < 0.001).

Statistical Analyses

Phenotypic, behavioral, and extracted BOLD data were analyzed
using IBM SPSS Statistics 22 (IBM Corp., 2013). Demographic
data and phenotypic reports were analyzed using univariate
ANOVAs. Task performance measures (Errors, MRT, and
SDRT) were analyzed using a 4 x 2 mixed-design ANOVA
(Group x Condition), prior which error rates were square-
rooted to normalize their distribution post-hoc pairwise multiple
comparisons were corrected with the Tukey-Kramer method.
Correlations between BOLD activations and task performance or
phenotypic traits were conducted per group.

RESULTS

Participant Characteristics

Groups did not differ in age or handedness, but in FSIQ
[F3,949 = 4.9, p = 0.003], which was higher in the ADHD
(p = 0.012), TD groups (p = 0.033) and, at trend level, the
ASD+ADHD (p = 0.089) relative to the ASD group. Groups
differed in self-rated ADHD index [F 3 94y = 31.3, p < 0.001], the
SDQ score [F(3 94y = 42.8, p < 0.001] and the informant-rated
scores for these measures [F(3 94) = 7.3-38.1, ps < 0.001], with

post-hoc t-tests indicating higher ADHD symptoms in the ADHD
and ASD+ADHD groups than the TD (ps < 0.001) and the ASD
groups (ps < 0.001) according to the young adults, which was
corroborated by informant-ratings. Self-reported autistic traits
were higher in all clinical groups [F3 94y = 20.6, p <0.001]
than controls (all ps <0.001), although informant-rated ASD
traits [F(394) = 9.4, p < 0.001) were significantly higher in
the ASD+ADHD (p < 0.001) and, at trend-level, in the ASD
(p = 0.064) relative to the ADHD group.

Performance Results

Errors, MRT and SDRT were greater during DD than TO]J
[Fs(1,94) = 26.1, ps < 0.001] but no main Group effect [Fs(3, g4y <
1.90, ps > 0.14] or Group x Condition interaction effect [Fs(3 o4
<0.67, ps > 0.67] were observed.

Neuroimaging Results

Motion

Group difference in the total volume-to-volume head movement
in the x-, y-, and z- rotation and translation was significant
[F(3,94) = 2.65, p = 0.05] and was covaried in the second-level
analysis.

Within-Group Brain Activations

The TD group showed activation in right IFC/anterior insula
(AI; BA47/13/44/45/46), reaching into the striatum/thalamus;
frontally to the dIPFC (BA10/9) and pre-central gyrus (pre-CG;
BA6) and medially to the mid-cingulate gyrus/mPFC/SMA
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IPL/supramarginal/angular gyri (BA40) and left posterior
cerebellum. In ASD, clusters of activations were less extensive
than in TD although mostly overlapping, including right IFC/AI
(BA44/45/46/13), dIPFC (BA6), mid-cingulate gyrus/SMA
(BA32), and premotor and superior frontal gyrus (SFG;
BA10). Also included were left IFC/AI (BA45/13), right
IPL/supramarginal/angular gyri (BA40), and left cerebellum,
and left pre-CG (BA6). Participants with ADHD showed smaller
clusters than the TD and ASD groups in right IFC/dIPFC
(BA44/45/46/9/8) reaching into pre-CG (BA6), in left posterior
cerebellum extending to right cerebellar lobe, in cingulate gyrus
reaching to mPFC/SMA areas (BA24/32/6), and in left IFC/pre-
CG (BA44/45/6). The clusters in the ASD+ADHD group were
the least extensive and found in mPFC/SMA (BA24/32/6),
bilateral AI/TFC (BA13/47/45), reaching into caudate/putamen
on the right hemisphere (see Figure 2).

Between-Group Brain Activations

In the ROIs typically activated during perceptual timing, a
group effect was observed in a right IFG cluster [p = 0.049,
F = 5.5, (10, 12, 46), kg = 56 voxels] (see Figure 3), with
post-hoc comparisons showing that the ASD+ADHD group had
less activation than the other groups (ps < 0.024). Covarying
for IQ reduced the group effect to a trend level [p = 0.09,
F =438, (10, 12, 46), kg = 18 voxels], preserving the pairwise
difference between the ASD+ADHD and the TD or ASD (ps
< 0.027), but not the ADHD group (p = 0.08). Group effect
findings in right IFG cluster were maintained when medication
status alone [p = 0.019, F = 6.5, (10, 12, 48), kg = 235
voxels], and when both medication status and IQ were covaried
[p =0.039, F =538, (10, 12, 48), kg = 137 voxels] and the post-
hoc pairwise analyses consistently showed reduced activation in
the ASD+ADHD relative to other groups (ps < 0.040) in this
cluster. Sensitivity analyses excluding participants on medication
showed the same group effect [p = 0.036, F = 6.0, (10, 12,
52), kg = 49 voxels]. However, post-hoc t-tests showed reduced
activation in the ASD+ADHD group relative to the TD and
ASD (ps < 0.008) but not the ADHD group (p =0.51). No other
significant pairwise differences were observed. The right IFG
activation cluster correlated negatively with SDRT in the TD [rp
(26) = —0.43; p = 0.03]; but not the clinical groups (|rs| < 0.18;
p > 0.38).

Whole-brain analyses revealed under-activation in right
IFG/DLPEC cluster in the ASD+ADHD relative to the TD group
[p =0.033, t = 4.2, (8, 32, 36), kg = 440], which was preserved
when medication status was covaried [p = 0.002, t = 4.5, (10,
10, 48), kg = 864 voxels] but did not survive after covarying
for IQ, after covarying for both medication status and IQ, or
in the sensitivity analysis excluding those who were prescribed
medication. No other comparisons between the clinical and TD
groups yielded significant differences.

DISCUSSION

The study was aimed at elucidating the similarities and
differences in the neural correlates of duration discrimination
in young adult males with ASD, ADHD, and ASD+ADHD.

The groups had comparable task performance. However, people
with ASD+ADHD had under-activation in right IFG relative
to the clinical and TD groups in ROIs most consistently
activated during time perception (68). In support of this
finding, under-activation in right IFG/DLPFC was found
only in the ASD+ADHD group relative to TD controls in
the exploratory whole-brain analyses. This suggests that in
adulthood, only people with ASD+ADHD, but not the pure
disorders are impaired in the key region that mediates time
discrimination.

The lack of neurofunctional impairment in the ADHD group
is not in line with the hypothesized under-activation in right IFG
based on reports in adolescents with ADHD during the same task
(14, 33-38), which could have several possible explanations. First,
previous reports have examined adolescents rather than adults
with ADHD. Thus, it is possible that adults with ADHD no longer
demonstrate the lateral frontal functional deficits related to time
perception observed at younger ages, as has also been shown
during response inhibition in adults with ADHD compared to
typically developing adults in some previous studies (70-72).
Second, compared to previous studies of timing (14, 34-38), the
ADHD participants in this study had above-average IQ, which
might have moderated time-processing related neural activation
deficits, since covarying for IQ reduced the statistical significance
of the difference in right IFG activation between the ADHD
and the ASD+ADHD group to trend level. Third and most
importantly, the lack of neurofunctional abnormalities in the
ADHD relative to the TD group could be related to current
psychotropic medication prescription in the sample. A sensitivity
analysis excluding participants with psychotropic medication
(mostly psychostimulants) revealed that the difference between
the ASD+ADHD and ADHD groups was no longer significant,
suggesting a subtle subthreshold abnormality that may still have
been present in the non-medicated ADHD group. This is in line
with the typical observation of right IFG under-activation during
duration discrimination in medication-naive ADHD children
(14, 34-36), and the findings of an association between single-
dose and long-term psychostimulant administration with the
upregulation and normalization of right IFG under-activation
during timing and other tasks in ADHD children (14, 35,
36, 73-76). This interpretation should, however, be taken
with caution as an analysis covarying for medication retained
the right IFG under-activation finding in the ASD+ADHD
relative to the ASD, ADHD, and TD, which did not differ
from one another, suggesting that the exclusion of medicated
participants during the sensitivity analyses may have led to
reduced power.

The lack of neural impairments in the ASD group was not in
line with the initial hypothesis, which, in the absence of fMRI
studies of timing in ASD, was formulated based on behavioral
findings only [e.g., (39, 42)]. However, negative neurobehavioral
findings from some studies (45-47), including a recent study
in adults with ASD (77), have suggested heterogeneity in
timing impairments in this population. Therefore, although the
implication of the present neurofunctional finding is that timing
networks in young adults with ASD without intellectual disability
are unimpaired, this must be taken mindful of factors that could
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(D) ASD+ADHD groups.

FIGURE 2 | Within-group brain activation clusters contrasting the block duration discrimination vs. temporal order judgement in the (A) TD, (B) ASD, (C) ADHD, and

have increased the participants” heterogeneity in the study. First,
participants in the ASD and ASD+ADHD group in this study
had varying presentations (autism, Aspergers, atypical autism,
PDD unspecified), which could be associated with heterogeneous
neural impairments [see (78, 79)]. Second, a sizeable number of
people with ASD in this study are community-sampled and may
have less severe impairment than individuals who are clinically
referred (80). This is supported by the fact that among those
who had current ADOS or ADI-R, only approximately half
the participants in the ASD and the ASD4+ADHD groups met
the clinical cut-off criteria on either measure. Time perception
network abnormalities may thus be present in clinically referred
children and adults with ASD. Another consideration is the
known relationship between time perception and a number
of other EF domains such as inhibition (20, 22), working
memory and sustained attention (81-83). Meta-analytic findings

suggest that these different cognitive functions are subserved by
overlapping regions (50). It is hence possible that poor behavioral
performance during time perception tasks found in boys and
adult males with ASD in previous studies was mediated by a
variety of individually specific deficits in neural networks for
other EF domains (4, 6, 48, 49) rather than those subserving time
perception per se.

The novel finding of right IFG under-activation in the
ASD+ADHD group during DD in the ROI and the whole-
brain analyses indicate that the addition of ADHD symptoms in
adults with ASD lead to increased neurofunctional impairments
during DD. This interpretation extends, in the domain of time
perception, a previous finding by Chantiluke et al. (6) based
on weaker brain-behavior associations in the comorbid group
relative to the pure groups in brain regions associated with
temporal reward discounting. Since adults with ASD+ADHD
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FIGURE 3 | Between-group effects of duration discrimination vs. temporal order judgement. (A) Significant right IFG cluster where Group effect was found. (B)
Average BOLD signal by group is displayed (i) for all data, (ii) after covarying for IQ and (jii) covarying for medication. (C) Correlation between BOLD and SDRT by
group indicates that reduced BOLD is associated with increased in SDRT. *o < 0.05, **p < 0.01.

SDRT

had similar neural impairments as ADHD boys, which are
no longer observed in the ADHD adult group, the findings
could also indicate more persistent impairments in the
comorbid relative to the pure ADHD group. This hypothesis
could be further explored by replicating the study involving
participants with a wider age range including adolescents and
adults.

Analyses of behavioral measures suggest comparable task
performance across all participant groups, which was unexpected
in people with ADHD where duration discrimination deficits
have been reported [e.g., (7, 26-28)]. However, tasks typically lose
behavioral sensitivity when adapted for fMRI studies (84, 85),
and the recommended sample size for fMRI studies of over
20 (86) may not be sufficiently powered for detecting group
differences in behavioral performance on fMRI tasks. In fact, not
all findings of neural impairments were accompanied by task
performance deficits in ADHD children compared to healthy
controls in previous studies of duration discrimination (37,
38). However, a brain-behavior association between increased
right IFG activation and reduced response time variability
(SDRT) was found in the typically developing group, underlining
the importance of this region for task performance in the

healthy population. Increased intra-subject SDRT is an indicator
of attentional lapses during cognitive tasks (87, 88) which,
during DD, disturbs the perception of the passage of time
(89). Thus, increased activation in right IFG in the control
group may also reflect better attentional control during time
perception.

A strength of the study is the robust characterization of
diagnoses of ASD and ADHD in the majority of patients,
including the use of ICD-10, DSM5, ADI-R, ADOS, DIVA
2.0, and CAADID, as appropriate (although current scores
were not available for everyone). One weakness was the IQ
difference across groups which resulted in altered findings of
the exploratory whole-brain analysis when IQ was covaried.
However, the use of ANCOVA to correct for IQ when
it is intrinsically different between groups [e.g., between
individuals with neurodevelopmental disorders relative to TD
controls (90-92)] and thus when the group memberships are
not randomly assigned, is statistically not appropriate since
it can lead to artifactual positive or negative results (93—
95). Furthermore, covarying for IQ mostly preserved the
conclusion from the ROI analyses especially with respect to
the under-activation of right IFG in the ASD+ADHD group
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relative to other groups, suggesting that the study was not
entirely powered for exploratory whole-brain analyses. Another
limitation is the inclusion of people currently prescribed
medication in the ADHD and ASD+ADHD groups as both
SSRIs and stimulants have been shown to affect brain
activation in people with these conditions [e.g., (35, 96,
97)]. However, findings remained when we covaried for
medication status and sensitivity analyses excluding individuals
on medication did not change the primary finding between
the ASD+ADHD and TD groups in this study. Additionally,
the narrow age range (20-27 vyears) of the young adult
participants limits generalizability of findings to the entire adult
ADHD and ASD populations. Finally, fMRI has limitations
with respect to temporal resolution. While we were mainly
interested in the spatial location of shared or disorder-specific
brain abnormalities in relation to the process of temporal
judgement in the disorders, adding a temporally better resolved
method would have allowed us to also understand differences
between disorders in the exact time course of activation
deficits. Thus, future studies may consider the combined
use of fMRI and physiological (e.g., electroencephalography
or magnetoencephalography) approaches with high temporal
resolution to complement the fMRI findings during time
estimation.

CONCLUSIONS

In summary, only young adult males with comorbid
ASD+ADHD showed reduced activation in right IFG during
duration discrimination relative to healthy controls and the pure
groups who were unimpaired. The findings suggest that right
IFG is not neurofunctionally impaired in young adults with
ADHD or ASD during time perception, although the finding in
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Electroencephalograms of individuals with autism spectrum disorders (ASD) show higher
rates of interictal epileptiform discharges (IEDs), which are known to have an inverse
association with cognitive function in typically developed (TD) children. Nevertheless, that
phenomenon has not been investigated adequately in children with ASD. From university
and affiliated hospitals, 163 TD children (84 male, 79 female, aged 32-89 months) and
107 children (85 male, 22 female, aged 36-98 months) with ASD without clinical seizure
were recruited. We assessed their cognitive function using the Kaufman Assessment
Battery for Children (K-ABC) and recorded 10 min of MEG. Original waveforms were
visually inspected. Then a linear regression model was applied to evaluate the association
between the IED frequency and level of their cognitive function. Significantly higher rates
of IEDs were found in the ASD group than in the TD group. In the TD group, we
found significant negative correlation between mental processing scale scores (MPS)
and the IED frequency. However, for the ASD group, we found significant positive
correlation between MPS scores and the IED frequency. In terms of the achievement
scale, correlation was not significant in either group. Although we found a correlative
rather than a causal effect, typically developed children with higher IED frequency might
better be followed up carefully. Furthermore, for children with ASD without clinical seizure,
clinicians might consider IEDs as less harmful than those observed in TD children.

Keywords: autism spectrum disorder, magnetencephalography, epileptiform discharges, epilepsy, cognitive
function
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INTRODUCTION

Autism spectrum disorder (ASD) is a lifelong, often severely
impairing neurodevelopmental syndrome characterized by
impaired social cognition and communication as well as
repetitive or obsessive behavior and interests (1). Its increasing
prevalence (2-4), a lack of generally accepted pharmacological
interventions, profound impact on quality of life, and high costs
of education and care for people with ASD all combine to make
ASD a public health crisis.

In addition to social impairment, most individuals with ASD
have co-occurring intellectual disability (ID) (5). Results of recent
studies suggest that ID in ASD might emerge as a consequence of
social-communication deficits. According to this model, because
social input is crucially important for normal brain development
(6), poor sociality in children with ASD stunts their cognitive
development by precluding them from social experience (6, 7).
Supporting this view, Vianti et al. reported from their recent
study that children with greater ASD severity at an initial
assessment were more likely to present with poorer cognitive
outcomes at later assessment, irrespective of initial cognitive level
(8). Furthermore, an intervention program specifically targeting
ASD symptoms in young children is known to enhance their
cognitive development (9).

The association between ASD and epilepsy has been known
since the first described cases (10). The prevalence of seizures
in children with ASD is reportedly higher than in the general
population [5-46 vs. 2-7% (11-13)]. As many as 32% of
patients with epilepsy meet the diagnostic criteria of ASD
(14). Moreover, even in the absence of clinical seizures,
6.7-50% of patients with ASD have IEDs shown by their
electroencephalograms (EEG) (15, 16), which is much higher
than the rate found among typically developing individuals: 1-
4% (17, 18). Nevertheless, the clinical significance of IEDs for
ASD remains unclear.

IEDs are thought to be representative of excessive neuronal
activity (19). Therefore, higher IED frequency implies an
excitatory shift in the equilibrium between excitatory (E)
glutamatergic and inhibitory (I) gamma-amminobutyric acid
(GABA) system. In fact, results of several studies suggest that the
GABAergic system is disrupted in cases of ASD. For instance,
genetic reports have described consistently that mutations in
genes regulating GABA receptor expression occur in patients
with ASD (20). Furthermore, environmental risk factors for
ASD, such as exposure to maternal inflammation in prenatal
life, disrupt gene expression across GABA pathways (21-23).
Recently, based on such results, E/I imbalance has attracted
attention as a candidate of the final “common pathways” in ASD
(24).

Relation between IEDs and cognitive function in children
remains unclear. In healthy individuals, most studies have found
associations between the existence of IEDs and lower cognitive
function (25, 26). However, for ASD, few studies have specifically
examined this relation. Moreover, their results are conflicting
(16, 27-30).

Those conflicting results obtained from ASD individuals
might derive from methodological differences. First, the EEG

duration varies among the studies. Longer EEG durations might
enhance the sensitivity for detection of IEDs. Second, few studies
of children with ASD have addressed the IED frequency in
previous conventional studies for children with ASD (16, 28-30).
Frequency of IEDs is more important than its mere existence
if one considers that IEDs might affect cognitive dysfunction.
Finally, most of the studies included children and adult ASD
participants (14, 25-27]. Because animal studies showed that
IED effects on cognitive function in children might be different
from the effects in adults (31), results found for inhomogeneous
populations might not reflect the true relation. A noteworthy
exception is a study conducted by Gillian et al. with no such
limitations (27). They found no correlation between the IED
frequency and cognitive dysfunction in children with ASD.

As described herein, we investigate the association between
IEDs and cognitive function in children with ASD and compare
it with that in typically developing children of a control group.
We hypothesized that higher frequency of IEDs corresponds to
lower level of cognitive function in children with ASD as well as
TD children. We used magnetoencephalography (MEG) instead
of EEG because it is more sensitive to epileptiform activity (32).

MATERIAL AND METHODS

Participants

From Kanazawa University and affiliated hospitals, we recruited
163 typically developed children (TD) (84 male, 79 female, aged
32-89 months) and 107 children (85 male, 22 female, aged 36-
98 months) with ASD. The ASD diagnosis was made according
to the Diagnostic and Statistical Manual of Mental Disorders
(4th edition) (DSM-IV) (1) using the Diagnostic Interview
for Social and Communication Disorders (DISCO) (33) or
the Autism Diagnostic Observation Schedule-Generic (ADOS-
G) (34). The exclusion criteria included known blindness,
hearing loss, and ID. Additionally, we excluded participants
who had clinical diagnosis of any other neuropsychiatric
disorder including epilepsy, and excluded participants who were
receiving antiepileptic drugs. Parents agreed to the participation
of children. Written informed consent was obtained before
participation. The Ethics Committee of Kanazawa University
Hospital approved the methods and procedures, all of which were
performed in accordance with the Declaration of Helsinki.

Assessment of Cognitive Function

Cognitive function of the participants was assessed using the
Japanese version of the K-ABC, (35), which measures the
degree of skills in various cognitive domains and which presents
them on two global scales: The MPS, which measures fluid
intelligence, and the Achievement Scale (ACH), which measures
crystallized intelligence. These scores are provided as age-
adjusted standardized scores. The scores are normalized to have
mean of 100 and standard deviation of 15.

MEG Recordings

Conditions used for MEG recordings were identical to those
used in our earlier study (36). MEG data were recorded using
a 151-channel Superconducting Quantum Interference Device

Frontiers in Psychiatry | www.frontiersin.org

76

November 2018 | Volume 9 | Article 568


https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Hirosawa et al.

Epileptiform Discharge and Cognitive Function

(SQUID), whole-head coaxial gradiometer MEG system for
children (PQ 1151R; Yokogawa/KIT, Kanazawa, Japan) in a
magnetically shielded room (Daido Steel Co., Ltd., Nagoya,
Japan) installed at the MEG Center of Ricoh Co., Ltd. (Kanazawa,
Japan). The custom child-sized MEG system facilitates the
measurement of brain responses in young children, which
would otherwise be difficult using conventional adult-sized MEG
systems. The child-sized MEG system ensures that the sensors are
positioned easily and effectively for the child’s brain and ensures
that head movements are constrained (37).

The band pass-filtered MEG data (0.16-200Hz) were
collected at a sampling rate of 1,000 Hz. During MEG recording,
one staff member escorted each participant into the shielded
room, which was decorated with colorful pictures of Japanese
(cartoon) characters and those resembling an attractive vehicle
adopted from an animation series that is popular with
preschool children. During measurements, the staff member
stayed in the shielded room comforting and encouraging
each participant to maintain a steady body position when
necessary. Parent(s)/caretaker(s) were able to observe their child
during measurements through a TV monitor. During the MEG
recording, the children lay supine on a bed and viewed a video
program projected onto a screen (i.e., eye-open condition).
The position of the head within the helmet during the MEG
recording was determined by measuring the magnetic fields
after passing currents through coils attached at three locations
on the head surface, which served as fiduciary marks for the
bilateral mastoid processes and nasion. Before recording, we
prepared several video programs that were entertaining for young
children. Each participant was shown a video program they had
selected. Before recording, each child confirmed that the video
program contents had been selected. MEG was recorded for 600 s.
The time of MEG recording was between 11a.m. and 3 p.m.
No child showed a clear sign of drowsiness in terms of MEG
waveforms.

Assessment of MEG Recordings

One investigator (author T.H.) reviewed the raw MEG signals
(i.e., time vs. amplitude waveforms). He had been trained
in EEG/MEG and epilepsy for 11 years and had extensive
experience in distinguishing epileptiform discharges from other
non-epileptic waveforms.

During review, T.H was blinded to the patients’ names and
their clinical information. To review the MEG record, the band
pass filter (0.5-70 Hz) was applied. We divided all sensor pairs
into eight groups (frontal/temporal/vertex/occipital region in
the left and right side each). It was necessary to review all
channels. T.H reviewed every group of channels by switching
the montage display. He was allowed to move the records
backward and forward at any time to confirm his findings. After
counting of epileptiform discharges in 600, he reported it as a
frequency per 10s (i.e., the number of epileptiform discharges
was divided by 60). Typically, this procedure required 30 min per
person.

Epileptic discharges were detected manually by application of
the same general principles recommended by the International
Federation of Clinical Neurophysiology (38) and were used

in standard EEG interpretation: The sharp transient is clearly
different from background activity with an “epileptiform”
morphology and a logical spatial distribution (e.g., Figure 1). The
IED location was defined using an intermediate point of sink and
source.

Statistical Analysis

Differences in population descriptors between TD and ASD were
tested using Student t-tests for age and cognitive performance
(i.e., ACH and MPS in K-ABC), and using Mann-Whitney U-
tests for the IED frequency (i.e., number of IEDs per 10s). Chi-
square tests were used for analyses of the IED frequency and
sex.

First, we performed a linear regression to predict MPS/ACH
scores based on frequency of IEDs, disease condition (TD vs.
ASD). Statistical significance was inferred for P < 0.05.

Before calculating a linear regression, we applied regression
diagnostics to verify how well our data met the regression
analysis assumptions. Specifically, we checked the following
assumptions: linearity, normality, homogeneity of variance,
model specification, influence and collinearity.

We examined the relation between variables using a series of
scatterplots and augmented component-plus-residual plots for
the variables (i.e., MPS or ACH scores and frequency of IEDs).
We found no clear non-linear pattern. Here, there was no reason
to check for satisfying the assumption in bivariate categorical
variable because the relation is linear by definition. To check
for normality in the residuals, we used kernel density plots,
histograms, standardized normal probability plots, and quintile-
normal plots. Based on results of those tests, we concluded that
residuals were normally distributed for all models.

The graphical and the Breusch-Pagan test suggested the
possible presence of heteroscedasticity in our model. To address
that problem, we decided to use heteroscedasticity-robust
standard errors (39).

To check the model specification error, we performed a model
specification link test and a regression specification error test.
Both tests gave results that were not significant for all models we
employed. To check outliers, we used the added-variable plots.
All data points were apparently in the range. No outlier was
observed. Multicollinearity was tested using the variance inflation
factor (VIF). No variable had VIF >10 or 1/VIF <0.10 for any
model.

If significant interaction involving the disease condition was
found, then a linear regression model was applied within ASD
and within TD to ascertain the association between the IED
frequency and level of cognitive function (i.e., ACH and MPS
in K-ABC) controlling for age and sex. Again, according to
the regression diagnostics, we decided to use heteroscedasticity-
robust standard errors. Statistical significance was inferred for
P < 0.025 (Bonferroni correction for multiple comparisons was
applied).

In the regression diagnostics, found
only for homoscedasticity. Therefore, we decided to use
heteroscedasticity-robust standard errors.

Then, because of a possible influence of sex and age on
MPS/ACH (31, 40, 41), we entered those in the regression model

violation was
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FIGURE 1 | Examples of epileptiform discharge. Epileptiform discharge was defined as “sharp transient clearly different from background activity with an “epileptiform”
morphology and a logical spatial distribution” (left). MEG topography (right) shows clear pattern of sink (green) and source (red). MEG, magnetoencephalography.

to control for the confounding effects. Against the ACH and  TABLE 1 Characteristics of participants.
MPS scores in K-ABC (i.e., dependent variable), the model

included age, sex, IED frequency, child condition (TD vs. ASD), T ASD g2tz op E::z:t
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Because the regression diagnostics showed heteroscedasticity, n 156 92
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