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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
et al.) and their presencemay 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 takemultiple 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× syndrome (F× 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
disorders in F× 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 (GMV) 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
GMV 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 andmean
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- andmacronutrients 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

Frontiers in Psychiatry | www.frontiersin.org 4 November 2020 | Volume 11 | Article 6173959

https://doi.org/10.3389/fpsyt.2019.00392
https://doi.org/10.3389/fpsyt.2018.00569
https://doi.org/10.3389/fpsyt.2018.00521
https://doi.org/10.3389/fpsyt.2018.00656
https://doi.org/10.3389/fpsyt.2018.00635
https://doi.org/10.3389/fpsyt.2019.00078
https://doi.org/10.3389/fpsyt.2019.00450
https://doi.org/10.3389/fpsyt.2019.00528
https://doi.org/10.3389/fpsyt.2019.00654
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Casanova et al. Editorial: Comorbidity and Autism

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 amongMalaysian
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 examinations 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 + 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.

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 TNF-
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 10min 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 APPα and
the ADAM family of α-secretases (non-amyloidogenic pathway
of βAPP processing) may increase white matter volume in ASD.

Recognition of those pathological pathway may lead to new
treatment interventions.

Tye et al. considered those comorbid conditions that
have been repeatedly associated with ASD; epilepsy, sleep,
gastrointestinal, and immune functioning. The authors discuss
research into potential etiological mechanisms and potential
interactions between each comorbidity and ASD. The networks
derived from the analysis of abnormal biological profiles
may help define potential subgroups and personalize targets
for interventions.

In conclusion, the presence of comorbidities delineates
subgroups within ASD that allow us to better define underlying
mechanisms, etiologies, and possible genetic/environmental
contributions. Comorbidities provide additive risk factors
for morbidity and mortality (Tye et al.) which demand
special monitoring and long-term follow-up by primary
care physicians. If health care providers are to improve
outcome, it is imperative to reorient services in such a way
so as to better recognize the presence of comorbidities and
to refer patients to appropriate professionals. In order to
diminish the burden of comorbidities in ASD, management
requires a multidisciplinary team approach comprised
by parents, special educators, psychologists, and medical
specialists (34, 35). We also advocate for the implementation
of a standardized review of systems, development of
interpretative guidelines for polypharmacy peculiar to this
patient population, execution of targeted assessments for
specific psychiatric and GI disorders, and the enactment of
preventative strategies for any existing modifiable risk factor
(e.g., obesity).
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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, emotion

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 co-occurrence 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

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 (85) = −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). TheWASI 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 α = 0.95, ASC group α = 0.89, no ASC group
α = 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 α = 0.95, ASC
group α = 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).

Frontiers in Psychiatry | www.frontiersin.org 3 May 2018 | Volume 9 | Article 20315

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


Weiss and Fardella Victimization and Perpetration in Autism

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 timesmore 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 ASCM = 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 groupM = 1.90, SD= 2.09).

Mediators of Victimization and
Perpetration
As expected, the ASC group reported less developed
sociocommunicative competence (ASCM = 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, IQ, 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) χ2(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) χ2(1) = 0.83, p = 0.36

Vandalism 30 (68.2) 23 (54.8) χ2(1) = 1.64, p = 0.20

Physical Assault aggregate (at least one type) 43 (95.6) 37 (88.1) Fisher’s exact p = 0.26

Assault with a weapon 24 (53.5) 19 (45.2) χ2(1) = 0.57, p = 0.45

Assault without a weapon 37 (82.2) 28 (66.7) χ2(1) = 2.78, p = 0.09; OR = 2.31

Attempted assault 22 (48.9) 13 (31) χ2(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) χ2(1) = 0.19, p = 0.67

Physical abuse (not spanking) 26 (57.8) 11 (26.2) χ2(1) = 8.87, p = 0.003; OR = 3.9

Assault by group or gang of peers 23 (51.1) 14 (33.3) χ2(1) = 2.81, p = 0.09; OR = 2.09

Peer/sibling assault 35 (77.8) 32 (76.2) χ2(1) = 0.03, p = 0.86

Genital assault 21 (46.7) 15 (35.7) χ2(1) = 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) χ2(1) = 8.65, p = 0.003; OR = 4.0

Physical abuse (not spanking) 26 (57.8) 11 (26.2) χ2(1) = 8.87, p = 0.003; OR = 3.9

Psychological or emotional abuse 28 (62.2) 15 (35.7) χ2(1) = 6.11, p = 0.01; OR = 3.4

Neglect 9 (20) 6 (14.3) χ2(1) = 49, p = 0.48

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 23 (51.1) 14 (33.3) χ2(1) = 2.81, p = 0.09; OR = 2.09

Peer/sibling assault 35 (77.8) 32 (76.2) χ2(1) = 0.03, p = 0.86

Genital assault 21 (46.7) 15 (35.7) χ2(1) = 1.07, p = 0.30

Bullying 34 (75.6) 19 (45.2) χ2(1) = 8.39, p = 0.004; OR = 3.7

Teasing, emotional bullying 44 (97.8) 26 (61.9) Fisher’s exact p < 0.001;OR = 27.1

Dating violence 3 (6.7) 5 (11.9) Fisher’s exact p = 0.48s

Witnessed/indirect victimization aggregate (at least one type) 35 (77.8) 31 (73.8) χ2(1) = 0.19, p = 0.67

Witness domestic violence 8 (17.8) 9 (21.4) χ2(1) = 0.18, p = 0.67

Witness physical abuse 10 (22.2) 8 (22.2) χ2(1) = 0.10, p = 0.76

Witness assault with a weapon 17 (37.8) 18 (42.9) χ2(1) = 0.23, p = 0.63

Witness assault without a weapon 26 (59.1) 25 (61) χ2(1) = 0.03, p = 0.86

Household theft 22 (50) 16 (39) χ2(1) = 1.03, p = 0.31

Someone close murdered 0 (0) 4 (9.5) Fisher’s exact p = 0.05

Witness murder 1 (2.3) 2 (4.9) Fisher’s exact p = 0.61

Exposure to shooting, bombs, riots 4 (9.1) 10 (23.8) Fisher’s exact p = 0.08; OR = 3.13

Sexual victimization aggregate (at least one type) 25 (55.6) 21 (50) χ2(1) = 0.27, p = 0.60

Sexual assault, known adult 7 (15.6) 7 (16.7) χ2(1) = 0.02, p = 0.89

Sexual assault, unknown adult 3 (6.7) 2 (4.8) Fisher’s exact p = 1.00

Sexual assault, with peer 12 (26.7) 2 (4.8) Fisher’s exact p = 0.007; OR = 7.3

Rape, attempted or completed 6 (13.3) 5 (11.9) Fisher’s exact p = 1.00

Flashing or sexual exposure 9 (20) 6 (14.3) χ2(1) = 0.50, p = 0.48

Sexual harassment 16 (35.6) 11 (26.2) χ2(1) = 0.89, p = 0.35

Sexual interactions with someone over 18 3 (6.7) 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) χ2(1) = 0.09, p = 0.77

Property Crime aggregate (at least one type) 25 (55.6) 28 (66.7) χ2(1) = 1.13, p = 0.29

Robbery 9 (20) 9 (21.4) χ2(1) = 0.03, p = 0.87

Theft 23 (51.1) 22 (52.4) χ2(1) = 0.01, p = 0.91

Vandalism 8 (17.8) 15 (35.7) χ2(1) = 3.59, p = 0.06; OR = 2.57

Physical Assault aggregate (at least one type) 27 (60) 25 (59.5) χ2(1) = 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) χ2(1) = 0.36, p = 0.55

Attempted assault 8 (17.8) 9 (21.4) χ2(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) χ2(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 (23.8) χ2(1) = 0.09, p = 0.76

Maltreatment in Adulthood 29 (64.4) 21 (50) χ2(1) = 1.85, p = 0.17

Physical abuse 18 (40) 12 (28.6) χ2(1) = 1.26, p = 0.26

Psychological or emotional abuse 16 (38.1) 25 (55.6) χ2(1) = 2.66, p = 0.10; OR = 2.03

Peer/Coworker victimization aggregate (at least one type) 27 (60) 23 (54.8) χ2(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) χ2(1) = 5.13, p = 0.02; OR = 2.7

Dating violence 12 (26.7) 10 (23.8) χ2(1) = 0.09, p = 0.09; OR = 1.16

Witnessed/indirect victimization aggregate (at least one type) 26 (57.8) 32 (76) χ2(1) = 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 (13.3) 10 (26.3) χ2(1) = 2.23, p = 0.14

Witness assault without a weapon 16 (35.6) 19 (46.3) χ2(1) = 1.03, p = 0.31

Household theft 10 (22.2) 15 (36.6) χ2(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) χ2(1) = 3.29, p = 0.07; OR = 2.69

Sexual victimization aggregate (endorsed at least one type) 21 (46.7) 17 (40.5) χ2(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 (33.3) χ2(1) = 2.78, p = 0.10; OR = 2.31

Sexual harassment 12 (26.7) 8 (19.0) χ2(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) χ2(1) = 1.29, p = 0.26

Property Crime aggregate (at least one type) 25 (55.6) 28 (66.7) χ2(1) = 1.13, p = 0.29

Robbery 7 (15.6) 7 (16.7) χ2(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) χ2(1) = 0.01, p = 0.91

Physical Assault aggregate (at least one type) 27 (60) 25 (59.5) χ2(1) = 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) χ2(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) χ2(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) χ2(1) = 0.23, p = 0.63

Psychological or emotional abuse 19 (43.2) 15 (35.7) χ2(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 (2.3) 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 (2.3) 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 −3.9 4.55

C’ 2.84 2.01 1.42 0.16

Emotion Regulation A 0.85 0.12 7.27 <0.001 1.17 −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 IQ,
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 (GI) 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 IQ, adaptive behavior, race, and household income), and (3)

GI concerns with respect to multiple psychiatric outcomes. Multiple regression models

revealed unique contributions of ASD symptoms and multiple psychosocial factors such

as verbal IQ, 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 GI symptoms accounted for unique variance in

psychiatric outcomes over and above these other factors, linking increased GI problems

with increased psychiatric symptoms in children with ASD. Taken together, results

indicate that the presence and quantity of GI symptoms should be considered when

evaluating psychiatric and behavioral concerns among children with ASD, and that

treatment of GI 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
[CHD8, 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 themultisystemic nature and
mechanisms of ASD.
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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 ofmedical 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; 10+ 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.

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

• 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 IQ scores, child’s adaptive behavior, family’s annual
income, and child’s race (African American, Asian, or white).

• 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 GI 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(1, 1681) = 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(9, 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 GI 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(1, 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(1, 907) = 1.17, p = 0.28].
However, psychosocial factors contributed 14.9% of variance
[F(9, 898) = 17.52, p< 0.001], and GI concerns accounted for
an additional 1.1% [F(1, 897) = 11.45, p < 0.001]. As a whole,
the combined model accounted for 15.1% of the variance in
internalizing symptoms [F(11, 908) = 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(1, 1681) = 68.13, p < 0.001],
psychosocial factors [6.0% of variance, F(9, 1672) = 12.34,
p < 0.001], and GI concerns [1% of variance, F(1, 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)

β t β t

ASD symptoms 0.11 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

GI 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(11, 1682) = 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(1, 908) = 52.35, p < 0.001;
Psychosocial factors: 9.7% of variance, F(9, 899) = 11.44, p< 0.001;
GI symptoms: 1.4% of variance, F(1,898) = 14.64, p < 0.001],
and the combined model accounted for 15.5% of the variance in
externalizing symptoms [F(11, 909) = 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(1, 1681) = 82.89, p< 0.001], psychosocial
factors [4.4%, F(9, 1672) = 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(11, 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(9, 900) = 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(1, 899) = 1.94,
p = 0.16]. Taken together, the combined model accounted for
8.9% of the variance in self-injurious behavior [F(11, 910) = 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)

β t β t

ASD symptoms 0.12 4.55*** 0.20 5.54***

Age 0.02 −0.98 −0.17 −5.37***

Child sex 0.00 0.14 0.06 1.95

Verbal IQ 0.32 7.19*** 0.45 7.30***

Nonverbal IQ −0.07 −1.55 −0.22 −3.59***

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**

GI 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)

β t β t

ASD symptoms 0.13 4.59*** 0.17 4.65***

Age 0.04 1.52 −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 IQ 0.00 0.08 −0.16 −2.54*

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

GI 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 tomeasurement, themeasures 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 CHD8, 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 andmean 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

(ADHD/ASD/TD)

Age in years

(ADHD/ASD/TD)

IQ Methods Region(s) and results

(Mean ± SD)

1. Brieber et al. (3) 15 ADHD

15 ASD

15 TD

13.13 ± 1.4

14.2 ± 1.9

13.3 ± 1.8

(10–16 y)

104.1 ± 15.8

106.8 ± 21.4

107.7 ± 12.7

VBM Smaller GM in left medial temporal lobe and higher

GM volume in left inferior parietal cortex in ADHD

and ASD vs. TD

Increased GM volume in right supramarginal gyrus

in ASD vs. ADHD and TD

2. O’Dwyer et al.

(10)

180 ADHD

140 TD

124 unaffected

siblings

16.2 ± 3.7

16.8 ± 3.6

16.9 ± 4.0

(7.4–28.5 y)

98.8 ± 14.9

106.6 ± 13.2

101.8 ± 14.2

VBM Increasing ASD score is associated with greater GM

volume

3. Lim et al. (11) 44 ADHD

19 ASD

33 TD

13.6 ± 1.87

14.9 ± 1.86

14.3 ± 2.52

92.2 ± 11.7

113 ± 15.7

110 ± 11.5

VBM Smaller right posterior cerebellar GM volume in

ADHD vs. ASD and TD

Larger left middle/superior temporal gyrus GM

volume in ASD vs. ADHD and TD

4. Mahajan et al.

(12)

30 ASD-

33 ASD+

63 TD

10.5 ± 1.7

10.3 ± 1.4

10.5 ± 1.3

(8–12 y)

102 ± 14

103 ± 17

112 ± 11

Free

Surfer

ROI

Increased GM volume and SA in the left inferior

parietal cortex in ASD+ and ASD-

Increased GM volume and SA in the left post-central

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) T1-weighted anatomical scan was conducted
(relaxation time = 2,200ms, echo time = 2.15ms, flip angle
= 12◦, inversion time = 1,100ms) on a 3T Siemens TIM Trio
Magnetom scanner (Erlangen, Germany). Slice thickness was
1mm and voxel size 1× 1× 1 mm3.

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 ROI.

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 × 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-II 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(1, 91) = 12.63; pFDR = 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-wayANOVAmodels exhibited no significantmain 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 × 2 ANOVA model.

ADHD diagnosis No ADHD diagnosis

ASD diagnosis ASD with comorbid ADHD ASD

No ASD diagnosis ADHD TD

TD, typically developed; ASD, autism spectrum disorder; ADHD,

attention-deficit/hyperactivity disorder.

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 (Table 4). 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
Gyrus
The Pars orbitalis represents a subdivision of the inferior frontal
gyrus which more or less corresponds well to the Brodman
Area 47.
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TABLE 3 | Demographic and psychometric data.

ADHD ASD with

comorbid ADHD

ASD TD ANOVA

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

IQ 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 für Psychische Störungen.

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.

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

Measure Region ADHD ASD- ASD + TD Two-way ANOVAs

Mean ± 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 × 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 × ADHD: p = 0.572

Right isthmus

cingulate

3204.79 ± 512.29 3244.11 ± 425.46 2875.96 ± 477.66 3075.76 ± 575.98 ASD: p = 0.308

ADHD:p = 0.320

ASD × 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 × 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 × ADHD: p = 0.039

Left post-central 2.24 ± 0.14 2.17 ± 0.12 2.21 ± 0.13 2.31 ± 0.17 ASD: p = 0.004

ADHD: p = 0.059

ASD × ADHD: p = 0.107

Right post-central 2.20 ± 0.12 2.11 ± 0.10 2.20 ± 0.14 2.24 ± 0.15 ASD: p = 0.004

ADHD: p = 0.218

ASD × ADHD: p = 0.030

Right superior

parietal

2.44 ± 0.14 2.36 ± 0.12 2.37 ± 0.12 2.48 ± 0.14 ASD: p = 0.008

ADHD: p = 0.280

ASD × 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 × ADHD: p = 0.104

Left

parahippocampal

2.89 ± 0.33 2.97 ± 0.29 2.76 ± 0.27 2.84 ± 0.24 ASD: p = 0.130

ADHD: p = 0.491

ASD × 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 × 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 × ADHD: p = 0.010

Left transverse

temporal

2.45 ± 0.25 2.39 ± 0.24 2.61 ± 0.22 2.52 ± 0.28 ASD: p = 0.124

ADHD: p = 0.300

ASD × ADHD: p = 0.016

Mean

curvature

Left transverse

temporal

0.141 ± 0.010 0.129 ± 0.010 0.140 ± 0.015 0.133± 0.014 ASD: p = 0.304

ADHD: p = 0.012

ASD × 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 × 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 × 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 × ADHD: p = 0.018

Right medial

orbitofrontal

0.147 ± 0.010 0.141 ± 0.006 0.150 ± 0.012 0.148 ± 0.010 ASD: p = 0.016

ADHD: p = 0.650

ASD × ADHD: p = 0.018

Right pars

triangularis

0.144 ± 0.010 0.138 ± 0.011 0.142 ± 0.013 0.139 ± 0.009 ASD: 0.873

ADHD: p = 0.046

ASD × 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 GMdensity 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 mRNA 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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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;

SFD, simple facial dysmorphisms; NLF, 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 NRXN1 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’s 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), CFDwas selected as a
defining secondary clinical feature for further genetic study, due
both to clinical prominence and predictive ability in the presence
ofMCA syndromes. SFDwere 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. Illustration 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
category were used (9).

Enrichr was used for functional enrichment analysis of
each phenotypically-driven subgroup gene list (N = 570 total
genes) for these annotation categories: Gene Ontology (GO),
KEGG/WikiPathways, TRANSFAC/JASPAR Position Weight
Matrix (PWM), MGI Mammalian Phenotype (MP), and Human
Phenotype Ontology (HPO) (10). The Enrichr platform provides
adjusted p-values using the Enrichr list randomization method,
which is based on the Fisher’s Exact test as well as Z-scores and
combined scores for each annotation and is fully explained in
Chen et al. (11). As a guide of possible collective gene function for
each gene list, we used an adjusted significance p-value threshold
of p < 0.05.

Statistical Analyses
For phenotype analyses, between- and within-group
comparisons were performed using two-sample proportion
Chi-square tests with a false discovery rate p-value adjustment
(R pairwise.prop.test). Odds ratios with sample size adjustments

(12) were computed to examine associations amongst different
congenital anomalies, as well as associations within NLF, the
latter without sample size adjustment.

RESULTS

Clinical Features Common in Monogenic

Intellectual Disability
Congenital anomalies are prominent features within monogenic
forms of ID. In this study, the most common congenital
anomaly reported was CFD, occurring in almost half of the
conditions studied. Less frequent though still prominent
congenital anomalies included (in order of frequency from
most to least): microcephaly; organ malformations; brain
malformations (visible via MRI); craniosynostoses and
other cranial malformations; hand and foot malformations;
skin and hair disturbances; SFD; macrocephaly; and limb
malformations.

Not only was CFD the most common dysmorphism, it
is also strongly associated with other types of dysmorphia
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(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 “NLF,” 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 (χ2

= 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
(χ2

= 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 Figure 2A, 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, NLF, 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/NLF, and pure NLF, 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/NLF, 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, FMR1,
forms amajor hub connecting the same clusters asMECP2within
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 PPT1 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/NLF, as we shall see in the
following section (21).

Finally, the hub, PPT1, whose mutation is responsible for
the neurodegenerative and lethal condition, Neuronal Ceroid
Lipofuscinosis 1, links the EPI/NLF andAUT/CFD/NLFmodules
(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). PPT1’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/SFD. 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 (Wt1), 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 Lef1, 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/NLF 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 Parkinson’s 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 NLF, 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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FIGURE 3 | Enrichment localization according to subgroup. (A) Localized enrichment according to subgroups within the main body of the cell. (B) Subgroup

enrichment within the synapse. (C) Subgroup enrichment at the chromosome and centromere. Intellectual disability with autism and with/without epilepsy (AUT);

intellectual disability with epilepsy and without autism (EPI); intellectual disability without autism or epilepsy (ID); complex facial dysmorphia (CFD);

neurodegenerative-like features (NLF).

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 FMR1, the gene associated
with Fragile X syndrome, have both received considerable

attention and FMR1 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 FMR1 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 9 October 2018 | Volume 9 | Article 53551

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 R01 HD-65279].

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

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/s13229-016-0082-z

3. Kochinke K, Zweier C, Nijhof B, Fenckova M, Cizek P, Honti F, et al.

Systematic phenomics analysis deconvolutes genes mutated in intellectual

disability into biologically coherent modules. Am J 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, EngelstadM, 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 NF, 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, AdamMP. 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

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/s13229-015-0008-1

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 MJ,

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 Ppt1 is

a dedicated regulator of the molecular chaperone Hsp90. Embo J. (2006)

25:367–76. doi: 10.1038/sj.emboj.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. J 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. J 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. Iossifov 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 specificmolecular 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 MF, 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 10 October 2018 | Volume 9 | Article 53552

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. 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

36. Pei JJ, Hugon J. mTOR-dependent signalling in Alzheimer’s disease. J Cell Mol

Med. (2008) 12:2525–32. doi: 10.1111/j.1582-4934.2008.00509.x

37. Kovacs GG. Neuropathology of Neurodegenerative Diseases: A Practicel Guide.

Cambridge: Cambridge University Press (2015).

38. Fahn S, Jankovic J, Hallett M. Principles and Practice of Movement Disorders:

Expert Consult. Edinburgh: Elsevier (2011).

39. Hall J, Allanson J, Gripp K, Slavotinek A.Handbook of Physical Measurements.

Oxford: Oxford University Press (2006).

40. Rossi M, El-Khechen D, Black MH, Hagman KF, 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 11 October 2018 | Volume 9 | Article 53553

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


ORIGINAL RESEARCH
published: 30 October 2018

doi: 10.3389/fpsyt.2018.00542

Frontiers in Psychiatry | www.frontiersin.org 1 October 2018 | Volume 9 | Article 542

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 P, 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

Increased Left Inferior Temporal
Gyrus Was Found in Both Low
Function Autism and High Function
Autism
Jia Cai 1, Xiao Hu 1, Kuifang Guo 1, Pingyuan Yang 1, Mingjing Situ 1 and Yi Huang 1,2,3*

1Mental Health Center, West China Hospital of Sichuan University, Chengdu, China, 2 Psychiatric Laboratory, State Key

Laboratory of Biotherapy, West China Hospital, Sichuan University, Chengdu, China, 3 Brain Research Center, West China

Hospital of Sichuan University, Chengdu, China

Previous neuroimaging studies of autism spectrum disorder (ASD) have focused on

subjects with IQ > 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
GMV 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 childrenwith
ASD with different IQ 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 HCwere groupmatched 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. TheWechsler
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 = 3.88ms; flip
angle = 7◦; in-plane matrix resolution = 256 ∗ 256; field of
view= 24 ∗ 24 cm²; voxel size= 1 ∗ 1 ∗ 1mm3; thickness=1mm;
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.fil.ion.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, χ2 tests were applied. ANOVA was used to compare
the demographic data between the LFA, HFA, and HC groups,
and two sample t-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 (WMV) 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 t-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

Frontiers in Psychiatry | www.frontiersin.org 3 October 2018 | Volume 9 | Article 54256

http://lcni.uoregon.edu/downloads/mri_convert/mriconvert/view
http://lcni.uoregon.edu/downloads/mri_convert/mriconvert/view
http://www.fil.ion.ucl.ac.uk/spm
http://www.fil.ion.ucl.ac.uk/spm
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

(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 GMV 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

(N = 38)

HC group

(N = 27)

F/t p

Age (years) 9.56 (3.43) 8.33 (2.3) 1,615 0.111a

Gender(Male/Female) 32/6 26/1 / 0.224b

IQ(WISC-R) 75.84 (25.1) 98.59 (16.64) −4.107 0.000a

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

behavior

3.61 (2.23) / / /

TCV(ml) 1448.36

(148.01)

1395.46

(122.77)

1.524 0.132a

GMV(ml) 777.51 (68.21) 761.31 (56.69) 1.01 0.316a

WMV(ml) 487.39 (70.98) 465.17 (57.83) 1.34 0.185a

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
GMVwas 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 IQ 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 0.16a /

Gender (Male/Female) 17/2 4/15 26/1 3.321 0.239b /

IQ(WISC-R) 55.89 (10.83) 95.79 (18.37) 98.59 (16.64) 46.9 0.00a LF<HF,HC

ADI-R(M,SD) 54.94 (14.36) 36.42 (10.38) / 4.468 0.000c /

Communication 19.05 (7.49) 14.73 (4.71) / 2.095 0.044c /

Verbal interaction 17.41 (5.36) 10.68 (3.69) / 4.422 0.000c /

Non-ver interaction 10.52 (4.78) 4.68 (2.71) / 4.573 0.000c /

Restricted repetitive behavior 3.71 (2.84) 3.52 (1.57) / 0.238 0.814c /

TCV(ml) 1,460.3 (131.05) 1,436.51 (166.0) 1,395.4 (122.77) 1.288 0.283a /

GMV(ml) 786.96 (58.56) 768.06 (77.11) 761.31 (56.69) 0.926 0.402a /

WMV(ml) 490.51 (61.043) 484.28 (81.32) 465.17 (57.83) 0.927 0.401a /

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.
cThe p-values were obtained by two-sample t-tests.

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

Volume

(mm3)

T Talairach

coordinates (x,y,z)

Anatomical regions

ASD>HC

189 4.3789 −48, 1.5, −42 L Inferior Temporal Gyrus

67 3.8091 36, 9, −42 R Middle Temporal Gyrus BA38

283 4.1618 −57, 3, −21 L Middle Temporal GyrusBA21

ASD<HC

84 −3.9329 18, −28.5, −19.5 R Cerebellum Anterior Lobe

377 −4.6267 3, −54, 60 R Precuneus

167 −4.2512 49.5, −64.5, 45 R Angular

All labels are derived from the Anatomical Automatic Atlas (AAL).The threshold was set at

p < 0.001 (uncorrected). x,y,z, coordinates of primary peak locations in the MNI space.

L, Left; R, Right; BA, Brodmann Area; LF, Low Function; HF, High Function; HC, Healthy

Control.

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

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

groups.

Volume

(mm3)

T Talairach

coordinates (x,y,z)

Anatomical regions

ANOVA

89 11.4038 −48, 3, −42 L Inferior Temporal Gyrus

211 11.8575 −58.5, 4.5, −21 L Middle Temporal Gyrus BA21

50 9.5346 −22.5, −27, −22.5 L Parahippocampa GyrusBA35

99 12.3161 51, −64.5, 48 R Inferior Parietal Lobule

67 9.3148 19.5, −28.5, −21 R Parahippocampal

72 10.8188 3, −54, 60 R Precuneus

LF>HC

75 4.5422 −49.5 0 −43.5 L Inferior Temporal Gyrus

210 4.9095 −60 1.5 −12 L Middle Temporal Gyrus BA21

HF>HC

87 4.9022 −45 −1.5 −37.5 L Inferior Temporal Gyrus

All labels are derived from the Anatomical Automatic Atlas (AAL). The threshold was set

at p < 0.001 (uncorrected). x,y,z: coordinates of primary peak locations in the MNI 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
GMV 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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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
important role in orthographic decoding, or was the so-called
basal temporal language area (43–45). Later, the concept of the
“local combination detector” (LCD) was raised by Dehaene et al.
(46), who suggested that the function of the inferior temporal
gyrus was related to transmitting large amounts of information
back and forth, starting by encoding visual features, then single
letters, bigrams, quadrigrams, and finally whole words (46, 47).
This was later supported by the ERP study (48). These studies
suggest that the ITG may play a key role in learning language
at an early age. Left ITG is also supposed to be involved in
common object perception. A study found fMRI abnormalities
in the inferior temporal and fusiform gyri in face discrimination
tasks (49) The abnormal structure of left ITG may explain the
difficulty in recognizing faces in ASD patients. More importantly,
given this importance of the ITG in language acquisition, our
results showing increased GMV of the ITG both in HFA and
LFA may partly explain the occurrence of delayed language
development before age 3 in both the HFA and LFA groups
(25, 28).

In our study, increased GMV of the left middle temporal
gyrus (MTG) BA21 was only found in the LFA group, and not
in the HFA group. This suggests that, neuroanatomically, the
LFA sample may represents a more heterogeneous population
than HFA. MTG BA21 is a site involved in auditory processing,
language and social perception implicated in ASD-associated
behaviors (50). It has been reported that abnormal activity occurs
in left middle/superior temporal gyrus, especially in region
BA21, which may be the key brain region for speech disorders
of ASD children (12). Moreover, the middle temporal cortex
and superior temporal gyrus are important sites for perceiving
and decoding other people’s gaze (26). In postmortem BA21
temporal cortex, a study found that compared to controls,
ASD patients exhibited altered protein levels of mitochondria
respiratory chain protein complexes, decreased Complex I
and IV activities, decreased mitochondrial antioxidant enzyme
SOD2, and greater oxidative DNA damage (51). Thus it can
be seen that MTG is abnormal in both microstructure and
macrostructure, indicating that it may be one of the important
causes of ASD. In this study, the subscale scores of ADI-R
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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 GMV 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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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 ROI and the whole-brain analyses showed that the

comorbid ASD+ADHD group compared to controls, and for the ROI 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 ASD+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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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.Wewere 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
(>3mm), 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

(n = 26)

ASD

(n = 23)

ADHD

(n = 25)

ASD+

ADHD

(n = 24)

Group comparison Post-hoc

M SD M SD M SD M SD F/t df p

Age 23.4 1.5 23.0 0.7 23.1 1.9 22.9 1.3 0.46 3, 94 0.71 --

FSIQ 117.3 12.0 103.7 18.4 116.0 13.2 106.9 15.9 4.9 3, 94 0.003 ADHD, TD > ASD*

Handedness 66.2 69.3 68.3 63.8 65.2 66.1 51.9 71.9 0.29 3, 94 0.83 --

CAARS ADHD index (t-scores)

Self-rated 41.8 8.5 44.6 11.7 65.2 7.7 59.1 11.8 31.3 3, 94 <0.001 ADHD, ASD+ADHD > ASD***; TD***

Informant-rated -- -- 48.8 7.2 60.4 16.5 64.5 17.4 7.3 2, 69 <0.001 ADHD, ASD+ADHD > ASD*

SDQ17+ Hyperactivity/Inattention (raw scores)

Self-rated 2.4 1.8 3.4 2.2 7.4 1.5 6.9 2.1 42.8 3, 86 <0.001 ADHD, ASD+ADHD > ASD***, TD***

Informant-rated -- -- 3.1 1.9 7.4 2.0 7.1 1.7 38.1 2, 66 <0.001 ASD+ADHD, ADHD > ASD***

ADHD symptom counts(a)

Inattention -- -- -- -- 8.2 1.3 7.5 1.1 −1.5 1, 40 0.13 --

Hyperactivity/impulsivity -- -- -- -- 5.1 2.6 4.6 2.8 −1.4 1, 40 0.68 --

Total SRS-2 (t-scores)

Self-rated 48.5 6.1 61.3 8.9 62.7 6.9 66.7 12.2 20.6 3, 93 <0.001 ASD, ADHD, ASD+ADHD > TD***

Informant-rated -- -- 63.8 8.6 56.9 10.5 69.9 11.6 9.4 2, 67 <0.001 ASD+ADHD > ADHD***; ASD > ADHD*

ADOS-2 Module 4(b)

Communication -- -- 1.8 2.0 -- -- 2.1 2.3 −0.44 1, 37 0.66 --

Social interaction -- -- 3.3 2.7 -- -- 4.0 3.9 −0.65 1, 37 0.52 --

Communication + social interaction -- -- 5.4 4.1 -- -- 6.1 6.0 −0.61 1, 37 0.55 --

Stereotyped behaviors and restricted interest -- -- 0.3 0.9 -- -- 1.0 1.3 −1.9 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. (a)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. (b)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 Table 2. 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

(n = 26)

ASD

(n = 23)

ADHD

(n = 25)

ASD+ADHD

(n = 24)

% Mean error DD (SD) 21.7 (10.6) 23.3 (15.7) 23.0 (14.2) 28.0 (13.4)

% Mean error TOJ (SD) 15.3 (12.7) 18.7 (6.0) 19.0 (13.3) 17.3 (14.3)

Mean RT DD (SD) 591.3 (115.3) 560.1 (175.3) 618.1 (159.3) 572.3 (135.5)

Mean RT TOJ (SD) 426.4 (91.4) 402.4 (118.5) 437.5 (146.4) 427.4 (106.9)

SDRT DD (SD) 203.9 (72.7) 192.3 (90.0) 220.6 (86.7) 224.9 (101.9)

SDRT TOJ (SD) 141.3 (74.2) 122.4 (63.2) 158.5 (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
ADHDRating 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 King’s 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 ×

21 cm, 64 × 64 matrix, in-plane resolution = 3mm, slice
thickness/gap= 3.0/0.3mm) 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 s, 196 slices, FOV= 27× 27 cm, 256× 256
matrix and slice thickness of 1.2mm.

Each participant’s 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 (SPM8). 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 (>1mm) controlled the effects
of volume-to-volume head motion and abrupt movements.
A high-pass filter (128 s) 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 (FWEcor) 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 FWEcor 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 × 2 mixed-design ANOVA
(Group × 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
[F(3, 94) = 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, 94) = 31.3, p< 0.001], the
SDQ score [F(3, 94) = 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 [F(3, 94) = 20.6, p <0.001]
than controls (all ps <0.001), although informant-rated ASD
traits [F(3, 94) = 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 TOJ
[Fs(1, 94) ≥ 26.1, ps < 0.001] but no main Group effect [Fs(3, 94) ≤
1.90, ps≥ 0.14] or Group× Condition interaction effect [Fs(3, 94)
≤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 dlPFC (BA10/9) and pre-central gyrus (pre-CG;
BA6) and medially to the mid-cingulate gyrus/mPFC/SMA
(BA32). Activations were also observed in left IFC/AI
(BA47/13), reaching into striatum/pallidum; in bilateral
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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), dlPFC (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/dlPFC
(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/IFC (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), kE = 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 = 4.8, (10, 12, 46), kE = 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), kE = 235
voxels], and when both medication status and IQ were covaried
[p = 0.039, F = 5.8, (10, 12, 48), kE = 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), kE = 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 [rTD
(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/DLPFC cluster in the ASD+ADHD relative to the TD group
[p =0.033, t = 4.2, (8, 32, 36), kE = 440], which was preserved
when medication status was covaried [p = 0.002, t = 4.5, (10,
10, 48), kE = 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 ADHDno 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-naïve 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 ASDwithout intellectual disability
are unimpaired, this must be taken mindful of factors that could
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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

(D) ASD+ADHD groups.

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 ASD+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 (iii) covarying for medication. (C) Correlation between BOLD and SDRT by

group indicates that reduced BOLD is associated with increased in SDRT. *p < 0.05, **p < 0.01.

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 years) 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

the ADHD group particularly has to be viewed in light of the
possible moderating influence of IQ and medication use among

the participants in this study.

AUTHOR CONTRIBUTIONS

SL, KR, and ES conceptualized the study and contributed to
manuscript preparation. SL conducted the recruitment and data
collection. SL and OO analyzed the data. DL contributed to the
manuscript preparation. SW, AD, CM, KA, and VS conducted
recruitment and contributed to the manuscript preparation.

ACKNOWLEDGMENTS

This study is supported by funding from the UK Department
of Health via the National Institute for Health Research (NIHR)
Biomedical Research Centre (BRC) for Mental Health at South
London and the Maudsley National Health Service (NHS)
Foundation Trust and the IoPPN, King’s College London,
which also support both senior authors, ES and KR. SL was
supported by the UK Medical Research Council (MRC) and
Institute of Psychiatry, Psychology and Neuroscience (IoPPN)
PhD Excellence awards. KR and SL are currently supported by
an MRC Grant MR/P012647/1 to KR. The views expressed are
those of the authors and not necessarily those of the NHS,
the NIHR or the Department of Health. We thank the young
adults and families who took part in this study and the Adult
ADHD andASD Service at South London andMaudsleyHospital
(SLaM) NHS Foundation Trust for their support in this study.
With thanks to Siobhan Higgins, Teresa Schenk, and Mavis
Nyakunengwa for their help with participant recruitment and to
Allison Cooper and the neuroimaging team for their support with
the imaging data acquisition.

REFERENCES

1. American Psychiatric Association (APA). Diagnostic and Statistical Manual of

Mental Disorders: DSM-5. Washington, DC (2013).

2. Joshi G, Wozniak J, Petty C, Martelon MK, Fried R, Bolfek A, et al. Psychiatric

comorbidity and functioning in a clinically referred population of adults with

autism spectrum disorders: A comparative study. J Autism Dev Disord. (2013)

43:1314–25. doi: 10.1007/s10803-012-1679-5

3. Johnston K, Dittner A, Bramham J, Murphy C, Knight A, Russell A. Attention

deficit hyperactivity disorder symptoms in adults with autism spectrum

disorders. Autism Res. (2013) 6:225–36. doi: 10.1002/aur.1283

4. Christakou A, Murphy CM, Chantiluke K, Cubillo AI, Smith AB,

Giampietro V, et al. Disorder-specific functional abnormalities during

sustained attention in youth with attention deficit hyperactivity disorder

(ADHD) and with autism.Mol Psychiatry (2013) 18:236–44. doi: 10.1038/mp.

2011.185

5. Di Martino A, Zuo XN, Kelly C, Grzadzinski R, Mennes M, Schvarcz A,

et al. Shared and distinct intrinsic functional network centrality in autism and

attention-deficit/hyperactivity disorder. Biol Psychiatry (2013) 74:623–632.

doi: 10.1016/j.biopsych.2013.02.011

6. Chantiluke K, Christakou A, Murphy CM, Giampietro V, Daly EM, Ecker C,

et al. Disorder-specific functional abnormalities during temporal discounting

in youth with attention deficit hyperactivity disorder (ADHD), autism

and comorbid ADHD and autism. Psychiatry Res. (2014) 223:113–20.

doi: 10.1016/j.pscychresns.2014.04.006

7. Noreika V, Falter CM, Rubia K. Timing deficits in attention-

deficit/hyperactivity disorder (ADHD): evidence from neurocognitive

and neuroimaging studies. Neuropsychologia (2013) 51:235–66.

doi: 10.1016/j.neuropsychologia.2012.09.036

8. Boyer BE, Geurts HM, Van der Oord S. Planning skills of adolescents with

ADHD. J Atten Disord. (2014) 22:46–57. doi: 10.1177/1087054714538658

9. Kofler MJ, Sarver DE, Harmon SL, Moltisanti A, Aduen PA, Soto EF, et al.

Working memory and organizational skills problems in ADHD. J Child

Psychol Psychiatry (2018) 59:57–67. doi: 10.1111/jcpp.12773

10. Kenworthy LE, Black DO, Wallace GL, Ahluvalia T, Wagner AE, Sirian

LM. Disorganization: the forgotten executive dysfunction in high-functioning

autism (HFA) spectrum disorders. Dev Neuropsychol. (2005) 28:809–27.

doi: 10.1207/s15326942dn2803_4

11. van den Bergh SF, Scheeren AM, Begeer S, Koot HM, Geurts HM. Age related

differences of executive functioning problems in everyday life of children and

adolescents in the autism spectrum. J Autism Dev Disord. (2014) 44:1959–71.

doi: 10.1007/s10803-014-2071-4

12. Barkley RA,Murphy KR, Bush T. Time perception and reproduction in young

adults with attention deficit hyperactivity disorder. Neuropsychology (2001)

15:351–60. doi: 10.1037/0894-4105.15.3.351

13. de Zeeuw P, Weusten J, van Dijk S, van Belle J, Durston S. Deficits in cognitive

control, timing and reward sensitivity appear to be dissociable in ADHD. PLoS

ONE (2012) 7:e51416. doi: 10.1371/journal.pone.0051416

14. Rubia K, Halari R, Christakou A, Taylor E. Impulsiveness as a

timing disturbance: neurocognitive abnormalities in attention-deficit

Frontiers in Psychiatry | www.frontiersin.org 9 November 2018 | Volume 9 | Article 56971

https://doi.org/10.1007/s10803-012-1679-5
https://doi.org/10.1002/aur.1283
https://doi.org/10.1038/mp.2011.185
https://doi.org/10.1016/j.biopsych.2013.02.011
https://doi.org/10.1016/j.pscychresns.2014.04.006
https://doi.org/10.1016/j.neuropsychologia.2012.09.036
https://doi.org/10.1177/1087054714538658
https://doi.org/10.1111/jcpp.12773
https://doi.org/10.1207/s15326942dn2803_4
https://doi.org/10.1007/s10803-014-2071-4
https://doi.org/10.1037/0894-4105.15.3.351
https://doi.org/10.1371/journal.pone.0051416
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Lukito et al. Duration Discrimination in ASD, ADHD, and ASD+ADHD

hyperactivity disorder during temporal processes and normalization with

methylphenidate. Philos Trans R Soc Lond B Biol Sci. (2009) 364:1919–31.

doi: 10.1098/rstb.2009.0014

15. Baumann AA, Odum AL. Impulsivity, risk taking, and timing. Behav Process.

(2012) 90:408–14. doi: 10.1016/j.beproc.2012.04.005

16. Wittmann M, Simmons AN, Flagan T, Lane SD, Wackermann J, Paulus

MP. Neural substrates of time perception and impulsivity. Brain Res. (2011)

1406:43–58. doi: 10.1016/j.brainres.2011.06.048

17. Hewetson A. The Stolen Child: Aspects of Autism and Asperger Syndrome.

Westport, CT; London: Bergin & Garvey (2002).

18. Wing L. The Autistic Spectrum: A Guide for Parents and Professionals. London:

Constable (1996)

19. Peeters T, Gillberg C. Autism: Medical and Educational Aspects. London:

Whurr (1999).

20. Brown SW, Perreault ST. Relation between temporal perception and

inhibitory control in the Go/No-Go task. Acta Psychol. (2017) 173:87–93.

doi: 10.1016/j.actpsy.2016.12.004

21. Grinblat N, Rosenblum S. Why are they late? Timing abilities and executive

control among students with learning disabilities. Res Dev Disabil. (2016)

59:105–114. doi: 10.1016/j.ridd.2016.07.012

22. Ogden RS, Salominaite E, Jones LA, Fisk JE, Montgomery C. The role

of executive functions in human prospective interval timing. Acta Psychol.

(2011) 137:352–8. doi: 10.1016/j.actpsy.2011.04.004

23. Craig F, Margari F, Legrottaglie AR, Palumbi R, de Giambattista C, Margari

L. A review of executive function deficits in autism spectrum disorder

and attention-deficit/hyperactivity disorder. Neuropsychiatr Dis Treat. (2016)

12:1191–202. doi: 10.2147/NDT.S104620

24. Rommelse NNJ, Geurts HM, Franke B, Buitelaar JK, Hartman CA. A review

on cognitive and brain endophenotypes that may be common in autism

spectrum disorder and attention-deficit/hyperactivity disorder and facilitate

the search for pleiotropic genes. Neurosci Biobehav Rev. (2011) 35:1363–96.

doi: 10.1016/j.neubiorev.2011.02.015

25. Falter CM, Noreika V. Time processing in developmental disorders: a

comparative view. In: Arstila V, Lloyd D, editors, Subjective Time. Cambridge,

MA: MIT Press (2014). pp. 557–598.

26. Smith AB, Taylor E, Rogers JW, Newman S, Rubia K. Evidence for a pure time

perception deficit in children with ADHD. J Child Psychol Psychiatry (2002)

43:529–42. doi: 10.1111/1469-7610.00043

27. Toplak M, Tannock R. Time perception: modality and duration effects in

attention-deficit/hyperactivity disorder (ADHD). J Abnorm Child Psychol.

(2005) 33:639–54. doi: 10.1007/s10802-005-6743-6

28. Valko L, Schneider G, Doehnert M, Müller U, Brandeis D, Steinhausen H-C,

et al. Time processing in children and adults with ADHD. J Neural Transm.

(2010) 117:1213–28. doi: 10.1007/s00702-010-0473-9

29. Barkley RA, Edwards G, Laneri M, Fletcher K, Metevia L. Executive

functioning, temporal discounting, and sense of time in adolescents

with attention deficit hyperactivity disorder (ADHD) and oppositional

defiant disorder (ODD). J Abnorm Child Psychol. (2001) 29:541–56.

doi: 10.1023/A:1012233310098

30. Bauermeister JJ, Barkley RA, Martinez JV, Cumba E, Ramirez RR, Reina G,

et al. Time estimation and performance on reproduction tasks in subtypes

of children with attention deficit hyperactivity disorder. J Clin Child Adolesc

Psychol. (2005) 34:151–62. doi: 10.1207/s15374424jccp3401_14

31. McGee R, Brodeur D, Symons D, Andrade B, Fahie C. Time perception: does

it distinguish ADHD and RD children in a clinical sample? J Abnorm Child

Psychol. (2004) 32:481–490. doi: 10.1023/B:JACP.0000037778.61929

32. Droit-Volet S. Time perception in children: a

neurodevelopmental approach. Neuropsychologia (2013) 51:220–34.

doi: 10.1016/j.neuropsychologia.2012.09.023

33. Hart H, Radua J, Mataix-Cols D, Rubia K. Meta-analysis of fMRI studies of

timing in attention-deficit hyperactivity disorder (ADHD).Neurosci Biobehav

Rev. (2012) 36:2248–56. doi: 10.1016/j.neubiorev.2012.08.003

34. Hart H, Marquand AF, Smith A, Cubillo A, Simmons A, Brammer M, et al.

Predictive neurofunctional markers of attention-deficit/hyperactivity disorder

based on pattern classification of temporal processing. J Am Acad Child

Adolesc Psychiatry (2014) 53:569–78.e1. doi: 10.1016/j.jaac.2013.12.024

35. Rubia K, Alegria AA, Cubillo AI, Smith AB, Brammer MJ, Radua J. Effects

of stimulants on brain function in attention-deficit/hyperactivity disorder:

a systematic review and meta-analysis. Biol Psychiatry (2014) 76:616–28.

doi: 10.1016/j.biopsych.2013.10.016

36. Smith AB, Cubillo A, Barrett N, Giampietro V, Simmons A, Brammer M,

et al. Neurofunctional effects of methylphenidate and atomoxetine in boys

with attention-deficit/hyperactivity disorder during time discrimination. Biol

Psychiatry (2013) 74:615–22. doi: 10.1016/j.biopsych.2013.03.030

37. Smith AB, Taylor E, Brammer M, Halari R, Rubia K. Reduced activation in

right lateral prefrontal cortex and anterior cingulate gyrus in medication-

naive adolescents with attention deficit hyperactivity disorder during

time discrimination. J Child Psychol Psychiatry (2008) 49:977–85.

doi: 10.1111/j.1469-7610.2008.01870.x

38. Vloet TD, Gilsbach S, Neufang S, Fink GR, Herpertz-Dahlmann B, Konrad

K. Neural mechanisms of interference control and time discrimination in

attention-deficit/hyperactivity disorder. J Am Acad Child Adolesc Psychiatry

(2010) 49:356–67. doi: 10.1097/00004583-201004000-00010

39. Allman MJ, DeLeon IG, Wearden JH. Psychophysical assessment of timing

in individuals with autism. Am J Intellect Dev Disabil. (2011) 116:165–78.

doi: 10.1352/1944-7558-116.2.165

40. Baron-Cohen S, Wheelwright S, Scahill V, Lawson J, Spong A. Are intuitive

physics and intuitive psychology independent? A test with children with

Asperger syndrome. J Dev Learn Disord. (2001) 5:47–78.

41. Falter CM, Noreika V, Wearden JH, Bailey AJ. More consistent, yet less

sensitive: interval timing in autism spectrum disorders.Q J Exp Psychol. (2012)

65:2093–107. doi: 10.1080/17470218.2012.690770

42. Kargas N, López B, Reddy V, Morris P. The relationship between

auditory processing and restricted, repetitive behaviors in adults with

autism spectrum disorders. J Autism Dev Disord. (2015) 45:658–68.

doi: 10.1007/s10803-014-2219-2

43. Maister L, Plaisted-Grant KC. Time perception and its relationship tomemory

in autism spectrum conditions: time perception in ASC. Dev Sci. (2011)

14:1311–22. doi: 10.1111/j.1467-7687.2011.01077.x

44. Lepisto T, Silokallio S, Nieminen-von Wendt T, Alku P, Naatanen R, Kujala

T. Auditory perception and attention as reflected by the brain event-related

potentials in children with Asperger syndrome. Clin Neurophysiol. (2006)

117:2161–71. doi: 10.1016/j.clinph.2006.06.709

45. Jones CR, Happe F, Baird G, Simonoff E, Marsden AJ, Tregay J,

et al. Auditory discrimination and auditory sensory behaviours

in autism spectrum disorders. Neuropsychologia (2009) 47:2850–8.

doi: 10.1016/j.neuropsychologia.2009.06.015

46. Kofler MJ, Rapport MD, Bolden J, Sarver DE, Raiker JS. ADHD and

working memory: the impact of central executive deficits and exceeding

storage/rehearsal capacity on observed inattentive behavior. J Abnorm Child

Psychol. (2010) 38:149–61. doi: 10.1007/s10802-009-9357-6

47. Wallace GL, Happe F. Time perception in autism spectrum disorders.

Res Autism Spectr Disord. (2008) 2:447–55. doi: 10.1016/j.rasd.2007.

09.005

48. Chantiluke K, Barrett N, Giampietro V, Brammer M, Simmons A, Rubia

K. Disorder-dissociated effects of fluoxetine on brain function of working

memory in attention deficit hyperactivity disorder and autism spectrum

disorder. Psychol Med. (2015) 45:1195–205. doi: 10.1017/s0033291714002232

49. Chantiluke K, Barrett N, Giampietro V, Santosh P, Brammer M, Simmons A,

et al. Inverse fluoxetine effects on inhibitory brain activation in non-comorbid

boys with ADHD and with ASD. Psychopharmacology (2015) 232:2071–82.

doi: 10.1007/s00213-014-3837-2

50. Radua J, Del Pozo NO, Gómez J, Guillen-Grima F, Ortuño F. Meta-

analysis of functional neuroimaging studies indicates that an increase

of cognitive difficulty during executive tasks engages brain regions

associated with time perception. Neuropsychologia (2014) 58:14–22.

doi: 10.1016/j.neuropsychologia.2014.03.016

51. Kim BK, Zauberman G. Perception of anticipatory time in temporal

discounting. J Neurosci Psychol Econ. (2009) 2:91–101. doi: 10.1037/a0017686

52. Jones CR, Jahanshahi M. Dopamine modulates striato-frontal functioning

during temporal processing. Front Integr Neurosci. (2011) 5:70.

doi: 10.3389/fnint.2011.00070

53. Wechsler D. Wechsler Abbreviated Scale of Intelligence - 2nd Edition (WASI-

II). Bloomington, MN: Pearson (2011).

54. Fayyad J, De Graaf R, Kessler R, Alonso J, Angermeyer M,

Demyttenaere K, et al. Cross-national prevalence and correlates of adult

Frontiers in Psychiatry | www.frontiersin.org 10 November 2018 | Volume 9 | Article 56972

https://doi.org/10.1098/rstb.2009.0014
https://doi.org/10.1016/j.beproc.2012.04.005
https://doi.org/10.1016/j.brainres.2011.06.048
https://doi.org/10.1016/j.actpsy.2016.12.004
https://doi.org/10.1016/j.ridd.2016.07.012
https://doi.org/10.1016/j.actpsy.2011.04.004
https://doi.org/10.2147/NDT.S104620
https://doi.org/10.1016/j.neubiorev.2011.02.015
https://doi.org/10.1111/1469-7610.00043
https://doi.org/10.1007/s10802-005-6743-6
https://doi.org/10.1007/s00702-010-0473-9
https://doi.org/10.1023/A:1012233310098
https://doi.org/10.1207/s15374424jccp3401_14
https://doi.org/10.1023/B:JACP.0000037778.61929
https://doi.org/10.1016/j.neuropsychologia.2012.09.023
https://doi.org/10.1016/j.neubiorev.2012.08.003
https://doi.org/10.1016/j.jaac.2013.12.024
https://doi.org/10.1016/j.biopsych.2013.10.016
https://doi.org/10.1016/j.biopsych.2013.03.030
https://doi.org/10.1111/j.1469-7610.2008.01870.x
https://doi.org/10.1097/00004583-201004000-00010
https://doi.org/10.1352/1944-7558-116.2.165
https://doi.org/10.1080/17470218.2012.690770
https://doi.org/10.1007/s10803-014-2219-2
https://doi.org/10.1111/j.1467-7687.2011.01077.x
https://doi.org/10.1016/j.clinph.2006.06.709
https://doi.org/10.1016/j.neuropsychologia.2009.06.015
https://doi.org/10.1007/s10802-009-9357-6
https://doi.org/10.1016/j.rasd.2007.09.005
https://doi.org/10.1017/s0033291714002232
https://doi.org/10.1007/s00213-014-3837-2
https://doi.org/10.1016/j.neuropsychologia.2014.03.016
https://doi.org/10.1037/a0017686
https://doi.org/10.3389/fnint.2011.00070
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Lukito et al. Duration Discrimination in ASD, ADHD, and ASD+ADHD

attention-deficit hyperactivity disorder. Br J Psychiatry (2007) 190:402–9.

doi: 10.1192/bjp.bp.106.034389

55. Fombonne E. Epidemiology of autistic disorder and other pervasive

developmental disorders. J Clin Psychiatry (2005) 66(Suppl. 10):3–8.

56. Oldfield RC. The assessment and analysis of handedness:

the Edinburgh inventory. Neuropsychologia (1971) 9:97–113.

doi: 10.1016/0028-3932(71)90067-4

57. Baird G, Simonoff E, Pickles A, Chandler S, Loucas T, Meldrum D, et al.

Prevalence of disorders of the autism spectrum in a population cohort of

children in South Thames: the Special Needs and Autism Project (SNAP).

Lancet (2006) 368:210–5. doi: 10.1016/S0140-6736(06)69041-7

58. World Health Organization (WHO). ICD-10: International Statistical

Classification of Diseases and Related Health Problems Tenth Revision. Geneva:

WHO(2004).

59. Lord C, Risi S, Lambrecht L, Cook EH Jr, Leventhal BL, DiLavore PC, et al.

The Autism Diagnostic Observation Schedule-Generic: a standard measure of

social and communication deficits associated with the spectrum of autism. J

Autism Dev Disord. (2000) 30:205–23. doi: 10.1023/A:1005592401947

60. Lord C, Rutter M, Le Couteur A. Autism Diagnostic Interview-Revised: a

revised version of a diagnostic interview for caregivers of individuals with

possible pervasive developmental disorders. J Autism Dev Disord. (1994)

24:659–85.

61. Wing L, Leekam SR, Libby SJ, Gould J, Larcombe M. The Diagnostic

Interview for Social and Communication Disorders: background, inter-rater

reliability and clinical use. J Child Psychol Psychiatry (2002) 43:307–325.

doi: 10.1111/1469-7610.00023

62. Kooij JJS. Adult ADHD: Diagnostic Assessment and Treatment. Springer:

London; New York (2013)

63. Epstein JN, Johnson DE, Conners CK. Conners’ Adult ADHD Diagnostic

Interview for DSM-IV. North Tonawanda, NY: Multi-Health Systems Inc.

(2001).

64. Angold A, Cox A, Prendergast M, Rutter M, Simonoff E. The Young Adult

Psychiatric Assessment (YAPA) Version 2.0.3. Durham, NC: Duke University

(2009).

65. Conners CK, Erhardt D, Sparrow E. Conners’ Adult ADHD Rating Scales

(CAARS): Technical Manual. New York, NY; Toronto, ON: Multi-Health

Systems Inc. (1999).

66. Constantino JN, Gruber C. Social Responsiveness ScaleTM, Second Edition

(SRSTM-2). Torrance, CA: Western Psychological Services (2012).

67. Smith A, Taylor E, Lidzba K, Rubia K. A right hemispheric frontocerebellar

network for time discrimination of several hundreds of milliseconds.

Neuroimage (2003) 20:344–50. doi: 10.1016/S1053-8119(03)00337-9

68. Wiener M, Turkeltaub P, Coslett HB. The image of time:

a voxel-wise meta-analysis. Neuroimage (2010) 49:1728–740.

doi: 10.1016/j.neuroimage.2009.09.064

69. Brett M, Anton J-L, Valabregue R, Poline JB. Region of interest analysis using

an SPM toolbox. Presented at the 8th International Conference on Functional

Mapping of the Human Brain, June 2-6, 2002, Sendai, Japan. Neuroimage

(2002) 16(Supplement 1): 1140–1. doi: 10.1016/s1053-8119(02)90013-3

70. Congdon E, Altshuler LL, Mumford JA, Karlsgodt KH, Sabb FW,

Ventura J, et al. Neural activation during response inhibition in adult

attention-deficit/hyperactivity disorder: preliminary findings on the effects

of medication and symptom severity. Psychiatry Res Neuroimaging (2014)

222:17–28. doi: 10.1016/j.pscychresns.2014.02.002

71. Carmona S, Hoekzema E, Antoni Ramos-Quiroga J, Richarte V, Canals C,

Bosch R, et al. Response inhibition and reward anticipation in medication-

naive adults with attention-deficit/hyperactivity disorder: a within-subject

case-control neuroimaging study. Hum Brain Mapp. (2012) 33:2350–61.

doi: 10.1002/hbm.21368

72. Chen CY, Yen JY, Yen CF, Chen CS, Liu GC, Liang CY, et al. Aberrant

brain activation of error processing among adults with attention deficit

and hyperactivity disorder. Kaohsiung J Med Sci. (2015) 31:179–87.

doi: 10.1016/j.kjms.2015.01.001

73. Chou T-L, Chia S, Shang C-Y, Gau SS-F. Differential therapeutic effects

of 12-week treatment of atomoxetine and methylphenidate on drug-naive

children with attention deficit/hyperactivity disorder: a counting Stroop

functional MRI study. Eur Neuropsychopharmacol. (2015) 25:2300–10.

doi: 10.1016/j.euroneuro.2015.08.024

74. Cubillo A, Smith AB, Barrett N, Giampietro V, Brammer MJ,

Simmons A, et al. Shared and drug-specific effects of atomoxetine

and methylphenidate on inhibitory brain dysfunction in medication-

naive ADHD boys. Cereb Cortex (2014) 24:174–85. doi: 10.1093/cercor/

bhs296

75. Hart H, Radua J, Nakao T, Mataix-Cols D, Rubia K. Meta-analysis

of functional magnetic resonance imaging studies of inhibition and

attention in attention-deficit/hyperactivity disorder: exploring task-specific,

stimulant medication, and age effects. JAMA Psychiatry (2013) 70:185–98.

doi: 10.1001/jamapsychiatry.2013.277

76. Norman LJ, Carlisi C, Lukito S, Hart H, Mataix-Cols D, Radua J,

et al. Structural and functional brain abnormalities in attention-

deficit/hyperactivity disorder and obsessive-compulsive disorder:

a comparative meta-analysis. JAMA Psychiatry (2016) 73:815–25.

doi: 10.1001/jamapsychiatry.2016.0700

77. Jones CR, Lambrechts A, Gaigg SB. Using time perception to explore

implicit sensitivity to emotional stimuli in autism spectrum disorder.

J Autism Dev Disord. (2017) 47:2054–66. doi: 10.1007/s10803-017-

3120-6

78. McAlonan GM, Cheung C, Cheung V, Wong N, Suckling J, Chua

SE. Differential effects on white-matter systems in high-functioning

autism and Asperger’s syndrome. Psychol Med. (2009) 39:1885–93.

doi: 10.1017/s0033291709005728

79. McAlonan GM, Suckling J, Wong N, Cheung V, Lienenkaemper N, Cheung

C, et al. Distinct patterns of grey matter abnormality in high-functioning

autism and Asperger’s syndrome. J Child Psychol Psychiatry (2008) 49:1287–

95. doi: 10.1111/j.1469-7610.2008.01933.x

80. Goodman SH, Lahey BB, Fielding B, Dulcan M, Narrow W, Regier D.

Representativeness of clinical samples of youths with mental disorders:

a preliminary population-based study. J Abnorm Psychol. (1997)

106:3–14.

81. Lee HY, Yang EL. Exploring the effects of working memory on time

perception in attention deficit hyperactivity disorder. Psychol Rep. (2018).

doi: 10.1177/0033294118755674. [Epub ahead of print].

82. Pan Y, Luo QY. Working memory modulates the perception of time. Psychon

Bull Rev. (2012) 19:46–51. doi: 10.3758/s13423-011-0188-4

83. Polti I, Martin B, van Wassenhove V. The effect of attention and working

memory on the estimation of elapsed time. Sci Rep. (2018) 8:6690.

doi: 10.1038/s41598-018-25119-y

84. Rubia K, Smith AB, Brammer MJ, Toone B, Taylor E. Abnormal

brain activation during inhibition and error detection in medication-

naive adolescents with ADHD. Am J Psychiatry (2005) 162:1067–75.

doi: 10.1176/appi.ajp.162.6.1067

85. Smith AB, Taylor E, Brammer M, Toone B, Rubia K. Task-specific

hypoactivation in prefrontal and temporoparietal brain regions during motor

inhibition and task switching in medication-naive children and adolescents

with attention deficit hyperactivity disorder.Am J Psychiatry (2006) 163:1044–

51. doi: 10.1176/ajp.2006.163.6.1044

86. Thirion B, Pinel P, Mériaux S, Roche A, Dehaene S, Poline JB. Analysis

of a large fMRI cohort: statistical and methodological issues for group

analyses. Neuroimage (2007) 35:105–20. doi: 10.1016/j.neuroimage.2006.

11.054

87. Huang-Pollock CL, Karalunas SL, Tam H, Moore AN. Evaluating vigilance

deficits in ADHD: a meta-analysis of CPT performance. J Abnorm Psychol.

(2012) 121:360–71. doi: 10.1037/a0027205

88. Haynes BI, Bauermeister S, Bunce D. Does within-person variability predict

errors in healthy adults aged 18-90? Q J Exp Psychol. (2017) 70:1722–31.

doi: 10.1080/17470218.2016.1204328

89. Zakay D. Relative and absolute duration judgments under prospective and

retrospective paradigms. Percept Psychophys. (1993) 54:656–64.

90. Charman T, Pickles A, Simonoff E, Chandler S, Loucas T, Baird G.

IQ in children with autism spectrum disorders: data from the Special

Needs and Autism Project (SNAP). Psychol Med. (2011) 41:619–27.

doi: 10.1017/s0033291710000991

91. Postorino V, Fatta LM, Sanges V, Giovagnoli G, De Peppo L, Vicari S, et al.

Intellectual disability in autism spectrum disorder: investigation of prevalence

in an Italian sample of children and adolescents. Res Dev Disabil. (2016)

48:193–201. doi: 10.1016/j.ridd.2015.10.020

Frontiers in Psychiatry | www.frontiersin.org 11 November 2018 | Volume 9 | Article 56973

https://doi.org/10.1192/bjp.bp.106.034389
https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.1016/S0140-6736(06)69041-7
https://doi.org/10.1023/A:1005592401947
https://doi.org/10.1111/1469-7610.00023
https://doi.org/10.1016/S1053-8119(03)00337-9
https://doi.org/10.1016/j.neuroimage.2009.09.064
https://doi.org/10.1016/s1053-8119(02)90013-3
https://doi.org/10.1016/j.pscychresns.2014.02.002
https://doi.org/10.1002/hbm.21368
https://doi.org/10.1016/j.kjms.2015.01.001
https://doi.org/10.1016/j.euroneuro.2015.08.024
https://doi.org/10.1093/cercor/bhs296
https://doi.org/10.1001/jamapsychiatry.2013.277
https://doi.org/10.1001/jamapsychiatry.2016.0700
https://doi.org/10.1007/s10803-017-3120-6
https://doi.org/10.1017/s0033291709005728
https://doi.org/10.1111/j.1469-7610.2008.01933.x
https://doi.org/10.1177/0033294118755674
https://doi.org/10.3758/s13423-011-0188-4
https://doi.org/10.1038/s41598-018-25119-y
https://doi.org/10.1176/appi.ajp.162.6.1067
https://doi.org/10.1176/ajp.2006.163.6.1044
https://doi.org/10.1016/j.neuroimage.2006.11.054
https://doi.org/10.1037/a0027205
https://doi.org/10.1080/17470218.2016.1204328
https://doi.org/10.1017/s0033291710000991
https://doi.org/10.1016/j.ridd.2015.10.020
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Lukito et al. Duration Discrimination in ASD, ADHD, and ASD+ADHD

92. Rommel AS, Rijsdijk F, Greven CU, Asherson P, Kuntsi J. A longitudinal twin

study of the direction of effects between ADHD symptoms and IQ. PLoS ONE

(2015) 10:e0124357. doi: 10.1371/journal.pone.0124357

93. Evans SH, Anastasio EJ. Misuse of analysis of covariance when treatment

effect and covariate are confounded. Psychol Bull. (1968) 69:225–34.

doi: 10.1037/h0025666

94. Dennis M, Francis DJ, Cirino PT, Schachar R, Barnes MA, et al. Why IQ is

not a covariate in cognitive studies of neurodevelopmental disorders. J Int

Neuropsychol Soc. (2009) 15:331. doi: 10.1017/s1355617709090481

95. Miller GM, Chapman JP. (2001) Misunderstanding analysis of covariance. J

Abnorm Psychol. (2012) 110:40–8. doi: 10.1037/0021-843x.110.1.40

96. Chantiluke K, Barrett N, Giampietro V, Brammer M, Simmons A, Murphy

DG, et al. Inverse effect of fluoxetine on medial prefrontal cortex activation

during reward reversal in ADHDand autism.Cereb Cortex (2015) 25:1757–70.

doi: 10.1093/cercor/bht365

97. Murphy DG, Daly E, Schmitz N, Toal F, Murphy K, Curran S, et al. Cortical

serotonin 5-HT2A receptor binding and social communication in adults

with Asperger’s syndrome: an in vivo SPECT study. Am J Psychiatry (2006)

163:934–6. doi: 10.1176/ajp.2006.163.5.934

Conflict of Interest Statement: KR has received grants from Lilly and Shire

pharmaceuticals and speaker’s bureau from Shire, Lilly and Medice.

The remaining 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 Lukito, O’Daly, Lythgoe, Whitwell, Debnam, Murphy, Ashwood,

Stoencheva, Simonoff and Rubia. 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 12 November 2018 | Volume 9 | Article 56974

https://doi.org/10.1371/journal.pone.0124357
https://doi.org/10.1037/h0025666
https://doi.org/10.1017/s1355617709090481
https://doi.org/10.1037/0021-843x.110.1.40
https://doi.org/10.1093/cercor/bht365
https://doi.org/10.1176/ajp.2006.163.5.934
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


ORIGINAL RESEARCH
published: 19 November 2018
doi: 10.3389/fpsyt.2018.00568

Frontiers in Psychiatry | www.frontiersin.org 1 November 2018 | Volume 9 | Article 568

Edited by:

Manuel Fernando Casanova,

University of South Carolina,

United States

Reviewed by:

William C. Gaetz,

Children’s Hospital of Philadelphia,

United States

Sheffali Gulati,

All India Institute of Medical Sciences,

India

*Correspondence:

Tetsu Hirosawa

hirosawatetsu1982@yahoo.co.jp

Specialty section:

This article was submitted to

Child and Adolescent Psychiatry,

a section of the journal

Frontiers in Psychiatry

Received: 14 February 2018

Accepted: 18 October 2018

Published: 19 November 2018

Citation:

Hirosawa T, Kikuchi M, Fukai M,

Hino S, Kitamura T, An K-M,

Sowman P, Takahashi T, Yoshimura Y,

Miyagishi Y and Minabe Y (2018)

Association Between

Magnetoencephalographic Interictal

Epileptiform Discharge and Cognitive

Function in Young Children With

Typical Development and With Autism

Spectrum Disorders.

Front. Psychiatry 9:568.

doi: 10.3389/fpsyt.2018.00568

Association Between
Magnetoencephalographic Interictal
Epileptiform Discharge and Cognitive
Function in Young Children With
Typical Development and With
Autism Spectrum Disorders
Tetsu Hirosawa 1,2*, Mitsuru Kikuchi 1,3, Mina Fukai 4, Shoryoku Hino 4, Tatsuru Kitamura 4,

Kyung-Min An 3, Paul Sowman 2, Tetsuya Takahashi 5, Yuko Yoshimura 3,
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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 10min 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 ASDwithout 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

75

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://doi.org/10.3389/fpsyt.2018.00568
http://crossmark.crossref.org/dialog/?doi=10.3389/fpsyt.2018.00568&domain=pdf&date_stamp=2018-11-19
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles
https://creativecommons.org/licenses/by/4.0/
mailto:hirosawatetsu1982@yahoo.co.jp
https://doi.org/10.3389/fpsyt.2018.00568
https://www.frontiersin.org/articles/10.3389/fpsyt.2018.00568/full
http://loop.frontiersin.org/people/528241/overview
http://loop.frontiersin.org/people/137263/overview
http://loop.frontiersin.org/people/70059/overview
http://loop.frontiersin.org/people/139672/overview
http://loop.frontiersin.org/people/139771/overview


Hirosawa et al. Epileptiform Discharge and Cognitive Function

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 ASDmight 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 GABAA 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 themethods 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
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(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 theMEGCenter 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-sizedMEG 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 1,000Hz. 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.MEGwas recorded for 600 s.
The time of MEG recording was between 11 a.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 (0.5–70Hz) 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 s, he reported it as a
frequency per 10 s (i.e., the number of epileptiform discharges
was divided by 60). Typically, this procedure required 30min 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 10 s). 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, violation was 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
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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
MPS scores in K-ABC (i.e., dependent variable), the model
included age, sex, IED frequency, child condition (TD vs. ASD),
and interaction between the IED frequency and condition.
Because the regression diagnostics showed heteroscedasticity,
we decided to use heteroscedasticity-robust standard errors.
Statistical significance was inferred for P < 0.05.

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

All statistical analyses were performed using software (Stata
ver. 15.0; Stata Corp. College Station, TX, USA).

RESULTS

Statistical analyses were conducted after excluding 22 children
(7 TD, 15 ASD) who were unable to complete the K-ABC or
MEG recording. Actually, 12 of these children (5 TD, 7 ASD) had
unreadable MEG recordings because of motion artifacts, noise
artifacts or environmental interference. None of the participants
received medication. Significant differences were found in age,
sex, cognitive performance, prevalence, and the IED frequency
between TD and ASD groups. Tables 1, 2 and Figure 2 present
results.

TABLE 1 | Characteristics of participants.

TD ASD χ
2 t z p Effect

size

n 156 92

Gender (male/female)* 81/75 72/20 17.0 <0.05 0.26

Months# 56.5 (11.8) 65.5 (12.6) 5.7 <0.05 0.74

Prevalence of IEDs

(Negative/positive)*

140/16 73/19 5.2 <0.05 0.14

IED frequency (per

10 s)$
0.06 (0.02) 0.10 (0.04) 2.2 <0.05 0.14

K-ABC scores

Mental processing

scale#
101.7 (12.0) 91.9 (19.8) −4.8 <0.05 0.63

Achievement scale# 103.1 (14.7) 93.8 (18.6) −4.3 <0.05 0.83

Numbers are mean (standard deviation) or counts.

Effect sizes were provided by Cramer’s V for chi-square test, Cohen’s d for Student’ t-test

and z value divided by square root of sample size for Mann–Whitney U-test.

*Chi-square test.
#Student t-test.
$Mann–Whitney U-test.

ASD, autism spectrum disorder; TD, typically developed controls; K-ABC, Kaufman

assessment battery for children.

Association Between the IED Frequency
and Level of Cognitive Function
For MPS scores, significant main effects were found for the
condition [t(244) = −4.6, p < 0.05] and the IED frequency
[t(244) = −5.3, p < 0.05]. Significant interaction effects were
also found between the IED frequency and disease condition
[t(244) = 4.8, p < 0.05]. The relation between the IED
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TABLE 2 | Distribution of IEDs.

TD ASD

R L R L

Frontal lobe 2 1 4 3

Temporal lobe 0 4 3 4

Parietal lobe 3 2 5 4

Occipital lobe 3 4 1 4

Multiple focus 2 6

Numbers are counts.

The location of IED was defined using an intermediate point of sink and source.

ASD, autism spectrum disorder; R, right; L, left; TD, typically developed controls.

FIGURE 2 | Participants’ performance in K-ABC.ASD, autism spectrum

disorder; TD, typically developed controls; K-ABC, Kaufman assessment

battery for children; MPS, mental processing scale; ACH, achievement scale.

frequency and MPS scores differed depending on the disease
condition.

For ACH scores, a significant main effect was found for
the disease condition [t(244) = −4.1, p < 0.05]. No other
factors were found to be significant. The results are presented in
Table 3.

Different Association Between the IED
Frequency and Level of Cognitive Function
in Each Group
To elucidate the association between the IED frequency and the
level of cognitive function, a linear regression model with robust
variance estimation was applied within each group.

In the TD group, for MPS scores, a significant main effect of
the IED frequency [t(154) =−5.31, p < 0.025] was found. Higher
IED frequency predicted lower MPS scores. For ACH, the main
effect was not found to be significant.

In the ASD group, for MPS scores, a significant main effect
of the IED frequency on the MPS [t(90) = 2.47, p < 0.025] was
found. Higher IED frequency predicted higher MPS scores. For
the ACH, the effect was not found to be significant. The results
are presented in Table 4.

TABLE 3 | Association between IED frequency and level of cognitive function.

variable Coeff. SE t 95% CI p

MENTAL PROCESSING SCALE

Condition (ASD = 1/TD = 0) −10.8 2.3 −4.6 −15.4 to −6.2 <0.05

IED frequency (/10 s) −7.7 1.5 −5.3 −10.6 to −4.9 <0.05

Condition × IED frequency 14.0 2.9 4.8 8.2 to 19.7 <0.05

ACHIEVEMENT SCALE

Condition (ASD = 1/TD = 0) −9.6 2.3 4.1 −14.2 to −4.9 <0.05

IED frequency (/10 s) −2.1 3.0 −0.7 −8.1 to 3.8 0.48

Condition × IED frequency 4.0 4.9 0.8 −5.6 to 13.7 0.41

Coef., regression coefficient; SE, robust standard error; CI, confidence interval; ASD,

autism spectrum disorder; TD, typically developed controls.

Association Between the IED Frequency
and Level of Cognitive Function Controlling
for Age and Sex
For MPS scores, significant main effects were found for the
condition [t(242) = −4.77, p < 0.05] and the IED frequency
[t(242) = −4.89, p < 0.05]. Significant interaction effects were
also found between the IED frequency and disease condition
[t(242) = 4.45 p < 0.05]. No other factor was found to
be significant. The relation between the IED frequency and
MPS scores differed depending on the disease condition after
controlling for age and sex.

For ACH scores, a significant main effect was found for the
disease condition [t(242) = −3.14, p < 0.05]. ASD children had
lower ACH scores compared to TD children. No other factor was
found to be significant. The results are presented in Table 5.

Different Association Between the IED
Frequency and Level of Cognitive Function
Controlling for Age and Sex in Each Group
To elucidate the effects of the IED frequency on cognitive
function, a linear regression model with robust variance
estimation was applied within each group.

In the TD group, for MPS scores, a significant main effect of
the IED frequency [t(152) = −4.77, p < 0.025] was found. No
other factor was found to be significant. Higher IED frequency
predicted lower MPS scores after controlling for age and sex. For
ACH, no factor was found to be significant.

In the ASD group, for MPS scores, a significant main effect
of the IED frequency on the MPS [t(88) = 2.35, p < 0.025) was
found. No other factor was found to be significant. Higher IED
frequency predicted higher MPS scores after controlling for age
and sex. For the ACH, no factor was found to be significant. The
results are presented in Table 6.

DISCUSSION

This report is the first of a study providing evidence
demonstrating that the association between the IED frequency
and level of cognitive function in children with ASD differ
from those in a control group of TD children. First, using a
linear regression model, we demonstrated that the association
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TABLE 4 | Association between IED frequency and level of cognitive function in

each group.

TD

Variable Coeff. SE t 95% CI p

Mental processing scale

IED frequency (/10 s) −7.7 1.4 −5.3 −10.6 to −4.9 <0.025

Achievement scale

IED frequency (/10 s) −2.1 3.0 −0.7 −8.0 to 3.8 0.48

ASD

Variable Coeff. SE t 95% CI p

Mental processing scale

IED frequency (/10 s) 6.2 2.5 2.5 1.2 to 11.2 <0.025

Achievement scale

IED frequency (/10 s) 1.9 3.9 0.5 −5.8 to 9.6 0.63

Coeff., regression coefficient; SE, robust standard error; CI, confidence interval; ASD,

autism spectrum disorder; TD, typically developed controls.

TABLE 5 | Association between IED frequency and level of cognitive function

controlling for age and sex.

Variable Coeff. SE t 95% CI p

MENTAL PROCESSING SCALE

Condition (ASD = 1/TD = 0) −12.2 2.6 −4.8 −17.2 to −7.1 <0.05

IED frequency (/10 s) −8.0 1.6 −4.9 −11.3 to −4.8 <0.05

Condition × IED frequency 14.3 3.2 4.4 8.0 to 20.6 <0.05

Age (months) 0.15 0.8 1.93 −0.0 to 0.3 0.05

Sex (male = 1/female = 0) 0 2 0 −3.9 to 3.8 0.99<

ACHIEVEMENT SCALE

Condition (ASD = 1/TD = 0) −8.8 2.8 −3.1 −14.3 to −3.3 <0.05

IED frequency (/10 s) −1.83 3.1 −0.6 −7.9 to 4.2 0.55

Condition × IED frequency 3.3 4.9 0.7 −6.3 to 13.0 0.49

Age (months) 0 0.1 0 −0.2 to 0.2 0.96

Sex (male = 1/female = 0) −2.7 2.3 −1.2 −7.3 to 1.8 0.25

Coeff., regression coefficient; SE, robust standard error; CI, confidence interval; ASD,

autism spectrum disorder; TD, typically developed controls.

between the IED frequency and MPS scores differed depending
on the child condition. This association remained significant
after controlling for age and sex. Then, post-hoc analysis showed
that higher IED frequency predicted lower MPS scores for TD
children. However, in the ASD group, higher IED frequency
predicted higher MPS scores. These associations also remained
significant after controlling for age and sex.

In our study, 10.3% of TD children and 20.7% of children
with ASD had at least one IED in their MEG recordings. For TD
children, the rate was slightly higher than reported previously.
However, for children with ASD, reported rates vary: 6.7–61%.
(18) This discrepancy might be explained by differences in
the type of EEG used in those studies because, for example,
prolonged sleep EEG reportedly has higher sensitivity for IEDs
than routine EEG has (28). In fact, studies using routine EEGs
found similar rates [e.g., 5.7% (42), 18% (43)] to those we
observed. Studies using longer durations of EEGs found much
higher rates. For example, 61% was reported by (44). Comparing

TABLE 6 | Association between IED frequency and level of cognitive function

controlling for age and sex in each condition.

TD

variable Coeff. SE t 95% CI P

Mental processing scale

IED frequency (/10 s) −7.7 1.6 −4.8 −10.8 to −4.5 <0.025

Age (months) 0.1 0.1 1.2 −0.1 to 0.2 0.25

Sex (male = 1/female = 0) −2.6 1.9 −1.4 −6.2 to 1.2 0.18

Achievement scale

IED frequency (/10 s) −1.8 3.1 −0.6 −7.9 to 4.3 0.57

Age (months) 0 0.1 −0.2 −0.2 to 0.2 0.88

Sex (male = 1/female = 0) −3.2 2.4 −1.4 −8.0 to 1.4 0.17

ASD

variable Coeff. SE t 95% CI p

Mental processing scale

IED frequency (/10 s) 7.2 3.0 2.35 1.1 to 13.3 <0.025

Age (months) 0.2 0.2 1.36 −0.1 to 0.5 0.18

Sex (male = 1/female = 0) 6.6 4.8 1.37 −2.9 to 16.1 0.17

Achievement scale

IED frequency (/10 s) 1.7 4 0.4 −6.2 to 9.6 0.68

Age (months) 0 0.2 0.1 −0.4 to 0.4 0.91

Sex (male = 1/female = 0) −1.4 5.5 −0.3 −12.2 to 9.5 0.78

Coeff., regression coefficient; SE, robust standard error; CI, confidence interval; ASD,

autism spectrum disorder; TD, typically developed controls.

the duration of routine EEG recording (typically about 60min)
and the much shorter duration of our MEG recording (600 s),
onemight infer thatMEG has higher sensitivity for IEDs, perhaps
because of inherent differences between MEG and EEG.

We found a higher prevalence of IEDs in children with
ASD than in TD children. IEDs are presumed to represent
excessive neuronal activity. Therefore, the existence of IEDs can
imply a local excitatory shift in the E/I balance. Supporting
this view, studies using proton magnetic resonance spectroscopy
([1H]MRS) have shown higher local brain glutamate and lower
GABA level in patients with ASD than in healthy controls (45,
46). The higher frequency of IEDs suggest an ongoing regional
E/I imbalance in the brains of children with ASD.

TheMPS scores represent a person’s fluid intelligence, a purely
general ability to discriminate and perceive relations between any
fundaments (47). In terms of MPS scores, we found a significant
interaction effect between the IED frequency and child condition.
Results of post-hoc analysis showed that higher IED frequency
predicted lower MPS scores for TD children. Considering the
inverse association between IEDs and level of fluid intelligence
for TD children, IEDs can be pathogenetic in this population.
Although we found a correlative rather than a causal effect,
typically developed children with higher IED frequency must be
followed up carefully. In some cases with concurrent cognitive
impairment, antiepileptic treatment might be considered (48).

However, for children with ASD, post-hoc analysis revealed
that higher IED frequency predicted higher MPS scores.
Therefore, our results did not support the pathogenicity of IEDs
in children with ASD. For children with ASD, clinicians might
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consider the IEDs as less harmful than those observed in TD
children. Rather, a higher frequency of IEDs would correspond
to better fluid intelligence. In addition, based on our results, the
nature of IEDs might differ in children with ASD from that in
TD. Possibly, considering higher prevalence of IED in children
with ASD, pathology of ASD can play a role in this phenomenon.
For example, E/I imbalance (observed as IEDs) in children with
ASD can be an epiphenomenon or compensatory changes to the
underlying cause of ASD. In support of this hypothesis, it is
noteworthy that Gerhard et al. reported that despite an excitatory
shift in E/I balance in the occipital region in ASD participants,
the neurons in that region were not severely damaged (45).
Furthermore, recent results of results of studies suggest that
underlying causes of ASD can have positive effects on their fluid
intelligence (49, 50).

The ACH scores represent a person’s crystallized intelligence.
We found significant main effects of disease condition on
ACH scores. Particularly, children with ASD had significantly
lower ACH scores than TD children had. Consistent with these
results, studies cited above also suggest that the underlying
cause of ASD adversely affects their crystallized intelligence
(49, 50). Nevertheless, no correlation was found between
the IED frequency and the ACH scores of either group.
Possible explanations include the lack of statistical power
and the existence of potential confounders. For example,
because crystallized intelligence relies on acquired knowledge,
it might be susceptible to the educational environment.
To examine the IED effects on ACH, further study must
be undertaken including environmental information such as
socioeconomic status, and presence or lack of early childhood
education.

Limitations of our study are as follows. First, most of
the children with ASD examined in this study were high-
functioning. Consequently, the findings of this study might
not be applicable to children with “Kanner’s autism.” However,
although we excluded children with known neuropsychiatric
disorders other than ASD, the participants still possibly had
comorbid disorders. For example, some developmental disorders
(e.g., attention deficit/hyperactivity disorder, and learning
disability) are difficult to detect at this age. Further studies
that consider comorbid disorders using larger sample sizes
must be conducted because these comorbidities might affect
cognitive performance. Second, the participants were recruited
from a small region. Considering environmental risk factors for
ASD, our results should be generalized with caution. Third, we
assigned only one investigator (T.H.) to review all the MEG
recordings. He was instructed to look for transients and to make
an “epileptic” or “non-epileptic” decision for every suspicious
waveform. Although we had a rigorous definition of epileptic
discharge, in truth, sometimes it was difficult to make a decision.
It was preferable to employ another rater to cross-check the
decisions. Fourth, we were not able to ascertain the precise
location of the source of the magnetic field as we could if we
used anatomical images such as those gained from MRI. We
judged that most of the subjects in our study were unable to
endure the examination of conventional magnetic resonance
imaging (MRI). Future studies using child-friendly, open-type

MRI devices and/or brain models that match the individual brain
are necessary to reduce uncertainty in source level estimation.
Fifth, we recorded MEG for only 10min. We would have had
higher sensitivity for IEDs if we had recorded MEG for at
least 20min as The American Clinical Neurophysiology Society
recommends (51). In addition, presumably because of this short
recording time, no child examined for this study showed any
clear sign of drowsiness in terms ofMEGwaveform. Importantly,
however, some autistic features are known to occur in the
context of sleep IEDs (e.g., the Landau–Kleffner syndrome
and electrical status epilepticus in slow wave sleep) (52). To
elucidate the relation between IEDs and cognitive function
further, future studies must particularly address the difference
between the effect of sleep and awake IEDs on cognitive
function.

In conclusion, this report described the negative association
between the IED frequency and MPS scores in TD children.
Although we found a correlative rather than a causal effect,
typically developed children with higher IED frequency must be
followed up carefully. We also reported a positive association
between the IED frequency and MPS scores in children with
ASD. For children with ASD without clinical seizure, clinicians
might consider the IEDs as less harmful than those observed in
TD children.

Our results demonstrate the possibility that E/I imbalance in
children with ASD is epiphenomenal or compensatory, rather
than causal in ASD. However, drawing such a hard conclusion
based purely on our results is inappropriate. In TD children,
to clarify a causal relation, studies must be conducted to
prove (or disprove) the effectiveness of antiepileptic treatment
on various aspects of cognitive function. In ASD children, in
view of the developmental aspect of the disease, a longitudinal
follow-up study considering the relation between IEDs and
cognitive function should be conducted. Change in cognitive
function over the course of time in relation to IEDs might
provide additional information related to the nature of IEDs
in this population. For such clinical trials, given the negative
correlation between the IED frequency and cognitive function
observed in TD children, not only should the existence of
IEDs be assessed; the IED frequency should be assessed as
well.
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Autism spectrum disorders (ASD) are characterized by impairments in verbal

and non-verbal communication, in social interactions, and often accompanied by

stereotypical interests and behaviors. A role for immune dysfunction has long been

implicated in ASD pathophysiology, behavioral severity, and co-morbidities. The

pro-inflammatory cytokine tumor necrosis factor alpha (TNFα) has been associated with

ASD in some studies but little is known about its receptors. There are two receptors

for TNFα, with TNFRI relaying many of the signals from TNFα, especially those that are

rapid, whilst TNFRII relays later more long-term effects of TNFα. Proteolytic cleavage

can lead to the soluble versions of these receptors which can neutralize the effects

of TNFα. Here, we determined levels of TNFα and its receptors in 36 children with a

confirmed diagnosis of ASD and 27 confirmed typically developing (TD) controls, 2–5

years-of-age. Children with ASD had higher levels of TNFRII on T cells compared to

controls following cell stimulation. Levels of sTNFRII were decreased in cell supernatants

following stimulation in ASD. Overall these data corroborate the role of inflammatory

events in ASD and align with previous studies that have shown differential changes in

cellular adaptive immunity in children with ASD. Future longitudinal analyzes of cellular

immune function and downstream signaling from immune receptors will help further

delineate the role of inflammation in ASD.

Keywords: autism, lymphocyte, T cells, TNF-tumor necrosis factor, behavior, cytokine receptors

INTRODUCTION

Autism spectrum disorders (ASD) are neurodevelopmental disorders affecting 1 in 59 children
whom are characterized by significant deficits in communication, social interactions and frequently
accompanied by stereotyped or restricted behaviors and interests. The etiology of ASD is complex
and largely unknown; however, potential genetic candidates linked with ASD include many genes
that regulate immune responses, for instance human leukocyte antigen (HLA)-DR, phosphatase
and tensin homolog (PTEN), macrophage migration inhibitory factor (MIF), complement C4B,
MET tyrosine receptors, interleukin (IL)-4 receptor, and reelin [Reviewed in (1, 2)]. Significant
immune dysfunction is also seen in children with ASD, including prominent neuroinflammation in
brain specimens, and alterations in adaptive and innate immune responses in the periphery (3–15).
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Tumor necrosis factor-α (TNFα) is a pleiotropic and highly
regulated pro-inflammatory cytokine secreted by a number of
different cells that plays an important role in coordinating
early inflammatory processes, cell proliferation and apoptosis
(16). Biologically the activities of TNFα are mediated via
two different ubiquitously expressed TNFα receptors, TNF
receptor type I (TNFRI; also known as CD120a), and type
II (TNFRII; CD120b) (17, 18). TNFRI seems to be the main
mediator of TNFα rapid signaling and is found on most
tissues, whereas TNFRII mediates later more long-term effects
of TNFα and are more commonly expressed on immune
cells (17, 19). Proteolytic cleavage of these receptors from the
cell surface results in soluble forms (sTNFRI and sTNFRII)
that can neutralize TNFα and thus modulate its biological
activity (20). The measurement of levels of sTNFRs and TNFα
together may be more useful and reliable markers of the
inflammatory response and TNFα bioactivity than just TNFα
alone.

Although many studies have documented increased
expression of TNFα in different neuropsychiatric diseases,
for example schizophrenia, depressive disorder, and Alzheimer’s
disease, only a few have evaluated TNFα in serum/plasma or
following stimulation of immune cells in ASD, and the results
are often conflicting (3, 4, 21–36). Information on the levels of
sTNFRs are even more scant in ASD. Finally, no previous study
has assessed both levels of TNFRs on the cell surface of immune
cells and production of sTNFRs in ASD.

The present study sought to evaluate levels of TNFRs on
T cells and sTNFRs in supernatants following immune challenge
in ASD patients compared to TD control subjects.

METHODS

Subjects
This study examined 63 participants enrolled through the
Childhood Autism Risk from Genetics and Environment
(CHARGE) study at U.C. Davis (37). Full details regarding
behavioral measures/assessments and recruitment in the
CHARGE study protocols have previously been described (37).
Children were consecutively assessed. Participants were free
of medication and without chronic clinically defined illness or
fever at time of blood draw. The participants were 27 typically
developing (TD) controls median age 3.9 years [(interquartile
range 2.2–6.1), 4 females] and 36 children with ASD [median
age 3.6 years (interquartile range 2.5–4.8), 5 females]. Diagnoses
of ASD was based on Diagnostic and Statistical Manual of
Mental Disorders, Fourth Edition (DSM-IV) criteria, and
defined as autistic disorder. Further evaluation was confirmed
using the Autism Diagnostic Interview-Revised (ADI-R)
and the Autism Diagnostic Observation Schedule (ADOS)
assessments. Children from the TD groups were screened for
autism traits using the Social Communication Questionnaire
(SCQ). This study was approved by the UC Davis institutional
review board and complied with all requirements regarding
human subjects. Parents gave both written and informed
consent.

Cell Isolation, Stimulation, and

Biochemical Measures
Peripheral bloodmononuclear cells (PBMC)were separated from
the whole blood by centrifugation over Histopaque-1077 Hybri-
Max lymphocyte separation medium (Sigma; St. Louis, MO)
before washing twice in Hanks Balanced Salt Solution (HBSS;
VWR; Brisbane, CA). PBMCwere either cultured in media alone,
or stimulated with PHA (10µg/mL; Sigma), for 24 h at 37◦C
in 5% CO2. Following culture, plates were centrifuged before
supernatants were harvested and stored at −80◦C until cytokine
analysis and cells processed for flow cytometry.

The quantification of TNFα and its soluble receptors
(sTNFRI and sTNFRII) were assessed by ELISA using standard
procedures recommended by the manufacturer (Quantikine,
R&D Systems, Minneapolis, Minn., USA). All samples were
on unstimulated and stimulated cell culture supernatants, in
duplicates. The detection limits for the kits were <0.5 pg/ml.
Concentrations obtained below the sensitivity limit of detection
(LOD) of the method were calculated as LOD/2 for statistical
comparisons. Culture supernatants had not undergone any
previous freeze/thaws cycle.

Cells were harvested after culture and were washed three
times in FACS buffer (PBS, 1% fetal bovine serum albumin
(VWR, USA) and 0.1 % sodium azide (Sigma), before being
resuspended and stained in 100 µl FACS buffer containing either
the following monoclonal antibodies fluorescein isothiocyanate
(FITC)-conjugated mouse anti-human TNFRI (CD120a);
phycoerythrin (PE)-conjugated mouse anti-human TNFRII
(CD120b); (PE)-Cy5-conjugated mouse anti-human CD3; and
allophycocyanin (APC)-conjugated mouse anti-human CD4,
CD8 (all antibodies were from BD Biosciences, CA, USA).
Appropriate IgG isotype controls (BD bioscience) were used to
correct for compensation issues. Cells were incubated at 4◦C for
30min before being spun down and washed with staining buffer.
Cells were then analyzed on a LSR II flow cytometer and the data
acquired analyzed with FlowJo software (BD Immunocytometry
Systems). Lymphocytes were gated using forward scatter and
side scatter parameters and CD3+ cells for analysis of cell
surface TNFRI and TNFRII expression, with further analysis of
CD4 and CD8 expression where each parameter was measured
separately on CD3+ populations, CD3+CD4+ populations, and
CD3+CD8+ populations.

Statistical Analysis
In primary analyses, induced TNFα and soluble receptors and
cell surface markers levels (outcome) were compared by group
(predictor) and statistical significance was determined using a
parametric Student’s t-test, following confirmation of normal
distribution, with a p-value of <0.05 considered significant.
Multiple comparisons were adjusted for by using the Benjamini-
Hochberg False Discovery Rate. Using answers to questions
regarding loss of language (Q11) and loss of social skills (Q25) of
the ADI-R, the autism population was further divided into two
groups based on the clinical onset of autistic symptoms; namely,
children who regressed in acquired language or social skills after
initial typical development, and secondly, children who did not
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TABLE 1 | Comparison of the TNFα and soluble receptors (pg/ml) following cell

culture in media alone or stimulation with PHA in children with autism (n = 36) and

typically developing controls (n = 27). Data are presented as mean ± standard

error of means (SEM).

TNα sTNFRI sTNFRII

Media ASD 34.38 ± 2.81 57.80 ± 2.13 147.7 ± 13.07

TD 33.09 ± 3.844 58.23 ± 2.70 182.4 ± 22.80

PHA ASD 54.50 ± 1.89 63.83 ± 2.48 1, 060 ± 77.72

TD 54.71 ± 1.96 66.17 ± 3.49 1, 766 ± 213.61*

*p = 0.014 stimulated levels of sTNFRII were decreased in ASD children compared with

PHA stimulated levels in typically developing controls.

regress. We also compared ADOS scores with immune outcomes
using Pearson correlations. There were too few subjects with
clinical co-morbid features such as gastrointestinal symptoms
or sleep disorders to determine differences between cytokine
production or cell surface receptor expression. All analyses
were carried out using SAS version 9.1 (SAS Inc.; Cary, NC)
and graphed with Prism 5 Software (GraphPad Software; San
Diego, CA).

RESULTS

Cytokine and soluble receptors were measured in harvested
supernatants from unstimulated and PHA-stimulated, PBMC
cultures. No difference between children with ASD and TD
controls were observed in TNFα or its receptors in unstimulated
media alone conditions (Table 1). Activation with PHA led to an
increase in all analytes measured across both groups. Observed
levels of sTNFRII after PHA-stimulation were significantly less
in ASD group compared to the TD group (p = 0.014; Table 1).
When comparisons were made among children with ASD who
had regressed compared to those that had not, unstimulated
sTNFRII levels were lower in children with ASD who had not
regressed, compared to those that had and to TD controls
(p < 0.04). However, following PHA-stimulation, both groups
were decreased for sTNFRII compared with TD controls and
were not significantly different from each other. No other
differences were observed in ASD children based on regression.
Levels of sTNFRII were significantly negatively correlated
with impairments in ADOS social interactions (r = −0.383,
p < 0.025), suggesting lower levels were associated with worse
behaviors.

No significant differences in the frequencies of CD3+, CD4+,
and CD8+ T cells between TD controls and children with ASD,
with or without PHA stimulation were observed. The frequency
of TNFRI expressing or TNFRII expressing T cell subsets was
not different between groups in unstimulated or stimulated
conditions (data not shown). Following immune stimulation
both the frequency of cells expressing TNFRI (CD120a) and
TNFRII (CD120b) on the cell surface were similar in both groups.
However, after PHA stimulation, the amount of cell surface
TNFRII (CD120b) receptors, as measured by mean fluorescence
intensity (MFI), was significantly increased in children with

FIGURE 1 | Comparison of CD120b (TNFRII) on T cells and T cell subsets

following PHA stimulation in children with autism (Au: n = 36) and frequency

and geographically matched typically developing (TD; n = 27). Data are

expressed as a Mean Fluorescence intensity (MFI) of CD120b on (A) CD3+

T cells, and (B) CD3+CD4+ and (C) CD3+CD8+ T cell subsets. Data is

represented as Mean and standard error of mean, exact p-values included.

ASD compared to controls on CD3+ T cells as a whole, and
both the T helper CD3+CD4+CD120b+ subsets and cytolytic
CD3+CD8+CD120b+ T cells (p< 0.03; Figure 1). No differences
were seen between those children with ASD who had regression
and those children with ASD that did not have regression. In the
ASD group frequency of CD3+CD120b+ were associated with
worse social behavior on ADOS (r = 0.238, p < 0.035).
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DISCUSSION

To the best of our knowledge this is the first study to assess
levels of TNFRs on immune cells and release of sTNFR into cell
culture supernatants following immune challenge in ASD. Our
results demonstrated increased levels of TNFRII on T cells and
T cell subsets following stimulation, and decreased sTNFRII in
supernatants in children with ASD, but no differences in TNFα
and cell surface or sTNFRI levels were found.

Moreover, we found associations between TNFRII levels on
cells or in the supernatants and more impairments in behavior.
It is currently unclear how TNFα can affect neurodevelopmental
outcomes and behaviors during childhood in ASD, and the data
should be treated with caution. However, of note, numerous
studies have shown that impairments in core ASD behaviors
and associated co-morbid and aberrant behaviors, are strongly
correlated with altered immune profiles (38). Further validation
of the link between observed behavioral severity and cytokine and
cytokine receptors is warranted.

Multiple studies have demonstrated that TNFα levels are
increased in serum of individuals with ASD when compared
to controls (21, 23, 25, 26, 34–36); however, studies on plasma
have provided conflicting results (4, 28, 35). These discordant
results may reflect the matrix used as well as methodological
issues, including different assessment instruments, and clinical
and demographic characteristics of ASD populations studied.
In addition, it is possible that TNFα is produced at affected
tissues and degraded shortly after its production. As TNFRs
can be induced by TNFα, the cellular expression may relate
to TNFα activity. Our data suggest an increase in TNFRII on
T cells, with subsequent decreases in supernatants presumably
due to decreased shedding. Previous studies by Jyonouchi and
colleagues corroborate our findings showing decreased sTNFRII
in cell culture supernatants after T cell mitogen stimulation
with PHA (29–32); however, cell surface expression of TNFR
was not previously determined. Soluble TNFRII is generated by
proteolytic cleavage by the metalloproteinase TNFα converting
enzyme (TACE, also known as ADAM17) which despite this
enzyme being increased in blood of ASD children (39) does not
result in increased sTNFRII in our study, perhaps suggesting
proteolytic cleavage is not the underlying mechanism and that
receptors are retained on cells. Another possibility is that cell
signaling after TNFα binding is weak and that proteolysis
does not occur due to altered signaling pathways (40). Soluble
TNFRII may lead to the inactivation of circulating TNFα by the
generation of high affinity complexes. These complexes reduce
the binding of TNFα to any cell membrane target receptors
thus downregulating the activity and response to TNFα (41). As
soluble TNFRs neutralize TNFα, measuring both receptor and
cytokine may be more reflective of the net effect of cytokines,
in that even though we did not see an increase in TNFα
after stimulation, the increased presence of receptors on the
cell surface and decreased levels of neutralizing sTNFRII in
supernatants may indicate that more TNFα-receptor ligand
binding and signaling occurred. Future studies should determine
TNFα-TNR responses in immune cells from children with ASD,
including other immune cell types not just T cells. Further

studies should also address whether cytokines such as TNFα are
involved in pro-apoptotic signaling or pro-life signaling and the
net balance of those signals induced by inflammatory responses
in ASD.

Differential expression of markers of T cell activation
have been shown in children with ASD following immune
stimulation including increased CD26, CD38, CD69, HLA-
DR, but decreases in CD25 (42–46). Another member of the
TNF receptor family, CD137 is a co-stimulatory molecule
expressed by activated T cells and enhances T cell proliferation,
effector functions, and survival was also increased on T cells
in ASD children (43). TNFRII is predominantly found on
immune cells and is primarily associated with lymphocyte
proliferation (17, 19). The TNFRs differ in their intracellular
domains which induce distinct intracellular signals. We recently
showed that T cell signaling was altered in children with
ASD (40) and may suggest that certain downstream signals
such as the mTOR pathway may lead to preferential immune
activation. Taken together these results may suggest potential
differential activation of T cell subsets in ASD when compared to
controls.

In summary, the results presented here are in agreement
with prior studies and suggest that inflammatory processes, as
evinced by alterations of pro-inflammatory cytokine signaling,
could contribute to ASD pathophysiology. It is also possible
that other aspects of ASD might provide additional feedback
that influences or compounds the altered immune state in ASD.
Further, future studies including longitudinal measurements of
the same participants might further reveal the putative role for
levels of TNFRs as bio signatures of ASD development and
progression. More studies will be required to characterize the
changes in TNFα and the TNRII and their temporal relationship
with ASD development, as well as assessment of cytokine and
cognate receptors in the brain.
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The gut microbiota are known to have a profound influence on both mucosal and

systemic immunity and are important for gastrointestinal (GI) function. In addition,

new evidence shows that the microbiota significantly influence neurodevelopment and

behavior. Immune dysfunction and GI distress are extremely common in individuals with

autism spectrum disorders (ASD). A growing body of evidence suggests that individuals

with ASD have significant aberrations in the composition of their gut microbiota, known

as dysbiosis. However, these studies have focused on the bacterial components of

the microbiota, leaving the fungal microbiota in ASD poorly studied. Increases in fungal

species such asCandida albicans are associated with inflammatory bowel disorders, and

have recently been implicated in several neurological disorders including schizophrenia.

We aimed to determine if children with ASD exhibit elevations in antibodies that target C.

albicans, indicating current or previous overgrowth of this fungal species. We measured

anti-C. albicans immunoglobulin (IgG) in plasma from 80 children enrolled in the UC Davis

MIND Institute CHARGE study. Measurements were acquired using a commercial ELISA

kit. Plasma anti-C. albicans antibody positivity was found in 36.5% (19/52) of children

with ASD. Anti-C. albicans antibodies in typically developing controls was (14.3%; 4/28).

Overall, ASD children had a higher rate of high-positive values compared to typically

developed children with an unadjusted odds ratio of 3.45 (95% confidence interval,

1.0409 to 11.4650; p = 0.041, two-tailed). GI dysfunction was found in about half of

the ASD children who were positive for anti-Candida IgG. This study provides evidence

of a new microbial risk factor for ASD.

Keywords: autism, Candida, antibodies, immunity, behavior

INTRODUCTION

Autism spectrum disorders (ASD) are a group of heterogeneous neurodevelopmental disorders
defined by deficiencies in social interactions, cognition and communication, and stereotypical and
repetitive behaviors (1). Although specific genetic mutations account for 10–20% of causes for ASD,
heritability risks are high and could include genes that lead to susceptibility for environmental
exposures, or similar epigenetic mechanisms brought about by shared household exposures to
environment (2). Environmental risk factors for having a child with ASD include gestational
exposure to pollution and pesticides, and maternal infections and inflammation during pregnancy
(3–5). ASD is also linked to familial autoimmunity and asthma (6–8) and many individuals
with ASD have significant immune dysfunction (9, 10). Gastrointestinal (GI) dysfunction is also
common in these individuals, with at least 50% of individuals with ASD experiencing GI issues (11).
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Gastrointestinal and immune dysfunction has been linked
to aberrant composition of the microbiota, known as dysbiosis
(12). Recently, researchers have identified significant bacterial
dysbiosis in individuals with ASD (13–23). Bacterial dysbiosis
can be caused by a variety of insults including frequent antibiotic
use, which can also increase the risk of fungal overgrowth in
the GI tract. Candida albicans is generally considered a passive
commensal yeast of the GI and genitourinary tracts, however,
it has polymorphic capabilities and under certain conditions,
including altered competition within the gut, it is capable of
transitioning to its pathogenic and invasive fungal form (24).
The presence of Candida species during recolonization after
antibiotics also contribute to dysbiosis (25) and are associated
with GI disorders such as celiac disease and inflammatory bowel
disorders (26–28). These competitive relationships of bacterial
versus fungal microbiota are complex and still being investigated,
as newer techniques develop to identify them (24).

Overgrowth of Candida species has been noted in ASD in
a few studies utilizing culture-based techniques (29–31) and
more recently in a study using sequencing techniques, which
found Candida to be present in the stool of ASD children in
nearly twice the numbers of typically developed children (21).
Elevations of d-arabinitol, a suspected metabolic byproduct of
Candida species, was found in a study of 21 Italian children
with ASD (32). D-arabinitol was also significantly reduced in
ASD children after probiotic administration, and this correlated
with improved behaviors including ability to concentrate (33).
Fungal infections are an emerging area of research interest
in ASD, and exposure can also be identified by looking at
immunoglobulin (Ig) that target fungal antigens. They may
be present in individuals with dysbiosis, as this may lead to
breeches in intestinal barrier function and subsequent immune
responses to commensal microbiota, including the production of
IgG antibodies indicating current or previous overgrowth of this
fungal species (34, 35). In schizophrenia, significantly elevated
IgG antibodies to fungal microbiota have been seen, especially in
males, however, they were also seen in bipolar females associated
with lower cognitive scores (36). So far these antibodies have
not been studied in individuals with ASD, therefore we aimed
to determine if similar antibodies are over-represented in ASD
children with and without GI dysfunction compared to their
typically developing (TD) counterparts.

METHODS

Study Participants
Eighty participants ranging in age from 3 to 13 years old were
enrolled in this study as part of the larger population based
cohort Childhood Autism Risk from Genetics and Environment
(CHARGE) study (37). ASD diagnoses were confirmed using
the Autism Diagnostic Interview-Revised (ADI-R), and the
Autism Diagnostic Observation Schedule (ADOS) at the time
of enrollment. Social Communication Questionnaire (SCQ)
was used to screen for characteristics of ASD in the typically
developed children. Criteria for enrollment in the typically
developed groups were scores of below 15 on the SCQ and
above 70 on the Mullen Scales of Early Learning (MSEL) and

Vineland Adaptive Behavior Score (VABS). There were n =

52 ASD subjects (median age 7.42 years (IQR: 5.17–9.42); 8
females) and n = 28 TD (median age 6.5 years (IQR: 5.58–
8.33); 3 females). All subjects were administered the Aberrant
Behavior Checklist (ABC) assessment. Parents also completed
a CHARGE GI history (GIH) survey and GI symptom survey,
based upon Rome III Diagnostic Questionnaire for the Pediatric
Functional GI Disorders (22, 38) to identify symptoms of GI
dysfunction including abdominal pain, gas/bloating, diarrhea,
constipation, pain on stooling, vomiting, sensitivity to foods,
difficulty swallowing, and blood in stool or vomit. Participants
were excluded if they had inflammatory bowel disease (IBD)
or other GI pathology, recent evidence of a GI infection
and/or were taking medication that might alter GI function
such as stool softeners which can alter motility or recent
antibiotics/antifungals that can induce dysbiosis. In addition,
participants with seizure disorder, genetic disorders, or other
chronic diseases and/or infections were also excluded.

This study was approved by institutional review boards for the
State of California and the University of California, Davis. Both
written and informed consent was obtained from a legal guardian
for all study participants prior to data collection in accordance
with the UC Davis IRB protocol.

Blood Collection and Enzyme-Linked
Immunosorbent Assay
Peripheral blood was collected from each subject in acid-
citrate dextrose Vacutainers (BD Biosciences; San Jose, Ca).
Blood was centrifuged and plasma harvested and stored at
−80◦C until time of assay. Human anti-Candida albicans
IgG was measured using enzyme-linked immunosorbent assay
with a commercially available kit (Abcam, Cambridge, MA,
USA) following the manufacturer’s instructions. According to
manufacturer’s recommendations, 96 well plates were pre-coated
with Candida capture antigens. Plasma samples were diluted
1:100 with diluent provide, and 100 µL of diluted plasma,
positive, negative, and cut-off controls were added to the plate
in duplicate, leaving two blank wells per plate, and incubated
in the dark for 1 h at 37◦C. Wells were aspirated and washed
three times with provided washing solution. 100 µL Candida
albicans anti-IgG HRP Conjugate was added to all wells except
for blank wells, and incubated for 30min in the dark at room
temperature, then washed again three times. One hundred
microliter 3,3’,5,5’-tetramethylbenzidine (TMB) solution was
added to the wells and incubated for 15min, the reaction was
stopped with reagent provided by the manufacturer. Absorbance
wasmeasured immediately on spectrophotometer at 450 nmwith
dual wavelength, using 620 nm as reference wavelength.

Statistics
Positivity was identified using background-adjusted absorbance
of provided cut-off control. Background-adjusted sample
absorbance above the positive control are denoted as high-
positive. Comparison of qualitative variables between groups
was assessed using Fisher’s Exact Probability test with probability
(P) of <0.05 considered significant.
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RESULTS

Plasma anti-C. albicans antibody positivity was found in 36.5%
(19/52) of children with ASD. There was a significantly higher
percent positivity of plasma anti-C. albicans antibodies in
children with ASD than in healthy TD controls (14.3%; 4/28),
with an unadjusted odds ratio of 3.45 (95% confidence interval,
1.040 to 11.465; p = 0.041, two-tailed; Table 1). Nine of the 19
positive samples in children with ASD were considered high-
positive, versus only one high-positive in the TD population
(Figure 1). When examining ASD children with positivity
for anti-Candida IgG, 9 of 19 (47%) had symptoms of GI
dysfunction, of the 33 negative for anti-Candida IgG 13 had
GI symptoms (39%), however no significant differences were
observed based on presence or absence of GI symptoms in
children with ASD. In comparison, 1 of 4 TD children positive for
anti-Candida IgG had GI issues (25%) and only 5 of 24 who were
negative for anti-Candida IgG (21%), however, these data are
limited by small sample size of the TD group with GI symptoms.

DISCUSSION

Study of the microbiota-gut-brain axis has exploded over the
past few decades, however, fungal microbiota research is still
in the early stages. Fungal overgrowth has been implicated

TABLE 1 | The frequency of plasma anti-Candida albicans antibodies in children

with ASD compared to typically developed children.

Study group Anti-C albicans Anti-C albicans

IgG positive IgG negative

ASD 19 33

36.5% 63.4%

TD 4 24

14.3% 85.7%

P value 0.04

OR (95% CI) 3.45

OR, odds ratio.

FIGURE 1 | Candida albicans plasma positivity in ASD vs. typically developing

children. Nineteen children with ASD were positive for C. albicans IgG

antibodies compared to four typically developing children.

in inflammatory bowel disorders (39–41), schizophrenia and
bipolar disorder (36), and was recently discovered within the
cells of post-mortem brain tissue in Alzheimer’s patients (42).
Our results indicate that children with ASD have elevations
in IgG against this fungal commensal, likely indicating an
overgrowth ofCandida albicanswithin the GI tract. The source of
dysbiosis and Candida overgrowth in ASD is currently unknown
but may be influenced by the immune dysfunction seen in
many children with ASD. Alternatively, this overgrowth may be
contributing to immune and GI dysfunction and the behaviors
seen in ASD. This raises questions as to whether dysbiosis
is present very early in life in ASD and may be involved
in the etiology of ASD that need further investigation. IgG
antibodies to commensal organisms become more common as
individuals age, possibly due to transient intestinal breeches
that might occur during enteric infections or dysbiosis from
antibiotics, therefore identifying earliest exposure is a key next
step to this research. Future research should attempt to identify
presence of IgM antibodies which indicate current or very recent
infection (35), ideally during infancy and/or early life to see
if there is a relationship between infection and ASD symptom
emergence.

The presence of Candida species is known to alter the
assembly of microbiota after antibiotics, contributing to dysbiosis
in mice (25). This suggests that if present, a different
bacterial composition will occur than when absent. Therefore,
if Candida is present in very early life it could interfere
with initial colonization and the successions of composition
during the early transitional stages of microbiota development
leading to dysbiosis (43). The early microbiota are typically
inherited from maternal sources, especially during vaginal
delivery (43). If Candida is overgrown in mother during
gestation, it could potentially be passed on to offspring
as an early colonizer, interfering with normal colonization.
Furthermore, the immune response to fungal overgrowth
includes elevations of interleukin (IL)-17 (44). This cytokine
is implicated in maternal immune activation (MIA) models
of ASD, and without it ASD behaviors in MIA offspring
were absent (45, 46). Further research utilizing animal models
of fungal dysbiosis in early life or gestation could help
determine the degree in which fungal microbiota may be
contributing to the dysbiosis and behavioral abnormalities in
offspring.

To our knowledge, this is the first study to look at anti-
Candida albicans IgG in children with ASD. Our recent work
identified an imbalance in inflammatory versus regulatory
cytokines such as transforming growth factor (TGF) beta,
with alterations in the microbiota in this same population
based cohort (22). Although GI symptoms were not strongly
associated with Candida IgG positivity, we previously found
microbiota changes in individuals with ASD irrespective of GI
symptoms (22). This suggests that dysbiosis could occur even
in the absence of GI symptoms. This preliminary study was
initiated to guide future research on the fungal microbiota
and ASD. Further validation of our results could include
exploring fungal composition within the gut as well as metabolic
byproducts of yeast species such as d-arabinitol and ethanol,
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and identifying associations these might have with behaviors
in ASD.
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Introduction: This chapter presents the analysis of physician-diagnosed International

Classification of Diseases (ICD version 9) disorders and diseases associated with autism

spectrum disorders (ASD) in a 16-year pediatric cohort.

Materials and Methods: The sample (n = 47,180; 62% male) consisted of children in

the Alberta Health Services Calgary Health Region catchment under the age of 3 years,

who received any physician-assigned ICD 9 diagnosis before the age of three between

April 1993 and December 31, 1994. There were 111 females and 609 males with ASD

diagnosed at any time between 1993 and 2010. The results detail the 16-year odds ratio

(OR) associations of ASD diagnosis within the major classes of international classification

of diseases (ICD 9) stratified by age and sex in the cohort. Further, for those suffering from

ASD and any other disorder or disease, the analysis presents by sex, age, and duration,

the proportions of all index physician-assigned ICD diagnoses, arising significantly before

and after the index ASD diagnosis.

Results: The rate of treated ASD in the cohort was 1 in 65 and the 16-year population

rate of ASD was 62 per 10,000. For males with an ASD over the 16 year period, the ORs

were significantly greater than the value one for 15 of the 17 main ICD classes and for

10 of the main ICD classes for females. Different age strata presented a more specific

account of themain ICD class OR profiles. More specifically, 28 ICD disorders significantly

preceded and 95 ICD disorders significantly followed ASD for females. Thirty-eight ICD

disorders significantly preceded and 234 ICD disorders significantly followed ASD for

males.

Conclusions: The results largely confirm past studies focusing on more constrained

sets of ASD morbidity. The age-stratified ORs gauge the order of risk in time for the

cohort. The proportions of specific ICD disorders arising before and after ASD may

be useful in respect to informing basic ASD research and ASD clinical management.

Limitations are discussed.

Keywords: autism spectrum disorder, temporal hypermorbidity, population cohort, ICD-9, ASD-associated

morbidity
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Cawthorpe Autism Spectrum Disorder Morbidity

INTRODUCTION

Between one in 65 and one in 88 children born in the
United States and Canada are diagnosed with ASD (1–4). To
date little detailed knowledge has emerged about the different
types of morbidity associated with ASD. Based on a literature
review spanning the period between 1991 and 2018, it was
apparent that most of the ASD morbidity studies have generally
focused only on concurrent or prodromal disorders, primarily
psychiatric disorders, occasionally physical disorders, and at best
only a few disorders within any given study (5–22). The literature
review focused on titles containing the terms autism and the
stem “morbid.” The literature illustrated a basic limitation of
the morbidity research design to inform an understanding of the
etiology of ASD or its clinical management.

Background
While past studies have identified the ambiguity of comorbidity
and multimorbidity definitions (23). Others have sought to
remedy the situation, by expanding the conceptualization
of comorbidity, multimorbidity, concurrent, and associated
disorders. Progress has been made in terms of position papers
identifying the scope of the definitions required to begin to
understand the associations of disorders, both phenomenological
and temporal (24, 25). Jakovljević, in a seminal paper,
introduces the terms “anosognosia1” in relation to the medical
field’s approach to the study of multimorbidity, given its
range and complexity and the observation that comorbidity
and multimorbidity are “under-recognized, under-diagnosed,
under-estimated and under-treated” (25). For example, a
range of definitions for morbidity including comorbidity and
multimorbidity have emerged to better communicate the
concepts underpinning the potential relationships of disorders
and diseases as these arise in the individual.

In its simplest form, comorbidity exists in from 35 to 88% of
all ill people and refers to two or more concurrently co-existing
diseases or disorders (25). Researchers have extended the possible
definitions of morbidity, comorbidity, and multimorbidity to
include terms such as hypercomorbidity and hypocomorbidity
that refer to co-occurrence that is greater or lesser than chance,
respectively (25). Time necessarily becomes a principle operator
in distinguishing sets of definitions related to the directionality
of comorbid diseases and their complex nature (26). Also of
particular importance is that of each disease’s probability in
relation to the others’ onset (26).

Multimorbidity is defined as the coexistence of multiple
chronic diseases or conditions within an individual (27). The
definitions of morbidity with inclusion of the often transient
nature of temporal morbidity further complicates howmorbidity
is conceptualized. For example, disorders that are not always
present or appear resolved in the individual either before or after
the time of ASD onset, may be over-represented in the population
of ASD-diagnosed individuals. Definition of morbidity, for the
purpose of this paper, required extension to include the concept

1A deficit of self-awareness, a condition in which a person (in this case system)

seems unaware of its existence (e.g., multimorbidity).

of temporality and associated transient diseases or disorders,
not necessarily present at the time of index ASD diagnosis,
yet present at some past or future time in proportions greater
than that expected by chance alone. The present study extends
previous work on ASD (28) in describing the full range of
unique International Classification of Diseases (ICD) diagnoses
associated in time with ASD.

Accompanying updated definitions aiding the
conceptualization of morbidity is the advantage of access
to large databases, such as the one on which present study
and similar studies have been based (29–31). The 16-year
database has been the source of numerous publications related to
identifying key relationships between biomedical, physical, and
mental disorders, in addition to the influence of the temporal
occurrence of particular classes of disorders (e.g., mental
disorders) in relationship to serious biomedical and somatic
disorders (28–33). Identifying a cohort under the age of 3 years
within a time frame and following the progress of disorders
diagnosed within this group over a 16-year period made possible
the examination of the relative emergence of temporal morbidity
in relation to the index diagnosis of ASD.

Many disorders are transient (e.g., infections), however, once
diagnosed, ASD persists as a comorbid diagnosis in time with all
subsequent diagnoses.

Study Objective
The proposition under study is that many temporal physical
and biomedical morbidities, transient or persistent, will arise
in significant proportions within the ASD-diagnosed population
in comparison to those without ASD. When over-represented
(hypermorbidity), the pattern of morbidity associated with
specific diagnoses in addition to main classes, may provide
a better understanding of the etiology or the sequelae of
ASD. Etiology might inform basic research via the study of
specific infections and /or inflammatory processes as well as
early diagnosis. Sequelae may facilitate ASD management and
care planning when diseases or disorder appear above a given
threshold. Of note is that by definition, representation of
associated disease might arise in at least one of four main
categories in relation to a target (pivot) diagnosis, ASD in this
case: significant and non-representative of the sample, non-
significant, or significantly before or after an index “pivot”
diagnosis (e.g., ASD). Additionally, yet beyond the scope of
the present study are the additional categories of transient vs.
persistent.

MATERIALS AND METHODS

The sample from which the sub-sample for this study2 derives
and the methods employed in this study have been described in
detail (28–31, 34). This study extends previous work in describing
the specific disorders arising significantly before or after index
ASD, the pivot diagnosis.

For this study, a sample was constructed consisting of a
regional cohort under 3 years of age between April 1, 1993

2This study was approved under Ethics ID: REB_15-1057.
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and December 31, 1994 having presented with any physician-
diagnosis. All ICD 9 diagnoses assigned to this set of unique
individuals over the next approximately 16 years up to November
2010 were merged by unique individual and truncated at
maximum age <18 years. Those having an ASD diagnosis
were labeled as a group along with all their associated ICD
diagnoses, and individuals with unlinked diagnoses making up
the comparison group.

TABLE 1 | The all-age odds ratios comparison for the presence and absence of

ASD by major classes of ICD 9 diagnoses ranked from highest to lowest by males.

Odds ratio Males (n = 29,181) Females (n = 17,898)

Sense organs 4.94* 2.36*

Respiratory system 3.68* 2.21ns

Symptoms signs ill-defined

conditions

3.33* 1.32ns

Nervous system 2.44* 3.22*

Circulatory system 1.7* 2.2*

Congenital anomalies 1.69* 2.58*

Endocrine 1.58* 2.15*

Digestive system 1.56* 1.92*

Perinatal conditions 1.54* 1.31ns

Musculoskeletal system

connective tissue

1.4* 1.25ns

Blood-blood-forming organs 1.36* 1.12ns

Skin subcutaneous tissue 1.34* 1.7*

Neoplasms 1.29* 1.66*

Genitourinary system 1.29* 1.71*

Infectious-parasitic diseases 1.28* 1.44ns

Injury poisoning 1.22ns 1.86*

Complications of pregnancy

childbirth

0.86ns 1.56ns

* p < 0.05, ns, not significant.

The odds ratios (OR) were calculated for this group in relation
to the remaining 17 main classes of ICD diseases and disorders
(excluding mental disorders). The standard OR formula takes
the form of ad/bc, with each of the cells representing a (neither
condition), b (one condition), c (the other condition), and d
(both conditions) in the 2X2 cross-tabulation. The results were
represented in tables and graphs separately for each sex and
stratified by age groups. ORs with lower or upper 95% confidence
intervals (LCI, UCI) greater or less than the value one were
considered to be statistically significant (p < 0.05) with z set at
value 1.96. Significance and 95% confidence intervals are noted
in each table but not in the graphics. In the graphics, lines for
each age strata connect the different main ICD classes for ease of
comparison within and between age strata.

For those diagnosed with both ASD and any ICD disorder or
disease, a count of the occurrence of each ICD diagnosis arising
before and after the pivot ASD diagnosis were calculated within
each diagnosis and the proportions arising before and after
ASD were compared based on upper and lower 95% confidence
intervals defined by the standard formula. Additionally, the
average duration in days arising before and after ASD, and the
average age in years of each disorder were calculated and tabled.
Due to the large number of ICD diagnoses (>900), only those
with significant proportions arising before and after ASD were
tabled. Where the value zero occurred in a cell, the value one
was substituted for the purpose of estimating either ORs or
proportions and their 95% CIs. In determining the importance of
a particular association both the proportion before or after ASD
and the proportion before or after of the total sample need to be
taken into account.

Note that in the tables the all-age group OR and cell values
were the same as the <3 age group OR cell values due to the
method used to construct the sample. For example, the only
individuals that could be linked in subsequent ages >3 years of
age were the individuals within the cohort that remained in the

FIGURE 1 | The odds ratios comparison of the presence and absence of ASD by major class ICD 9 diagnosis ranked by sex from highest to lowest by males.
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FIGURE 2 | Main class ICD diagnoses odds ratios by age for females.

catchment and received a physician-assigned diagnosis at any
time over the next 16 years. Variations in the other age groups’
ORs and cell values represent actual variations for these main
classes of ICD disorders within the age groupings of the cohort
over time.While attrition is in this sensemay be confounded with
absence of disease, the presence of a significant and representative
OR association is actual.

Mental disorders were not considered in the present analysis
in terms of the calculated ORs, as the different algorithm
structure required for analysis was beyond the scope and
resources of the present study. Including the temporal morbidity
of specific mental disorders other than ASD was possible as
output due to the logic structure in the algorithm giving rise
to the examination of the specific proportions of ICD diagnoses
arising before or after ASD (Table 4 in Supplementary Material).

RESULTS

There were 17,898 females in the 1993–1994 cohort sample with
an average of 61 physician-diagnoses and a range between 1 and
754 diagnoses over the next 16 years for a total of 1,092,752
diagnoses. There were 111 females with ASD diagnosed at some
point over the next 16 years. The female mean age of first ASD
diagnosis was 7.5 years (std. dev. 3.6) with range from 0 to 16
years.

There were 29,191 males in the sample with an average of 66
physician-diagnoses and a range between 1 and 1,548 diagnoses
for a 16-year total of 1,914,955 diagnoses. There were 609 males
with ASD diagnosed at some point over the next 16 years. The
male mean age of first ASD diagnosis was 7.8 years (std. dev. 3.2)
with range from 0 to 17 years.

Of the total 16-year sample (all ages) one in 65 children in
the 1993–94 cohort had an ASD diagnosis. The overall all-age
OR comparison for the presence or absence of ASD by major
classes of ICD diagnoses for males and females (ranked from

highest to lowest by males) are shown in Table 1. For males
with an ASD over the 16 year period, the ORs were significantly
greater than one for all ICD main classes, with the exception of
injury poisoning and complications of pregnancy and childbirth.
The ORs for females with an ASD over the 16 year period were
significantly greater than the value one for ICD main classes:
sense organs, nervous system, circulatory system, congenital
anomalies, endocrine, digestive system, skin subcutaneous tissue,
neoplasms, genitourinary system, and injury/poisoning. The
ORs for males with ASD were substantially higher than
females for the ICD major classes: sense organs, respiratory
system, and symptoms signs ill-defined conditions. The ORs
for females with ASD were slightly higher than males for the
ICDmajor classes: nervous system, circulatory system, congenital
anomalies, endocrine, digestive system, skin subcutaneous tissue,
neoplasms, genitourinary system, and injury/poisoning,

Figure 1 shows for comparison the ASD OR values from
Table 1 by major class ICD 9 diagnosis for males and females (all
ages), ranked from highest to lowest by males. For the cohort
across all ages, the greatest OR for males given an ASD over
16 year was sensory organs disorders, while for females it was
nervous system disorders.

Figure 2 and Table 2 show for females with an ASD over 16
years, the ORs stratified by age groups, which present a somewhat
different picture. For females, the ORs (value > 2) that were
significantly and representatively greater at the earliest age for
each main ICD class follows: 15–18 years, congenital anomalies;
15–18 years, complications of pregnancy childbirth; < 3 years,
nervous system; 15–18 years, neoplasms; 3–6 years, nervous
system; <3 years, congenital anomalies; <3 years, sense organs;
<3 years, circulatory system; <3 years, endocrine; 7–1 years, 0,
digestive system.

Similarly, Figure 3 and Table 3 show for males with an ASD
over 16 years, the ORs stratified by age groups. Formales, the ORs
(value >2) that were significantly and representatively greater at
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TABLE 2 | Main class ICD diagnoses odds ratios by mean age for females.

Row Mean age ICD Main Class a b c d Total OR LCI UCI OR>1 OR<1

1 0–18 Infectious–parasitic

diseases

11,022 59 6,765 52 17,898 1.44 0.99 2.09 ns ns

2 0–18 Neoplasms 15,703 91 2,084 20 17,898 1.66 1.02 2.69 * ns

3 0–18 Endocrine 15,173 81 2,614 30 17,898 2.15 1.41 3.28 * ns

4 0–18 Blood-blood-forming organs 16,488 102 1,299 9 17,898 1.12 0.57 2.22 ns ns

5 0–18 Nervous system 16,382 87 1,405 24 17,898 3.22 2.04 5.07 * ns

6 0–18 Sense organs 2,112 6 15,675 105 17,898 2.36 1.03 5.37 * ns

7 0–18 Circulatory system 16,520 95 1,267 16 17,898 2.2 1.29 3.74 * ns

8 0–18 Respiratory system 1,027 3 16,760 108 17,898 2.21 0.7 6.96 ns ns

9 0–18 Digestive system 8,718 37 9,069 74 17,898 1.92 1.29 2.86 * ns

10 0–18 Genitourinary system 10,535 51 7,252 60 17,898 1.71 1.18 2.49 * ns

11 0–18 Complications of pregnancy

childbirth

17,264 106 523 5 17,898 1.56 0.63 3.83 ns ns

12 0–18 Skin subcutaneous tissue 4,175 17 13,612 94 17,898 1.7 1.01 2.85 * ns

13 0–18 Musculoskeletal system

connective tissue

10,285 58 7,502 53 17,898 1.25 0.86 1.82 ns ns

14 0–18 Congenital anomalies 15,553 81 2,234 30 17,898 2.58 1.69 3.93 * ns

15 0–18 Perinatal conditions 12,716 73 5,071 38 17,898 1.31 0.88 1.93 ns ns

16 0–18 Symptoms signs ill-defined

conditions

1,448 7 16,339 104 17,898 1.32 0.61 2.84 ns ns

17 0–18 Injury poisoning 4,714 18 13,073 93 17,898 1.86 1.12 3.09 * ns

18 <3 Infectious-parasitic diseases 11,022 59 6,765 52 17,898 1.44 0.99 2.09 ns ns

19 <3 Neoplasms 15,703 91 2,084 20 17,898 1.66 1.02 2.69 * ns

20 <3 Endocrine 15,173 81 2,614 30 17,898 2.15 1.41 3.28 * ns

21 <3 Blood-blood-forming organs 16,488 102 1,299 9 17,898 1.12 0.57 2.22 ns ns

22 <3 Nervous system 16,382 87 1,405 24 17,898 3.22 2.04 5.07 * ns

23 <3 Sense organs 2,112 6 15,675 105 17,898 2.36 1.03 5.37 * ns

24 <3 Circulatory system 16,520 95 1,267 16 17,898 2.2 1.29 3.74 * ns

25 <3 Respiratory system 1,027 3 16,760 108 17,898 2.21 0.7 6.96 ns ns

26 <3 Digestive system 8,718 37 9,069 74 17,898 1.92 1.29 2.86 * ns

27 <3 Genitourinary system 10,535 51 7,252 60 17,898 1.71 1.18 2.49 * ns

28 <3 Complications of pregnancy

childbirth

17,264 106 523 5 17,898 1.56 0.63 3.83 ns ns

29 <3 Skin subcutaneous tissue 4,175 17 13,612 94 17,898 1.7 1.01 2.85 * ns

30 <3 Musculoskeletal system

connective tissue

10,285 58 7,502 53 17,898 1.25 0.86 1.82 ns ns

31 <3 Congenital anomalies 15,553 81 2,234 30 17,898 2.58 1.69 3.93 * ns

32 <3 Perinatal conditions 12,716 73 5,071 38 17,898 1.31 0.88 1.93 ns ns

33 <3 Symptoms signs ill-defined

conditions

1,448 7 16,339 104 17,898 1.32 0.61 2.84 ns ns

34 <3 Injury poisoning 4,714 18 13,073 93 17,898 1.86 1.12 3.09 * ns

35 3–6 Infectious-parasitic diseases 9,707 58 6,435 52 16,252 1.35 0.93 1.97 ns ns

36 3–6 Neoplasms 14,108 90 2,034 20 16,252 1.54 0.95 2.51 ns ns

37 3–6 Endocrine 13,620 80 2,522 30 16,252 2.03 1.33 3.09 * ns

38 3–6 Blood-blood-forming organs 14,877 101 1,265 9 16,252 1.05 0.53 2.08 ns ns

39 3–6 Nervous system 14,784 86 1,358 24 16,252 3.04 1.93 4.79 * ns

40 3–6 Sense organs 1,284 6 14,858 104 16,252 1.5 0.66 3.42 ns ns

41 3–6 Circulatory system 14,920 94 1,222 16 16,252 2.08 1.22 3.54 * ns

42 3–6 Respiratory system 458 3 15,684 107 16,252 1.04 0.33 3.29 ns ns

43 3–6 Digestive system 7,455 36 8,687 74 16,252 1.76 1.18 2.63 * ns

44 3–6 Genitourinary system 9,049 50 7,093 60 16,252 1.53 1.05 2.23 * ns

(Continued)
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TABLE 2 | Continued

Row Mean age ICD Main Class a b c d Total OR LCI UCI OR>1 OR<1

45 3–6 Complications of pregnancy

childbirth

15,650 105 492 5 16,252 1.51 0.61 3.73 ns ns

46 3–6 Skin subcutaneous tissue 3,166 16 12,976 94 16,252 1.43 0.84 2.44 ns ns

47 3–6 Musculoskeletal system

connective tissue

8,820 57 7,322 53 16,252 1.12 0.77 1.63 ns ns

48 3–6 Congenital anomalies 14,042 80 2,100 30 16,252 2.51 1.64 3.82 * ns

49 3–6 Perinatal conditions 11,516 72 4,626 38 16,252 1.31 0.89 1.95 ns ns

50 3–6 Symptoms signs ill-defined

conditions

849 6 15,293 104 16,252 0.96 0.42 2.2 ns ns

51 3–6 Injury poisoning 3,536 18 12,606 92 16,252 1.43 0.86 2.38 ns ns

52 7–10 Infectious-parasitic diseases 7,490 50 5,568 44 13,152 1.18 0.79 1.78 ns ns

53 7–10 Neoplasms 11,234 75 1,824 19 13,152 1.56 0.94 2.59 ns ns

54 7–10 Endocrine 10,828 65 2,230 29 13,152 2.17 1.4 3.36 * ns

55 7–10 Blood-blood-forming organs 11,924 87 1,134 7 13,152 0.85 0.39 1.83 ns ns

56 7–10 Nervous system 11,806 71 1,252 23 13,152 3.05 1.9 4.91 * ns

57 7–10 Sense organs 697 5 12,361 89 13,152 1 0.41 2.48 ns ns

58 7–10 Circulatory system 11,956 80 1,102 14 13,152 1.9 1.07 3.36 * ns

59 7–10 Respiratory system 205 2 12,853 92 13,152 0.73 0.18 3 ns ns

60 7–10 Digestive system 5,607 25 7,451 69 13,152 2.08 1.31 3.29 * ns

61 7–10 Genitourinary system 6,700 41 6,358 53 13,152 1.36 0.9 2.05 ns ns

62 7–10 Complications of pregnancy

childbirth

12,633 90 425 4 13,152 1.32 0.48 3.61 ns ns

63 7–10 Skin subcutaneous tissue 2,022 12 11,036 82 13,152 1.25 0.68 2.3 ns ns

64 7–10 Musculoskeletal system

connective tissue

6,363 46 6,695 48 13,152 0.99 0.66 1.49 ns ns

65 7–10 Congenital anomalies 11,323 70 1,735 24 13,152 2.24 1.4 3.57 * ns

66 7–10 Perinatal conditions 9,362 66 3,696 28 13,152 1.07 0.69 1.67 ns ns

67 7–10 Symptoms signs ill-defined

conditions

481 5 12,577 89 13,152 0.68 0.28 1.68 ns ns

68 7–10 Injury poisoning 2,127 11 10,931 83 13,152 1.47 0.78 2.76 ns ns

69 11–14 Infectious-parasitic diseases 5,307 42 4,297 35 9,681 1.03 0.66 1.61 ns ns

70 11–14 Neoplasms 8,098 59 1,506 18 9,681 1.64 0.96 2.79 ns ns

71 11–14 Endocrine 7,843 53 1,761 24 9,681 2.02 1.24 3.28 * ns

72 11–14 Blood-blood-forming organs 8,691 72 913 5 9,681 0.66 0.27 1.64 ns ns

73 11–14 Nervous system 8,544 60 1,060 17 9,681 2.28 1.33 3.93 * ns

74 11–14 Sense organs 364 4 9,240 73 9,681 0.72 0.26 1.98 ns ns

75 11–14 Circulatory system 8,710 66 894 11 9,681 1.62 0.85 3.09 ns ns

76 11–14 Respiratory system 116 1 9,488 76 9,681 0.93 0.13 6.74 ns ns

77 11–14 Digestive system 3,954 20 5,650 57 9,681 1.99 1.2 3.32 * ns

78 11–14 Genitourinary system 4,565 31 5,039 46 9,681 1.34 0.85 2.12 ns ns

79 11–14 Complications of pregnancy

childbirth

9,269 72 335 5 9,681 1.92 0.77 4.79 ns ns

80 11–14 Skin subcutaneous tissue 1,201 7 8,403 70 9,681 1.43 0.66 3.12 ns ns

81 11–14 Musculoskeletal system

connective tissue

4,016 35 5,588 42 9,681 0.86 0.55 1.35 ns ns

82 11–14 Congenital anomalies 8,349 53 1,255 24 9,681 3.01 1.85 4.9 * ns

83 11–14 Perinatal conditions 7,011 53 2,593 24 9,681 1.22 0.75 1.99 ns ns

84 11–14 Symptoms signs ill-defined

conditions

294 3 9,310 74 9,681 0.78 0.24 2.49 ns ns

85 11–14 Injury poisoning 1,153 8 8,451 69 9,681 1.18 0.56 2.45 ns ns

86 15–18 Infectious-parasitic diseases 2,330 13 1,944 17 4,304 1.57 0.76 3.23 ns ns

87 15–18 Neoplasms 3,515 18 759 12 4,304 3.09 1.48 6.44 * ns

(Continued)
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TABLE 2 | Continued

Row Mean age ICD Main Class a b c d Total OR LCI UCI OR>1 OR<1

88 15–18 Endocrine 3,409 20 865 10 4,304 1.97 0.92 4.23 ns ns

89 15–18 Blood-blood-forming organs 3,815 29 459 1 4,304 0.29 0.04 2.11 ns ns

90 15–18 Nervous system 3,712 21 562 9 4,304 2.83 1.29 6.21 * ns

91 15–18 Circulatory system 3,812 24 462 6 4,304 2.06 0.84 5.07 ns ns

92 15–18 Digestive system 1,650 5 2,624 25 4,304 3.14 1.2 8.23 * ns

93 15–18 Genitourinary system 1,728 10 2,546 20 4,304 1.36 0.63 2.91 ns ns

94 15–18 Complications of pregnancy

childbirth

4,095 26 179 4 4,304 3.52 1.22 10.19 * ns

95 15–18 Skin subcutaneous tissue 426 2 3,848 28 4,304 1.55 0.37 6.53 ns ns

96 15–18 Musculoskeletal system

connective tissue

1,454 14 2,820 16 4,304 0.59 0.29 1.21 ns ns

97 15–18 Congenital anomalies 3,733 17 541 13 4,304 5.28 2.55 10.92 * ns

98 15–18 Perinatal conditions 3,358 22 916 8 4,304 1.33 0.59 3 ns ns

99 15–18 Injury poisoning 356 1 3,918 29 4,304 2.64 0.36 19.4 ns ns

*p < 0.05, ns, not significant.

FIGURE 3 | Main class ICD diagnoses odds ratios by age for males.

the earliest age for each main ICD class follow: <3 years, sense
organs; <3 years, respiratory system; <3 years, symptoms signs
ill-defined conditions; 7–10 years, sense organs; 3–6 years, sense
organs;<3 years, nervous system; 7–10 years, symptoms signs ill-
defined conditions; 3–6 years, nervous system. Additionally for
males, one OR (value < 1) was significantly and representatively
less at the earliest age 7–10 years. for injury and poisoning.

Table 4 in Supplementary Material is comprised of 4 sections
showing in rows the comparisons of the proportions of distinct
physician-assigned ICD diagnoses for males and females arising
significantly before and after ASD. The average age in years
of individuals within each row is shown together with the
average duration in days the ASD arose before or after each ICD

diagnosis. Table 4 in Supplementary Material is ordered by row
number and the ascending numeric sequence of the ICD code for
each disorder, first for females in rows 1–28 (28 disorders) where
ASD rose significantly before the corresponding ICD disorder,
second for females in rows 31–125 (95 disorders) where ASD rose
significantly after the corresponding ICD disorder. For males
in rows 126–165 (38 disorders), ASD rose significantly before
the corresponding ICD disorder and finally, for males in rows
166–401 (234 disorders), where ASD rose significantly after the
corresponding ICD disorder.

Examples of disorders with the highest sample proportions
diagnosed after and before ASD follow. For females ASD
diagnosis preceded the following disorders with the highest
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TABLE 3 | Odds ratios by mean age for males.

Row Mean age ICD Main Class a b c d Total OR LCI UCI OR>1 OR<1

1 0–18 Infectious-parasitic diseases 19,886 387 8,702 216 29,191 1.28 1.08 1.51 * ns

2 0–18 Neoplasms 25,411 519 3,177 84 29,191 1.29 1.03 1.63 * ns

3 0–18 Endocrine 24,425 475 4,163 128 29,191 1.58 1.3 1.93 * ns

4 0–18 Blood-blood-forming organs 26,219 537 2,369 66 29,191 1.36 1.05 1.76 * ns

5 0–18 Nervous system 26,526 507 2,062 96 29,191 2.44 1.95 3.04 * ns

6 0–18 Sense organs 3,005 14 25,583 589 29,191 4.94 2.9 8.41 * ns

7 0–18 Circulatory system 26,448 530 2,140 73 29,191 1.7 1.33 2.18 * ns

8 0–18 Respiratory system 1,508 9 27,080 594 29,191 3.68 1.9 7.11 * ns

9 0–18 Digestive system 13,398 218 15,190 385 29,191 1.56 1.32 1.84 * ns

10 0–18 Genitourinary system 18,286 349 10,302 254 29,191 1.29 1.1 1.52 * ns

11 0–18 Complications of pregnancy

childbirth

27,874 590 714 13 29,191 0.86 0.49 1.5 ns ns

12 0–18 Skin subcutaneous tissue 6,874 115 21,714 488 29,191 1.34 1.09 1.65 * ns

13 0–18 Musculoskeletal system

connective tissue

16,670 301 11,918 302 29,191 1.4 1.19 1.65 * ns

14 0–18 Congenital anomalies 24,002 456 4,586 147 29,191 1.69 1.4 2.04 * ns

15 0–18 Perinatal conditions 19,411 349 9,177 254 29,191 1.54 1.31 1.81 * ns

16 0–18 Symptoms signs ill-defined

conditions

2,240 15 26,348 588 29,191 3.33 1.99 5.57 * ns

17 0–18 Injury poisoning 6,051 109 22,537 494 29,191 1.22 0.99 1.5 ns ns

18 <3 Infectious-parasitic diseases 19,886 387 8,702 216 29,191 1.28 1.08 1.51 * ns

19 <3 Neoplasms 25,411 519 3,177 84 29,191 1.29 1.03 1.63 * ns

20 <3 Endocrine 24,425 475 4,163 128 29,191 1.58 1.3 1.93 * ns

21 <3 Blood-blood-forming organs 26,219 537 2,369 66 29,191 1.36 1.05 1.76 * ns

22 <3 Nervous system 26,526 507 2,062 96 29,191 2.44 1.95 3.04 * ns

23 <3 Sense organs 3,005 14 25,583 589 29,191 4.94 2.9 8.41 * ns

24 <3 Circulatory system 26,448 530 2,140 73 29,191 1.7 1.33 2.18 * ns

25 <3 Respiratory system 1,508 9 27,080 594 29,191 3.68 1.9 7.11 * ns

26 <3 Digestive system 13,398 218 15,190 385 29,191 1.56 1.32 1.84 * ns

27 <3 Genitourinary system 18,286 349 10,302 254 29,191 1.29 1.1 1.52 * ns

28 <3 Complications of pregnancy

childbirth

27,874 590 714 13 29,191 0.86 0.49 1.5 ns ns

29 <3 Skin subcutaneous tissue 6,874 115 21,714 488 29,191 1.34 1.09 1.65 * ns

30 <3 Musculoskeletal system

connective tissue

16,670 301 11,918 302 29,191 1.4 1.19 1.65 * ns

31 <3 Congenital anomalies 24,002 456 4,586 147 29,191 1.69 1.4 2.04 * ns

32 <3 Perinatal conditions 19,411 349 9,177 254 29,191 1.54 1.31 1.81 * ns

33 <3 Symptoms signs ill-defined

conditions

2,240 15 26,348 588 29,191 3.33 1.99 5.57 * ns

34 <3 Injury poisoning 6,051 109 22,537 494 29,191 1.22 0.99 1.5 ns ns

35 3–6 Infectious-parasitic diseases 17,775 387 8,283 215 26,660 1.19 1.01 1.41 * ns

36 3–6 Neoplasms 22,943 518 3,115 84 26,660 1.19 0.95 1.51 ns ns

37 3–6 Endocrine 22,046 475 4,012 127 26,660 1.47 1.2 1.79 * ns

38 3–6 Blood-blood-forming organs 23,750 536 2,308 66 26,660 1.27 0.98 1.64 ns ns

39 3–6 Nervous system 24,065 506 1,993 96 26,660 2.29 1.83 2.86 * ns

40 3–6 Sense organs 1,756 14 24,302 588 26,660 3.03 1.78 5.17 * ns

41 3–6 Circulatory system 24,001 529 2,057 73 26,660 1.61 1.26 2.07 * ns

42 3–6 Respiratory system 625 9 25,433 593 26,660 1.62 0.83 3.14 ns ns

43 3–6 Digestive system 11,498 217 14,560 385 26,660 1.4 1.18 1.66 * ns

44 3–6 Genitourinary system 16,078 349 9,980 253 26,660 1.17 0.99 1.38 ns ns

45 3–6 Complications of pregnancy

childbirth

25,377 589 681 13 26,660 0.82 0.47 1.43 ns ns

(Continued)
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TABLE 3 | Continued

Row Mean age ICD Main Class a b c d Total OR LCI UCI OR>1 OR<1

46 3–6 Skin subcutaneous tissue 5,284 114 20,774 488 26,660 1.09 0.89 1.34 ns ns

47 3–6 Musculoskeletal system

connective tissue

14,396 300 11,662 302 26,660 1.24 1.06 1.46 * ns

48 3–6 Congenital anomalies 21,736 455 4,322 147 26,660 1.62 1.35 1.96 * ns

49 3–6 Perinatal conditions 17,661 349 8,397 253 26,660 1.52 1.29 1.8 * ns

50 3–6 Symptoms signs ill–defined

conditions

1,288 15 24,770 587 26,660 2.03 1.22 3.41 * ns

51 3–6 Injury poisoning 4,277 108 21,781 494 26,660 0.9 0.73 1.11 ns ns

52 7–10 Infectious-parasitic diseases 14,263 347 7,244 198 22,052 1.12 0.94 1.34 ns ns

53 7–10 Neoplasms 18,679 464 2,828 81 22,052 1.15 0.91 1.46 ns ns

54 7–10 Endocrine 17,908 425 3,599 120 22,052 1.4 1.14 1.73 * ns

55 7–10 Blood-blood-forming organs 19,470 485 2,037 60 22,052 1.18 0.9 1.55 ns ns

56 7–10 Nervous system 19,647 451 1,860 94 22,052 2.2 1.75 2.76 * ns

57 7–10 Sense organs 1,078 9 20,429 536 22,052 3.14 1.62 6.09 * ns

58 7–10 Circulatory system 19,648 472 1,859 73 22,052 1.63 1.27 2.1 * ns

59 7–10 Respiratory system 345 4 21,162 541 22,052 2.2 0.82 5.93 ns ns

60 7–10 Digestive system 8,848 185 12,659 360 22,052 1.36 1.14 1.63 * ns

61 7–10 Genitourinary system 12,741 305 8,766 240 22,052 1.14 0.96 1.36 ns ns

62 7–10 Complications of pregnancy

childbirth

20,940 534 567 11 22,052 0.76 0.42 1.39 ns ns

63 7–10 Skin subcutaneous tissue 3,675 86 17,832 459 22,052 1.1 0.87 1.39 ns ns

64 7–10 Musculoskeletal system

connective tissue

10,836 262 10,671 283 22,052 1.1 0.93 1.3 ns ns

65 7–10 Congenital anomalies 17,900 406 3,607 139 22,052 1.7 1.4 2.07 * ns

66 7–10 Perinatal conditions 14,580 318 6,927 227 22,052 1.5 1.26 1.79 * ns

67 7–10 Symptoms signs ill–defined

conditions

739 8 20,768 537 22,052 2.39 1.18 4.82 * ns

68 7–10 Injury poisoning 2,584 87 18,923 458 22,052 0.72 0.57 0.91 ns *

69 11–14 Infectious-parasitic diseases 9,858 235 5,509 160 15,762 1.22 0.99 1.49 ns ns

70 11–14 Neoplasms 13,118 330 2,249 65 15,762 1.15 0.88 1.5 ns ns

71 11–14 Endocrine 12,571 299 2,796 96 15,762 1.44 1.14 1.82 * ns

72 11–14 Blood-blood-forming organs 13,784 347 1,583 48 15,762 1.2 0.89 1.64 ns ns

73 11–14 Nervous system 13,834 316 1,533 79 15,762 2.26 1.75 2.9 * ns

74 11–14 Sense organs 593 5 14,774 390 15,762 3.13 1.29 7.59 * ns

75 11–14 Circulatory system 13,896 333 1,471 62 15,762 1.76 1.33 2.32 * ns

76 11–14 Respiratory system 192 2 15,175 393 15,762 2.49 0.62 10.05 ns ns

77 11–14 Digestive system 6,054 130 9,313 265 15,762 1.33 1.07 1.64 * ns

78 11–14 Genitourinary system 8,773 200 6,594 195 15,762 1.3 1.06 1.58 * ns

79 11–14 Complications of pregnancy

childbirth

14,952 385 415 10 15,762 0.94 0.5 1.77 ns ns

80 11–14 Skin subcutaneous tissue 2,221 49 13,146 346 15,762 1.19 0.88 1.61 ns ns

81 11–14 Musculoskeletal system

connective tissue

6,782 161 8,585 234 15,762 1.15 0.94 1.41 ns ns

82 11–14 Congenital anomalies 12,869 295 2,498 100 15,762 1.75 1.39 2.2 * ns

83 11–14 Perinatal conditions 10,667 239 4,700 156 15,762 1.48 1.21 1.82 * ns

84 11–14 Symptoms signs ill-defined

conditions

438 4 14,929 391 15,762 2.87 1.07 7.71 * ns

85 11–14 Injury poisoning 1,245 47 14,122 348 15,762 0.65 0.48 0.89 ns *

86 15–18 Infectious-parasitic diseases 3,610 93 2,093 60 5,856 1.11 0.8 1.55 ns ns

87 15–18 Neoplasms 4,654 124 1,049 29 5,856 1.04 0.69 1.56 ns ns

88 15–18 Endocrine 4,592 120 1,111 33 5,856 1.14 0.77 1.68 ns ns

89 15–18 Blood-blood-forming organs 5,070 125 633 28 5,856 1.79 1.18 2.73 * ns

(Continued)
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TABLE 3 | Continued

Row Mean age ICD Main Class a b c d Total OR LCI UCI OR>1 OR<1

90 15–18 Nervous system 4,990 120 713 33 5,856 1.92 1.3 2.85 * ns

91 15–18 Sense organs 180 4 5,523 149 5,856 1.21 0.44 3.31 ns ns

92 15–18 Circulatory system 5,083 129 620 24 5,856 1.53 0.98 2.38 ns ns

93 15–18 Respiratory system 45 1 5,658 152 5,856 1.21 0.17 8.83 ns ns

94 15–18 Digestive system 2,116 48 3,587 105 5,856 1.29 0.91 1.82 ns ns

95 15–18 Genitourinary system 3,127 78 2,576 75 5,856 1.17 0.85 1.61 ns ns

96 15–18 Complications of pregnancy

childbirth

5,547 150 156 3 5,856 0.71 0.22 2.25 ns ns

97 15–18 Skin subcutaneous tissue 604 14 5,099 139 5,856 1.18 0.67 2.05 ns ns

98 15–18 Musculoskeletal system

connective tissue

1,985 50 3,718 103 5,856 1.1 0.78 1.55 ns ns

99 15–18 Congenital anomalies 4,747 113 956 40 5,856 1.76 1.22 2.54 * ns

100 15–18 Perinatal conditions 4,334 102 1,369 51 5,856 1.58 1.12 2.23 * ns

101 15–18 Symptoms signs ill–defined

conditions

129 2 5,574 151 5,856 1.75 0.43 7.13 ns ns

102 15–18 Injury poisoning 261 12 5,442 141 5,856 0.56 0.31 1.03 ns ns

*p < 0.05, ns, not significant.

counts ranging from 44 to 7% of the females sample, respectively:
psychoses of childhood (299), hyperkinetic syndrome (314),
emotional disorder child/adol (313), neurotic disorders (300),
conduct disturbance nec (312), depressive disorder nec (311),
other viral disease (78), adjustment reaction (309), screen-
heart/resp/gu disorder (V81), disorder of menstruation (626),
gastritis and duodenitis (535).

For females ASD diagnosis came after the following disorders
with the highest counts ranging from 74 to 30% of the
females sample, respectively: health supervision child (V20),
otitis media, suppur/nos (382), ac up resp inf multiple sites/nos
(465), acute nasopharyngitis (460), general symptoms (780),
single liveborn (V30), disorders of conjunctiva (372), specific
develop delays (315), contact dermatitis (692), ill-defined intest
inf (009), nonsuppur otitis media (381), ac bronchitis/bronchiol
(466), nutrit/metab/devel symp (783), general medical exam
(V70), candidiasis (112), and resp sys/other chest symp
(786).

For males ASD diagnosis preceded the following disorders
with the highest counts ranging from 47 to 7% of the
male sample, respectively: psychoses of childhood (299),
hyperkinetic syndrome (314), other viral disease (78),
depressive disorder nec (311), other soft tissue disorder
(729), screen-heart/resp/gu disorder (V81), and special symptom
nec (307).

For males ASD diagnosis came after the following disorders
with the highest counts ranging from 79 to 34% of the
male sample, respectively: health supervision child (V20), otitis
media, suppur/nos (382), ac up resp inf multiple sites/nos
(465), acute nasopharyngitis (460), general symptoms (780),
ill-defined intest inf (009), disorders of conjunctiva (372),
acute bronchitis/bronchiol (466), specific develop delays (315),
nonsuppur otitis media (381), acute pharyngitis (462), skin/other
integument symp (782), asthma (493), resp sys/other chest symp
(786), contact dermatitis (692).

SUMMARY OF RESULTS

The results of the analysis of ASD and the main ICD classes
of disease and disorder indicated a significant association that
varied with age groups. Given the construction of the sample, the
age groupings provided a proxy for the temporal progression of
the observed class associations, for which some main class ORs
were more pronounced at various ages for one or both sexes.
The significant OR associations with main ICD classes were less
frequent for females.

The analysis results for specific ICD diseases and disorders
provided more precise information about the temporal
relationship of each disorder and ASD. For example,
concurrently examining themean age, the number of cases, mean
duration in days that the specific diagnosis arose either before
or after ASD, together with the significance of their proportions
provided additional information related to the temporality of
etiology and sequelae of ASD morbidity, especially when the
whole sample proportions (e.g., >30%) the before or after ASD
counts of each diagnosis were additionally examined for males
and females.

DISCUSSION

The estimated prevalence of ASD diagnosis in the cohort sample
of treated children was one in 65, and as estimated from the
previous study based on those under the age of 19 years (28) was
62 per 10,000 in the entire population, a result similar to other
United States and Canadian studies (1, 2) and higher than past
studies (1, 35). One difference was that prevalence in the present
1993-94 cohort was prospective in that the value was calculated
based on an ASD diagnosis made at any time over the next 16
years. An observation about Canadian data is that there have been
few datasets that permit a conclusive estimate of ASD prevalence
(36). The average age of ASD diagnosis in the present study was
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older than that previously reported for all of Alberta (36). The
different study purposes, foci, and designs may have accounted
for observed differences in age of diagnosis. The provincial study
focused on the prospective Alberta Perinatal Health Program
cohort in which the births were actively monitored over the
course of the study (36), while the present study focused on
the 16-year main ICD class and specific ICD disorder temporal
morbidity associated with ASD in a group under 3-years of age
between 1993 and 1995.

The emerging field of ASD comorbidity and multimorbidity
is evolving and complex. The changing concept of morbidity
must necessarily shift health systems and education to configure
around multimorbidity from a focus on individual diseases
(37). Multimorbidity is the most common chronic condition
experienced in significant proportions by older and younger
adults: Health system redesign is required to accommodate the
emerging body of research (27). Systematic review indicates that
the ability to respond clinically to morbidity, comorbidity, and
multimorbidity is in its infancy (38).

A number of studies have focused attention on physical
disorder comorbidity (39–44) including population studies (45,
46), putative mechanisms underpinning ASD (47–57), and how
cross-comorbidity study identifies disease linkage (58), as well as
autism-related genes (59) with the potential to identify cause (60).

For basic researchers Table 4 in Supplementary Material
might serve as a reference for comparison to other population
studies and inform deeper analysis that might provide more
insight into the ASD etiology or sequelae, or both. It is
important to take into account when reviewing the proportions
of the sample with ASD as the pivot diagnosis, the raw counts
also represent a portion of the total female or male sample.
For example, in Table 4 (Supplementary Material), row 31,
ASD followed 74% of female cases (n = 43 of 51) with ill-
defined intestinal infection (009) representing 39% (n = 43
of 111) of the female sample with that particular disorder.
In Table 4 (Supplementary Material), row 169, for males ill-
defined intestinal infection (009) arose in 85% (n = 335 of 393)
representing 55% (335 of 609) of the sample. For both males and
females, the average age was 7 years and the average duration
between the diagnosis ill-defined intestinal infection (009) and
ASD was 1,885 and 1,890 days, respectively. The closeness of the
age and average duration before ASD for both males and females
is interesting, given the preponderance of males that suffer
from ASD. The brain-gut axis is an increasing popular focus of
research in recent years (60–62). It is possibly mere coincidence,
even though many infectious and allergic diseases in the sample
had this same profile, that males and females in a population
are diagnosed with ASD about the same period on average
after suffering from this gastro-intestinal disorder. Similarly,
the present study also identifies that sensory and respiratory
disorders occur with substantial magnitude before ASD. In
respect to development of biome via maternal inoculation via
natural vaginal delivery, study has identified those born under
conditions of augmented birth (e.g., cesarean section) are at
higher risk of ASD (3). In alignment, the present study indicates
that ASD children may have compromised immune systems,
possibly associated with the brain-gut axis (61). Comparing the
present study findings to other studies focusing on morbidity,

there is similar overlap in the association of inflammatory
processes, infection, and the emergence of psychiatric disorders
thought to have organic origins, such as schizophrenia (63–65).

How might a clinical temporal, transient, hypercomorbidity
profile case stack up, against Table 4 in Supplementary Material?
The present work may contribute in the following ways. In
clinical practice repeated visits of any child above a threshold
(possibly the before or after counts of disorders in Table 4

(Supplementary Material)) may signal the need for more detailed
investigation, such as thorough assessment of the child’s having
attained developmental milestones. This seems a sweeping and
costly generalization for any practice guide based on a single
diagnosis. However, by examining any given child’s etiological
morbidity profile across multiple diseases and disorders might
possibly reveal a more valid constellation of thresholds, the
limitations of the present study notwithstanding. In practical
terms, the proportions presented in Table 4 (Supplementary
Material) serve as points of reference or signposts. For a clinician
treating ASD, interpreting the overall importance of Table 4 in
Supplementary Material is likely most relevant to the clinician’s
reference case, in other words, the case the clinician is presently
treating.

With the exception of specific developmental delays, almost all
psychiatric disorders were diagnosed after ASD ranging from 62
to 98% of the sample for females. Similarly for males, psychiatric
disorders followed ASD ranging from 56 to 100% of the
sample with index psychiatric diagnoses. Before ASD diagnosis
was established, pre-ASD psychiatric morbidity was monotonic,
that is only specific developmental delay (315) was diagnosed.
Any explanation underpinning these results is speculative. For
instance, ASD literacy in the mid-1990s may have been low
and not favored in psychiatric curricula or graduate continuing
medical education. Given the increase in the annual rate of ASD
diagnosis between 1993 and 2010 within the catchment area (28),
this explanation is plausible. Furthermore, Child and Adolescent
Psychiatry only formed in 2010 as a specialization recognized by
the Canadian Royal College of Physicians and Surgeons, which
could have influenced the dearth of specialized training and sub-
specialization in developmental disorders. Hence, it is likely that
psychiatric-training-based recognition of ASD was different in
the late 1990’s and early 2000’s (about 7 years being the average
age of ASD diagnosis).

LIMITATIONS

The present work has important limitations. Onemain limitation
of the present study is that each major class or individual ICD
diagnosis and specific ICD diagnosis proportions before and
after ASD was calculated independently of one another. This
limitation was addressed in part by stratifying the main classes
by age groups and recording the average age and duration before
or after ASD, where ASD and the ICD disorder both occurred in
the same individual.

Furthermore, it was not possible to examine the linkage of
the dataset employed in this study with databases containing
prescription data, laboratory results, or to delve further
into treatment outcomes via case review, or genetic analysis
of biological samples. One contemporary database that
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links primarily pharmacological prescription data is the
United Kingdom’s primary care Health Improvement Network
(THIN) database (66). A current literature search for the terms
“THIN database multimorbidity” produced zero results. A
similar search for “THIN database comorbidity” produced
18 results, while “THIN database morbidity” produced 247
results. The majority of these results were focused on a minimal
number of associated diseases or disorders and/or prescriptions.
Furthermore, evaluation of the THIN database indicated that
information loss due to incomplete mapping of medical and drug
codes, as well as data structure in the Common Data Model used
in THIN limits, its use for all possible epidemiological evaluation
studies (66). The database employed in the present study
represented the formal physician diagnoses (∼90 Million) for
the health service seeking population in the Calgary Health Zone
(∼0.75 Million). As noted in previously published limitations
respecting this database, over-diagnosis of common disorders,
under-diagnosis of rare disorders and misdiagnosis are all likely
represented, albeit minimally, in the data (29, 31). Also, the
algorithms applied to the data were developed specifically to
examine the temporal associations of the diagnosed diseases
and disorders. The approaches taken in analysis with this large
dataset are relatively novel, as indicated by the dearth of similar
studies, such as those emerging from the THIN database. To
date the published studies based on the present database have
provided largely broad stroke findings, which, while to some
extent useful, are signposts that point to the need for further
research and development. The present results extend these
findings with a description the temporal order of transient
hypermorbidity, not only by the proxy of age for the main ICD
classes, but also in relation to the full range of specific ICD
diagnoses. The provision of age and duration before and after
the pivot ASD add value, possibly bringing information into a
framework useful to both research and clinical practice.

The results of population-based analysis of multimorbidity
are complicated and not necessarily straight forward or intuitive.
The results point to some potential possibilities in terms of
mechanism, yet there is no possibility that studies focusing
only on associative morbidity are conclusive. As with the
studies that illustrate a potential confounding of treatment with
outcome diagnoses such as ulcerative colitis or cancer (29, 31),
confounding exists between epigenetics, individual differences,
diathesis, and, importantly, long-term unstudied adverse effects
of treatment. While less likely to be the case with diseases,
such as ulcerative colitis, the results of this population-based
study, where ASD diagnosis alone is the key variable, must be
considered as speculative.

CONCLUSIONS

The present work extends the understanding of temporal,
transient hyper-multimorbidity associated with ASD. It confirms
the ASD association with gastrointestinal problems and
immunological disorders, sensory, and neurological disorders,
which have been identified in more constrained studies of
comorbidity.

The recently published papers from this population
dataset have been informative in terms of signaling the

importance of considering mental disorders in relation to
physical or biomedical disorders (29–31, 34) and, in the
cases of ulcerative colitis and cancer, identifying potential
mechanism underlining individual vulnerability (diathesis) or
the confounding of the physical or biomedical disease with
treatment, or both (29, 31). For example, in both cancers and
ulcerative colitis, neuroleptics may disrupt immunological
cell-cell communication and represent long-term adverse effects
associated with mental disease treatment. This hypothesis
is speculative, providing only a direction for detailed basic
research.

In conclusion, the present study has the advantage of
examining multiform morbidity in a population. The types
of analyses including ORs by all ages, stratified by age
groups and the proportions before and after any pivot ASD
resulted in diagnostic profiles representing novel information
potentially informing both basic research, clinical education
and practice. The relationship between ASD and the main
classes of ICD disorder stratified by age gives a very general
indication of the importance of broad diagnostic groupings
at different ages and illustrates the need to carefully consider
the multiple temporal associations of ASD and specific ICD
disorders. The greatest amount of information possibly useful
for clinicians is in the proportions of disease before and
after ASD, particularly when considered by frequency, age and
duration.

NEXT STEPS

It is apparent in considering the study of temporal morbidity
in population-based data sets, going forward may require
a standardized approach in order for study results to be
comparable. Further, noting that the ORs and the specific
ICD proportions were independent in the calculation of each
main ICD class, hence the resulting ORs (Tables 1–3) and
proportions (Table 4 in Supplementary Material) were related
only by age and duration before or after ASD. The most
important next step in the development of analysis algorithms
is to advance an approach to the study of multimorbidity that
compares a different matrix format representing the temporal
order of specific diagnoses in individuals across all specific
ICD diagnoses. The highest levels of observed sequences of
disorders that arise and lead to a particular disorder or set of
disorders, such as ASD, would represent more a precise analysis
than that presently presented. A preliminary algorithm that
accomplishes this precision is currently undergoing validation
testing.
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Autism Spectrum Disorder (ASD) and Joint Hypermobility-Related Disorders are blanket

terms for two etiologically and clinically heterogeneous groups of pathologies that usually

appears in childhood. These conditions are seen by different medical fields, such as

psychiatry in the case of ASD, and musculoskeletal disciplines and genetics in the case

of hypermobility-related disorders. Thus, a link between them is rarely established in

clinical setting, despite a scarce but growing body of research suggesting that both

conditions co-occur more often than expected by chance. Hypermobility is a frequent

sign of hereditary disorders of connective tissue (e.g., Ehlers-Danlos syndromes, Marfan

syndrome), in which the main characteristic is the multisystem fragility that prone to

proprioceptive and motor coordination dysfunction and hence to trauma and chronic

pain. Considering the high probability that pain remains disregarded and untreated

in people with ASD due to communication and methodological difficulties, increasing

awareness about the interconnection between ASD and hypermobility-related disorders

is relevant, since it may help identify those ASD patients susceptible to chronic pain.

Keywords: autism, joint hypermobility, Ehlers-Danlos syndrome, pain, genetic disorders, comorbidity

INTRODUCTION

Autism Spectrum Disorders (ASD) is a blanket term for an etiologically and clinically
heterogeneous group of neurodevelopmental disorders commencing in early childhood. The
core characteristics of ASD are impairments in communication, social interaction, and restricted
repetitive and stereotyped behaviors (1). The prevalence of ASD is estimated to be around 1%
(2). Most of the cases are “idiopathic” (i.e., unknown cause), and approximately 10% of cases are
considered as “secondary autism” since these coincide with a genetic syndrome with identified
etiology (3).

The burden of these long-lasting and disabling conditions is enhanced by an important degree
of comorbidity, which is higher than observed in general pediatric population (4). In autistic
adults, it has been reported that only 16% present good physical health (5). Unfortunately, somatic
comorbidities in ASD have not been well-addressed in research settings (6). There are, however,
more and more genetic syndromes that are identified as associated with autism (7).

Concerning painful conditions specifically, these are highly prevalent in the general population
but remain under-diagnosed and under-researched in ASD (8). This is due to communication and
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methodological difficulties, but also to the late awareness among
the medical community of the ability of autistic people to feel
and express pain (8, 9). Indeed, this was questioned for decades.
Nevertheless, nowadays it is well-accepted that individuals with
autism do experience and express pain but in an atypical way
(e.g., altered sensory thresholds, hypo- and hyper-responsiveness
including behavioral problems) (2, 9, 10).

Although the magnitude of the co-occurrence between
chronic pain and neurodevelopmental disorders such as ASD
remains unknown (11), some data suggest that chronic pain is
frequent among the ASD population. Bursch et al. (12) reported
that more than 20% of pediatric patients in a pain clinic in US
presented with ASD traits. In addition, potential pathological
sources of pain such as neurologic disorders (seizures and
epilepsy) and gastrointestinal problems are known to be frequent
in ASD (13, 14). In addition, people with ASD are particularly
exposed to pain due to aberrant behaviors such as self-injuries,
aggressions, and agitation (13). Conversely, these disruptive
behaviors as well as acute behavioral crisis can be manifestations
of an underlying pain-associated pathology (15).

Thus, as Clarke [(2), p. 1] stated, “failure to recognize ASD as
a common cause of pain can lead to late diagnosis, inappropriate
treatment, distress, and further disability.” In this sense, it is
necessary to disseminate knowledge concerning somatic pain
conditions associated with ASD. This will help overcome the
challenge of recognizing pain-related suffering which could
worsen ASD symptoms and the general state of those affected.

Joint hypermobility (JH) refers to an exaggerated increase in
the range of a given joint’s mobility. This somatic trait is more
frequent in infancy, decreases with age, and is more common in
women than in men (16). When hypermobility is polyarticular
(five joints or more), it is thought to be a congenital and
hereditary trait caused by an alteration of collagen synthesis (17).
Its prevalence has been estimated between 10–30% in males and
20–40% in females (16).

To have JH implies increased flexibility but also a propensity
for trauma and pain since the tissues are more fragile.
According to Grahame [(18) p. 485] “Even a single hypermobile
joint may suffer any or all of the consequences of laxity,
including a tendency to dislocate, develop traumatic synovitis
or premature osteoarthritis, or it may just hurt for no
visibly obvious reason.” Thus, far from being trivial, the
presence of JH should draw attention and lead to a deeper
exploration in order to track associated problems such as
ligament and tendon problems, joint dislocation/subluxation,
chronic arthralgia/myalgia, fatigue, abnormal stature, autonomic,
cardiovascular, ocular, neuromuscular, visceral, auditory, and
dental pathologies, etc. (19). These should be considered
suggestive of an underlying pathology such as a Heritable
Disorders of Connective Tissue (HDCTs). Indeed, in this group
of disorders, JH is a prominent feature along with fragility of
tissues, abnormal skin texture, dysfunctional vessels, and internal
organs (20). The HDCTs includes classically Marfan syndrome,
Ehlers-Danlos syndromes (EDS), Osteogeneses Imperfecta, and
a large list of other genetic disorders, some of them very
rare (21). The affected genes encode various connective tissue
matrix proteins (collagen, elastin, tenascin, and fibrillin). As

consequence, the biochemical structure of fibrous proteins is
compromised, altering their physical qualities and resulting in
hyperlaxity and mechanical defect (21). In this regard, pain may
be present in any HDCTs, but is more prevalent in EDS (19).

With the current specialization and fragmentation of care,
patients with ASD and hypermobility-related disorders (HRDs)
are seen by different medical fields, such as psychiatry in the case
of ASD, and musculoskeletal disciplines and genetics in the case
of HRDs. Therefore, a link between these conditions is rarely
established in clinical setting despite a scarce but growing body
of research suggesting that both conditions co-occur more often
than expected by chance (22–24).

This work proposes an overview of the link between ASD and
HRDs. We expect to raise awareness among health professionals
on the interconnection between these clinical entities, in order to
better identify those patients with ASD who may be susceptible
to chronic pain.

AUTISM, JOINT HYPERMOBILITY (JH)

AND HYPERMOBILITY-RELATED

DISORDERS (HRDS)

Current clinical descriptions of young children with autism
include hypotonia, joint laxity, clumsiness, apraxia, and toe
walking as common findings (25). Interestingly, similar features
have been also described in people with HRDs (26–28).

To the best of our knowledge, the first systematic study
exploring the association between JH (non-syndromic) and
autism according to DSM-IV criteria (1) is that of Shetreat-Klein
et al. (29). These authors assessed the range of joint mobility
at the elbow, wrist, metacarpo-phalangeal joint, and ankle in
children with ASD aged 4 years old in average, and in matched
healthy children (n = 38 in each group). Results showed that
the joints of children with autism were significantly more supple
than their typically developing peers. In the same vein, the study
of Eccles et al. (30) explored JH and autonomic dysfunction in
a group of adult patients with neurodevelopmental disorders
(n = 205), including patients with autism although the exact
number of these subjects was not reported. Results showed
that the rate of JH and autonomic symptoms were significantly
higher among people with neurodevelopmental disorders than
in the control group. More recently, Glans et al. (31) explored
the potential association between JH and autistic traits in the
general population. One thousand thirty-nine Swedish adults
responded to the Five-point questionnaire for JH (32), and others
instruments assessing neurodevelopmental traits including the
abridged version of the 50-item Autism Spectrum Quotient (33).
No link was observed between JH and autistic traits in this study,
which lead the authors to suggest that this association is limited
to clinical populations only.

Most of the data linking ASD and JH, center around genetic
syndromes featuring JH and/or HDCTs. For instance, Fragile X
syndrome which is caused by an alteration of the FMR1 gene,
is the second cause of intellectual disability among males, and
the most frequent genetic comorbidity of ASD (30–50%). In this
syndrome, an underlying connective tissue anomaly is presumed

Frontiers in Psychiatry | www.frontiersin.org 2 December 2018 | Volume 9 | Article 656110

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


Baeza-Velasco et al. Autism and Joint Hypermobility

since signs such as JH (50%), soft skin, scoliosis, flat feet, and
pectus excavatum among others are common in those affected
(34).

The Chromosome 2q37 Deletion Syndrome, which is
characterized by three major clinical features (developmental
delay, intellectual disability, skeletal malformations, and facial
dysmorphism) also include in their phenotypical description
JH, hypotonia, and dislocations. It has been reported that
around 17–50% of patients with this syndrome, also have
ASD (35).

Concerning HDCTs, the work by Blair et al. (36) which
examined comorbidity among Mendelian and complex diseases
by mining the medical records of over 110 million patients,
observed significant clinical comorbidities between Marfan
syndrome (i.e., HDCTs characterized by marfanoid habitus,
aortic aneurysm, and ectopia lentis) and neuropsychiatric
conditions such as ASD. These results had not been reported
before. Recently, Balasubramanian et al. (37) reported a higher
incidence of ASD in people with Osteogeneses Imperfecta (i.e.,
HDCTs characterized by brittle bones and blue sclerae). Ten
out 102 patients in their cohort have ASD while in the general
population ASD is estimated of 1 in 100.

AmongHDCTs, Ehlers-Danlos syndromes exhibit the greatest
clinical overlap with ASD in literature.

EHLERS-DANLOS SYNDROMES (EDS)

AND AUTISM

EDS is not a single disease, but a group of clinically and
genetically heterogeneous conditions characterized by JH, skin
hyperextensibility and tissue fragility (38). Since collagen is
widely distributed through the body, the manifestations of EDS
are multi-systemic and often pain-associated.

The Revised 2017 International Classification for EDS (38)
describe 13 subtypes (Figure 1) which range frommild (although
debilitating) to life threatening. The prevalence of all EDS is
estimated at 1/5,000 (20). The hypermobile subtype (hEDS) is
the most common and accounts for 80–90% of EDS cases (39).
As in ASD, the genetic background of hEDS has not yet been
elucidated, therefore this is the only EDS subtype for which the
diagnosis remains clinical. EDS, and especially hEDS are often
under-recognized (40). The diagnostic delay was estimated at
14 years for half of EDS patients, and 28 years for a quarter
of patients constituting the longest diagnostic delay among
16 rare diseases (41). Recent changes in EDS nosology now
indicated that hEDS lies at the end of a spectrum (the so-called
Hypermobility Spectrum Disorders; Figure 1) which includes
intermediate phenotypes presenting JH plus other symptoms
but not fulfilling criteria for an EDS (17). Thus, the Joint
Hypermobility Syndrome described by rheumatologists (42) is
now part of the hypermobility spectrum.

It is worth mentioning that there remains disagreement
amongst experts regarding the new EDS nosology is not an easy
issue (43, 44). As in ASD, there is ongoing debate concerning the
description of hEDS in particular, as to whether it is a genetic
disease or a clinical syndrome is still relevant. In this regard,

these new criteria will be revised during 2018 by the International
Consortium on EDS.

The first attempt to characterize EDS patients from a
psychosocial perspective was the study by Lumley et al. (45).
In this study, 44 adults and 7 children with EDS of various
subtypes were tested and interviewed. The results in children
(aged 7–12-years-old) showed some features compatibles with
ASD such as impaired social competence (57 % of the sample),
internalizing problems (43%), and aberrant behaviors (29%)
although no specific assessment for autism was applied in this
study. Moreover, to date eight case reports have been published
concerning the potential association between ASD and EDS (22,
46, 47). First, Fehlow and Tennstedt (48) in a German publication
presented the case of a 15-year-old boy with an autistic
syndrome and EDS type I (current classical type) having JH,
skin extensibility, moderate bleeding tendencies and deformity
of the thorax. Sieg (49) for his part, described a 13-year-old
boy presenting ASD symptoms such as impaired social skills,
unusual interests, language delay, mannerisms, lack of awareness
of feelings of others, and physical particularities such as JH,
Gorlin’s sign (i.e., the ability to touch the tip of the nose with the
tongue), hyperextensible skin with velvety texture, and a trend to
dislocations among others. A diagnosis of EDS type II (current
classical type) was confirmed by geneticists. Later, Tantam et al.
(50) highlighted the co-occurrence of Asperger’s syndrome (now
part of ASD) and HDCTs through the presentation of three
cases (two girls and one man) with lifelong hyperlaxity and
muscular incoordination among others. The authors discarded
EDS as a diagnosis due to the absence of skin elasticity in these
patients, and concluded a Marfan-like disorder of connective
tissue. However, the clinical descriptions are compatible with
hEDS (47) in which skin hyperextensibility may be absent.
In addition, another case combining high-functioning autistic
disorder and EDS was reported by Takei et al. (51). In which a
17-years-old boy presented with highly flexible fingers and toes,
JH and skin hyperelasticity. His mother was also diagnosed with
EDS, but the subtype in both cases was not mentioned. Similarly,
we reported a case of a 12-years-old boy diagnosed with ASD
who was referred to rehabilitation medicine due to articular and
muscular pain, gait problems and chronic fatigue. The physical
exploration revealed JH, history of recurrent sprains and blocks,
thin skin with abnormal scarring, easy bruising, cutaneous
hyperesthesia, hypotonia, dysautonomia symptoms (excessive
sweating, poor thermoregulation, unexplained fever episodes,
dry eyes and mouth, dizziness), gastrointestinal problems, severe
headaches, and proprioceptive dysfunction (clumsiness, frequent
trips and falls, difficulties in gripping and holding objects).
The patient’s father and brother had similar signs (although
milder) and the patient’s mother had been diagnosed with
fibromyalgia. Finally, a diagnosis of hEDS was obtained for
this patient (22). The last case report is that by Cravero
et al. (52), who described a 21-years-old man with Cornelia
de Lange, Ehlers-Danlos syndrome (classic type), and severe
autistic syndrome. Concerning EDS features, he presented JH,
pale and hyperextensible skin, abnormal healing with widened
anthropic scars, hemorrhagic syndrome, and a family history of
EDS.
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FIGURE 1 | Categories involving joint hypermobility. Joint hypermobility (JH) is frequent in the general population and is not a problem per se. When JH is

accompanied by symptoms, it could underlie a hypermobility-related disorder such as a Heritable Disorder of the Connective Tissue (HDCT). HDCT classically include

Marfan syndrome, Osteogenesis imperfecta and Ehlers-Danlos syndromes (EDS). The 2017 EDS classification describes 13 subtypes. It also describes the so-called

Hypermobility Spectrum Disorders (HSD), which is a group of clinical conditions with symptomatic JH but not fulfilling criteria of any EDS subtype. HSD is understood

as a continuum on which JH ranges from asymptomatic JH through to hypermobile EDS (hEDS) as part of the EDS.

Recently, Lipsker et al. (11) described the case of a 6-years-
old girl with severe chronic pain since very early age (headaches,
joint and muscle pain), and comorbid ASD and attention
deficit/hyperactivity disorder (ADHD). The authors also describe
JH and fatigue in this patient, as well as antecedents of chronic
pain in her relatives. After consulting several clinics and trying
different treatments, improvements in pain and functioning
were obtained with methylphenidate medication and parental
behavioral training. Although the possibility of a HDCTs was
not evoked, considering the combination of JH, chronic pain and
neurodevelopmental disorders, a hypermobility-related disorder
such as EDS should be hypothesized (23), as was noted by Fernell
and Ronge (53) in a letter to the editor about this case report.

The anecdotal evidence provided by the aforementioned
clinical descriptions, which correspond mainly to patients with
secondary rather than idiopathic ASD, is supported by the
study of Cederlöf et al. (54) in a large cohort of EDS and
hypermobility syndrome patients (N = 1,771). In this work,
EDS and hypermobility syndrome subjects were compared
to matched controls in relation to antecedents of psychiatric
disorders. Results showed that ASD was overrepresented in
EDS patients (2.9% vs. 0.4% in controls; RR 7.4, 95% CI 5.2–
10.7). Similarly, ASD was diagnosed in 1.6% of patients with
hypermobility syndrome compared to 1.4% in controls (1.6%

vs. 1.2%; RR 1.4, 95% CI 1.1–1.6). In addition, more cases of
ASD were found in hypermobility syndrome siblings compared
to control sibling (ASD in 0.6% vs. 0.5%, respectively; RR 1.3, 95%
CI 1.1–1.7).

EXPLAINING THE LINK BETWEEN AUTISM

AND HRDS

The etiological mechanisms underlying the comorbidity between
ASD and HRDs are poorly understood. According to Tamtam
et al. (50), a disorder of the connective tissue may result in central
nervous system abnormalities. This was probably the case of an
EDS patient with epilepsy reported by Cupo et al. (55), in which
postmortem explorations showed structural brain abnormalities
that may be related to the connective tissue disorder. Moreover,
Eccles et al. (56), reported structural brain differences between
subjects with and without JH in areas involved in emotion
processing, attention, cognitive control of pain, and negative
emotions (bilateral amygdala, anterior cingulate, parietal lobe),
as well as a negative correlation between JH and superior
temporal volume, which is an area related to processing social
and emotional signals. Differences in amygdala and superior
temporal cortex anatomy have been also observed in autism (57).
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Brain heterotopias (i.e., neuronal migrational abnormalities)
have been reported in ASD (58) and in EDS (55, 59, 60)
providing another clue in understanding the overlap between
both conditions. In addition, studies in human and animal
models indicate immunological dysfunction in ASD (61),
while recent research highlights the co-ocurrence of mast cell
dysregulation in EDS (62, 63) suggesting problems in the
immune system. Moreover, endocrine dysregulation has been
postulated as a potential risk factor of ASD [e.g., maternal
diabetes, polycystic ovary syndrome, etc.; (64)]. Endocrine
involvement has also been identified in EDS. Hugo-Rodin et al.
(65) reported a high prevalence of gynecological symptoms
in women with hEDS, of which a subgroup was sensitive to
hormonal fluctuations with an increase in symptoms severity
during puberty, prior to menstruation, during the postpartum
period, and on oral contraception. Authors suggested that
hormones may play a modulatory effect in hEDS. Recently, the
study of Casanova et al. (24) observed that women with ASD
and JH reported significantly more immune- and endocrine-
mediated conditions than those without JH. These results shed
new light on the potential comorbidity between ASD and
HRDs.

Tamtam et al. (50) also evoked the hypothesis of an indirect
link between ASD and HRDs. This raises the question whether
connective tissue abnormalities alter motor development and
proprioception preventing the optimal acquisition of non-verbal
communication skills, which may lead to autistic traits
such as impairments in social interactions. The Figure 2

illustrate this idea showing possible connections between HRDs
(specially hEDS and hypermobility spectrum disorders), and
neurodevelopmental outcomes including autistics traits (66).

Finally, ASD and HRDs may be pleiotropic manifestations of
a common genetic milieu that deserve to be better scrutinized.

AUTISM, HRDS AND PAIN

As has been suggested, a link between ASD and HRDs (specially
EDS) theoretically implies a susceptibility to a wide range of
pain (mainly musculoskeletal but also headaches and visceral
pain). In this sense, there is evidence of higher rates of pain
symptoms in EDS patients when there is comorbidity with
a psychiatric disorder (69). In addition, mast cell activation
syndrome, which has been associated to several painful
conditions [e.g., migraine, atopic dermatitis, pelvis and bladder
pain, inflammatory bowel pain, fibromyalgia, vulvodynia, self-
injurious behaviors associated pain, etc. (70)] is frequent in ASD
(71) and EDS (62).

Despite these suggestive data, confirmation by systematic
studies about the presence of pain in ASD with HRDs is needed.
In this sense, Casanova et al. (24) contributed some of the first
data. Through a survey via internet, this group explored adult
women on the autism spectrum with and without JH (n =

85 vs. n = 20, respectively) and estimated the prevalence of
immune and endocrine mediated conditions. It was observed
that the hypermobile ASD group presented significantly higher

FIGURE 2 | Diagram illustrating possible relationships between some features of hEDS/HSDs might contributing to neurodevelopmental disorders and

psychopathology in the developmental age. Adapted by permission from Springer Nature: ADHD Attention Deficit and Hyperactivity Disorders.

Attention-deficit/hyperactivity disorder, joint hypermobility-related disorders and pain: expanding body-mind connections to the developmental age, Baeza-Velasco

et al. (66) Copyright 2018. hEDS/HSDs: hypermobile Ehlers-Danlos syndrome/hypermobility spectrum disorders. ADHD: attention deficit/hyperactivity disorder. DCD:

developmental coordination disorder. DAMP: deficits in attention, motor control and perceptual abilities (67). ESSENCE: early symptomatic syndromes eliciting

neurodevelopmental clinical examinations (68).
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rates of autoimmune disorders (45% vs. 13%; p = 0.02),
but also pain-associated endocrine symptomatology such as
dysmenorrhea and endometriosis (85% vs. 28%; p < 0.001
and 30% vs. 5%; p = 0.01 respectively) compared to the non-
hypermobile ASD group. In addition, all participants in the
hypermobile ASD group suffered arthralgia, and 75% from
other types of chronic pain (including fibromyalgia) compared
to 29 and 31%, respectively, in the non-hypermobile ASD
group (p < 0.001). These results concern only females and a
subpopulation capable of answering online self-questionnaires,
for which authors assume an IQ > 70. In this regard, studies in
males and individuals with autism and intellectual disability are
needed in order to extend explorations to a more representative
ASD population.

CONCLUSION

ASD and HRDs, specially hEDS, are conditions with a
strong genetic component, a polymorphic clinical presentation,
appearing both in infancy, and sharing several phenotypical
features (35). Although existing data does not allow to ascertain
increase prevalence of ASD inHRDs, as well as shared underlying
patho-mechanisms between both conditions, there is increasing
evidence suggesting that these co-occurmore often than expected
by chance. This requires be confirmed by further investigation
which should consider the recent nosological changes both in
EDS and the hypermobility spectrum disorders [see (17, 38)], and
in ASD (72).

Disseminate knowledge about this potential connection can
be highly useful in clinical context since it allows the clinician
the awareness of potential pain-related symptoms in a population

in which it is extremely challenging to screen for and manage
pain. Beyond the methodological barriers to explore pain in
people with ASD, and as (69) stated, mental-health related stigma
can prevent more depth investigations into an underlying cause
of systemic complaints, or to the exacerbation of behavioral
problems and/or comorbid psychopathology in the case of ASD
patients, delaying the recognition of HRDs. Conversely, patients
primarily treated for painful conditions related to hypermobility,
should be screened for neurodevelopmental abnormalities. A
broad image of each patient, including somatic and psychological
aspects, will help to ensuring proper care.

Moreover, once the association between autism, HRDs and
pain have been established, it is necessary to consider antalgic
strategies targeted to this specific subgroup of patients. Such
therapeutic strategies are unexplored so far, hence clinicians
are underprepared to manage complex clinical pictures. Thus,
future avenues for research that deserves more attention includes
the confirmation of comorbidity between ASD and HRDs, the
elucidation of its etiology and clinical significance, and the most
appropriate management approach for these cases.
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High rates of attention deficit/hyperactivity disorder (ADHD) and anxiety symptoms have

been documented in autism spectrum disorder (ASD), and have been associated with

social and adaptive impairments. The study examined the frequency of clinically elevated

ADHD and anxiety symptoms in an ASD group in comparison to a non-clinical group,

compared the clinical presentation in the ASD group with and without ADHD and

anxiety, assessed which child and familial variables add to the severity of Inattention,

Hyperactivity/Impulsivity (HI), and anxiety symptoms, and evaluated whether having

clinically elevated ADHD and/or anxiety symptoms adds to the prediction of adaptive

functioning in ASD. The study included 260 participants diagnosed with ASD (mean

age: 7.5 ± 1.1), using standardized tests. The rate of clinically elevated ADHD and

anxiety symptoms in ASD was 62.7 and 44.6%, respectively, and symptom severity

was significantly greater than the non-clinical sample. The entire population was divided

into four subgroups: ASD alone, ASD+ADHD, ASD+anxiety, ASD+ADHD+anxiety,

based on the parental behavioral questionnaire. The ASD alone group showed less

severe autism symptoms in comparison to the other groups. Having ASD+ADHD

symptoms was associated with greater impairments in socialization adaptive skills. Only

the group with ASD+ADHD+anxiety was associated with poorer daily living adaptive

skills. Regression analyses for prediction of ADHD and anxiety symptoms revealed that

being a female and having lower adaptive skills scores predicted higher Inattention

severity; being older, having better cognition, and more severe Restrictive Repetitive

Behavior symptoms predicted more severe HI symptoms; being older and having more

severe social impairments predicted higher anxiety scores. A regression analysis for the

prediction of adaptive skills revealed that in addition to cognition and autism severity, the

severity of Inattention symptoms added to the prediction of overall adaptive skills. In light

of these findings, clinicians should diagnose these comorbidities in ASD early on, and

provide effective interventions to reduce their negative impact on functioning, thereby

improving outcome.

Keywords: autism (ASD), ADHD (attention deficit and hyperactivity disorder), anxiety, autism severity, adaptive

skills, cognitive abilities
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INTRODUCTION

Autism spectrum disorder (ASD) is a neurobehavioral disorder
defined by social- communication deficits and restricted and
repetitive behaviors that are typically detectable in early
childhood and continue into adulthood (1). ASD-specific
behaviors have been found to negatively impact various aspects
of the lives of individuals with this disorder (2). The highly
heterogeneous nature of ASD is often reflected in the child’s
characteristics, including clinical variability in the severity of
autism symptoms, cognitive ability, and language skills (3). In
addition, substantial individual differences are apparent with
regard to the occurrence of co-morbidities such as attention-
deficit/hyperactivity disorder (ADHD) and anxiety (4–9).

ADHD is a common neurodevelopmental disorder with a
prevalence estimated at 7.2% in the general population (10).
ADHD is characterized by a persistent pattern of inattention
and/or hyperactivity and impulsivity that is pervasive across
settings and leads to various degrees of functional impairment
(11, 12). Children and adolescents with ASD have shown high
rates of ADHD symptoms (16–85%) (5–7, 9) and overlap
between ASD and ADHD symptoms has been described as well
(13). However, the recognition that the diagnoses of ADHD and
ASD can occur together has been formalized only in the DSM-5
(1). Previous studies have examined the co-morbidity of ADHD
in ASD and described more severe autism symptoms (14), higher
rates of cognitive impairment (10), more deficits in adaptive
skills (2, 15) and lower quality of life (10) in individuals with
ASD and ADHD in comparison to ASD alone. These studies
were all cross-sectional and groups were not based on having
an ADHD diagnosis but rather on ADHD symptom severity.
These studies used different ADHD rating scales and behavioral
checklists, completed by different informants (parents, teachers
or both) (2, 10, 14, 15). Using standardized tests, Sprenger et al.
reported a greater severity of autistic symptoms in children with
ASD and ADHD symptoms, especially in the social interaction
domain, than in those with ASD alone (14). Sikora et al.
(2) found greater impairment in adaptive functioning among
children with ASD and clinically significant ADHD symptoms in
comparison to children with ASD and fewer ADHD symptoms.
In contrast, Ashwood et al. (15) found significant associations
between reduced adaptive functioning and autism symptoms, but
not with ADHD symptoms.

The prevalence of anxiety disorders in the general population
is 6.5% (16), ranging from 3 to 24% in various studies (17).
Anxiety is among the most common mental health problems in
ASD (4, 8). Similarly to ADHD, higher frequencies of anxiety
difficulties (11–84%) have been reported in children with ASD
in comparison to the general population (18) and up to 40%
are diagnosed with at least one DSM anxiety disorder at some
point in their lives (19, 20). Anxiety disorders may include
features of excessive fear and related behavioral disturbances
(1). Some studies have noted that ASD is a vulnerability for
stress and anxiety (20). In contrast, according to some cross-
sectional research, anxiety may be an underlying cause of several
symptoms of ASD. For example, anxiety affects the stereotypical
and rigid behaviors (21) and social functioning difficulties (22)

that children with an ASD often face. Furthermore, anxiety in
children with ASD has a negative impact on adaptive functioning,
daily living skills (DLS), and relationships with peers, teachers,
and family (23, 24). For example, Factor et al. (25) found more
social difficulties in youth with ASD and anxiety symptoms
in comparison to youth with only ASD. Most of the studies
that examined ASD and anxiety were cross-sectional ones, and
anxiety symptoms were assessed using different anxiety scales.

Rates of anxiety in the presence of ADHD in the general
population range from 13 to 50%, and these comorbidities
together are associated with greater risk of long term
impairments than children with either condition (26). However,
only a few studies have examined the frequency or the clinical
impact of anxiety in children with both ASD and ADHD. Craig
et al. (27) found that individuals with ASD and ADHD had
higher frequency of anxiety, as compared to individuals with
only ASD. Since having ASD and ADHD is already known to
negatively affect functioning (2, 10, 14, 15), it is assumed that
having anxiety in addition to ADHD will have additive negative
impact on children with ASD. Other studies have suggested that
some of the anxiety symptoms overlap with ASD symptoms
(21, 22).

In light of this, it is possible that the clinical presentation
in ASD would not be worsened by having anxiety symptoms.
Therefore, is it important to further investigate the contribution
of having anxiety symptoms in ASD with comorbid ADHD on
various aspects of the clinical presentation.

The study has several aims. First, to evaluate the frequency
of ADHD and anxiety symptoms in the participants diagnosed
with ASD and to compare them to non-clinical standardized
samples. Second, to compare the clinical presentation in the
ASD participants with and without ADHD and anxiety, in
terms of autism symptom severity, adaptive skills, and cognitive
ability. Third, to assess the relationships between the severity
of the ADHD and anxiety symptoms and the autism severity
and adaptive functioning. The fourth aim is to assess which
variables (including age, sex, parental educational attainment,
cognition, autism severity, and adaptive skills) add to the severity
of Inattention, Hyperactivity/Impulsivity, and anxiety symptoms
individually. The fifth aim is to assess whether having ADHD
and/or anxiety symptoms adds to the prediction of adaptive skills
functioning in the ASD participants, beyond the role of the child’s
other characteristics.

We have several hypotheses:

1. Clinically elevated ADHD and anxiety symptoms frequently
occur in children with ASD. Rates of ADHD and anxiety in
the ASD group will be significantly higher compared to the
non-clinical standardized samples.

2. The participants with ASD and clinically elevated ADHD
and/or anxiety symptoms, and particularly those with
ASD+ADHD+anxiety, will present with more severe autism
symptomatology, lower cognition, and lower adaptive skills,
in comparison to those without these comorbid symptoms.

3. Higher cognition, more severe autism symptoms and lower
adaptive skills will be associated with and predict more severe
ADHD and anxiety symptoms.
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4. More severe ADHD and anxiety symptoms in ASD will be
associated with and predict lower adaptive functioning

This study is the first to examine a large group diagnosed with
ASD and two major comorbidities and assesses their relationship
to the clinical presentation.

METHODS

Measures
Autism Diagnostic Interview-Revised (ADI–R)
A semi-structured interview administered to parents, designed
to make a diagnosis of autism according to DSM-IV criteria.
Diagnosis of ASD was made on meeting the cutoff points of the
ADI-R algorithm scores in the three domains: social interaction,
communication, and restricted repetitive behavior (RRB) (28).
Autism severity was assessed based on the level of the scores;
higher scores in each ADI subdomain reflected more severe
autism symptoms.

Autism Diagnosis Observation Schedule (ADOS)
A semi-structured, interactive schedule conducted by skilled
professionals designed to assess social and communicative
functioning in individuals who may have ASD (29). The scores
of each of the ADOS subdomains, social affect (SA) and RRB,
were used for the calculation of each subdomain severity score
using the SA and RRB-calibrated severity scale (CSS) (30). Higher
scores in the ADOS subdomains reflect more severe autism
symptoms.

Wechsler Preschool and Primary Scale of

Intelligence—Third Edition (WPPSI-IIIHEB)
An intelligence test for children aged 2:6–7:3, conducted by
skilled psychologists. It consists of 4 subscales: Verbal IQ,
Performance IQ, Processing Speed and Full Scale IQ. All the
indices including Full Scale IQ were represented as standard
scores: mean= 100; SD= 15 (31).

Wechsler Intelligence Scale for Children IV (WISC-IV)
A measure of intellectual ability and cognitive processing for
children aged 6:0–16:11, conducted by skilled psychologists.
It has ten core and five supplemental subtests. The subtests
can be clustered into composite quotients for four indices:
Verbal Comprehension, Perceptual Reasoning, Working
Memory and Processing Speed. All the indices including full
scale IQ were represented as standard scores: mean = 100;
SD= 15 (32).

Vineland Adaptive Behavior Scales (VABS)
A standardized caregiver interview designed to assess adaptive
behaviors in children between the ages of birth and 18 years.
The VABS yields a composite score as well as scores in four
domains: Communication, Daily Living Skills, Socialization, and
Motor Skills (until the age of 6 years), each of which yields a
standard score (33). Higher scores in the subdomains reflect
better functioning.

Conners’ Rating Scales–Revised: Long Form

(CRS-R:L)
Parent and teacher questionnaires normed for children and
adolescents 3–17 years old that assess ADHD symptomatology
(i.e., inattention, hyperactivity, impulsivity), anxiety, and other
co-morbid behaviors. Estimates of symptom severity are obtained
using T-scores (mean = 50, SD = 10); higher T-scores
reflect greater psychopathology (34). For ADHD symptoms,
we used three scales of the parents’ questionnaire: ADHD
Index, DSM-IV inattentive and the DSM-IV hyperactive. For
anxiety symptoms, we used the anxious-shy scale (8 items; i.e.,
easily frightened, afraid of people, afraid of new situations,
afraid to be alone, overly attached to caregivers, and so forth).
Only scores ≥60 in the corresponding scale were considered
significant.

Procedure and Participants
The study was conducted at a national tertiary center for
autism that is involved in diagnosis, treatment, and research
in ASD. Data from clinical records were collected on 1,143
children who were assessed for a possible ASD diagnosis between
January 2010 and December 2015. The children underwent a
comprehensive evaluation including a neurological assessment
by a pediatric developmental neurologist, and behavioral and
cognitive evaluations conducted by a skilled interdisciplinary
team. Information about previous diagnoses was obtained from
previous assessments performed in other centers. Assessment of
ASDwas obtained using standardized tests, the AutismDiagnosis
Interview-Revised (ADI-R) (28) and the Autism Diagnosis
Observation Schedule (ADOS) (29), andmeeting criteria for ASD
based on DSM-IV (35) or DSM-5 criteria (1), depending on
the year of diagnosis. The ADOS and ADI-R were administered
by child neurologists and Masters’ level psychologists, all of
whom established at least 80% concurrence with research reliable
psychologists on three consecutive administrations. Inclusion
criteria were having an ASD diagnosis and being in the age
range of 5–12. Out of the 1,143 children who were evaluated at
the center, only 264 matched our study’s criteria for inclusion.
Participants with diagnoses of specific genetic syndromes and
sensory impairments (n = 4) were excluded from the study. The
final cohort included 260 participants (228 males, 32 females),
with a mean age of 7 years and 5 months (SD = 1 year and 1
month). All the participants were Caucasians, and Hebrew was
the spoken language.

The results for the ADI-R were available for all 260
participants and for the ADOS for 255 participants. Cognitive
and developmental abilities (IQ/DQ) were assessed using the
Wechsler Preschool and Primary Scale of Intelligence (WPPSI)
(31) or the Wechsler Intelligence Scale for Children IV (WISC-
IV) (32), according to the child’s age and language level, and
results were available for 232 participants. The assessment
of adaptive skills was obtained using the Vineland Adaptive
Behavior Scales (VABS) (33) and was available for all 260
participants. All the children underwent a thorough neurological
assessment, which included a semi-structured interview for
comorbidities, such as ADHD, anxiety, oppositional defiant
disorder, and mood disturbances. The severity of ADHD
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symptomatology (i.e., inattention, hyperactivity, and impulsivity)
and anxiety were assessed using the Conners’ Rating Scales–
Revised: Long form (CRS-R:L) (34). T-score ≥60 supported
significant symptoms in the correlating scale.

In the current research, although parents’ and teachers’
CRS scores are presented and compared, only the parents’
questionnaire was used to define the groups, in order to avoid
the impact of ADHD medications given during the school
day, which may affect the severity of ADHD symptoms as
reported by the teachers. The study participants were divided
into four groups based on the ADHD index and anxiety scales
of the Conners Parents’ Rating Scales–Revised: Long (CPRS-R:L)
questionnaire (results were available for all 260 participants):
the first group, with an ADHD index <60, and anxiety <60,
was designated as ASD alone (N = 68); the second group,
with an ADHD index ≥60, and anxiety <60, was designated
as ASD with ADHD (ASD+ADHD; N = 76); the third group,
with an ADHD index <60 and Anxiety ≥60, was designated as
ASD with anxiety (ASD+anxiety; N = 29); the fourth group,
with an ADHD index ≥60 and anxiety ≥60, was designated
as ASD with anxiety and ADHD (ASD+ADHD+anxiety;
N = 87).

Data Analysis
To compare the CPRS subdomain mean scores of the ASD study
group with data on a non-clinical group taken from the CRS
manual, a one sample T-test analysis was used.

To examine the effect of the coder who completed the CRS
(parent/teacher), a one-way MANOVA with a repeated measure
of coder was performed for the Inattention, HI, and Anxiety
subdomain scores.

Comparisons of demographic data between the four
examined groups (ASD alone, ASD+ADHD, ASD+anxiety,
ASD+ADHD+anxiety) included sex using non-parametric
chi-square analysis, age using one-way ANOVAs, and
parental ages and educational attainment using one-way
MANOVAs. Comparisons between the four examined groups
of the dependent variables—including IQ/DQ scores, ADI-R
subdomain (social interaction, communication and RRB)
scores, ADOS subdomain (SA- and RRB-CSS) scores, and
VABS composite and subdomain (Communication, DLS,
Socialization) scores—were performed using one-way ANOVAs
and MANOVAs. When a MANOVA yielded a significant group
effect, individual ANOVAs were performed for each of the
examined variables. In the analyses that yielded a significant
group effect, post-hoc Scheffe tests were performed.

Next we examined the correlations between CPRS subdomain
(IA, HI and anxiety) scores with IQ scores and VABS, ADI-R, and
ADOS subdomain scores using Pearson correlation analyses.

Finally, to identify the variables that contributed to the
explained variance in the CPRS subdomains, three five-step
hierarchical linear regression analyses were performed with
CPRS Inattention, HI, and Anxiety scores as the dependent
variables.

To identify the variables that contributed to the explained
variance in the VABS composite scores, another five-step
hierarchical linear regression analysis was performed.

Compliance With Ethical Standards
All procedures performed in this study were approved by the
ethical standards of the institutional research committee and
with the 1964 Helsinki declaration and its later amendments or
comparable ethical standards. The Helsinki committee of the
medical center waived the need for informed consent, as the
study was retrospective and all the data were derived from the
clinical charts.

RESULTS

Prevalence of ADHD and Anxiety
Symptoms
The frequency of clinically elevated ADHD symptoms as
reported by the parents (CPRS ADHD index ≥60) in the
entire ASD group was 62.7%. “Inattention” symptoms (CPRS
DSM-IV inattentive ≥60) were reported in 67.3% of the
participants, and “hyperactivity/impulsivity” symptoms (CPRS
DSM-IV hyperactive ≥60) in 56.5% of the participants.

The frequency of clinically elevated anxiety symptoms as
reported by the parents (CPRS anxious-shy ≥60) in the entire
ASD group was 44.6%.

At the time of evaluation at the Autism Center, 74.5%
(n= 194) of the study participants were not previously diagnosed
with ASD. Among those participants, 52.9% had at least
one previous medical, neurodevelopmental and/or behavioral
diagnosis. The most prevalent diagnosis was ADHD (n = 61;
31.4%) followed by developmental delay (n = 48, 29.3%) and
language disorder (n = 19, 9.8%). Among the group with
a previous ASD diagnosis (25.5%, n = 66), 10 participants
(15%) received an ADHD diagnosis in addition to the principal
diagnosis of ASD. Comparing the CPRS subdomain mean scores
of the ASD group to the mean scores of the non-clinical group
(ages 3–12) taken from the CRS manual revealed significantly
higher scores in the Inattention [t(258) = 26.33, p < 0.01], HI
[t(258) = 23.53, p < 0.01] and Anxiety [t(258) = 15.40, p < 0.01]
subdomains for the current study’s ASD group.

Parents’ and Teachers’ Reports of ADHD
and Anxiety Symptoms
As presented in Table 1, parent and teacher CRS ratings were
compared, and yielded a significant coder effect [F(3, 247) = 38.53,
p < 0.001, η

2
= 0.32]. For the clinically elevated ADHD

symptoms (Inattention and Hyperactivity/Impulsivity), the
teachers’ CRS scores were lower than the parental CRS. In
contrast, for clinically elevated anxiety symptoms, teachers’ CRS
scores were higher than the parents’. For the clinically elevated
CRS Hyperactivity/Impulsivity and the CRS anxiety scores, the
effect size was medium. However, for the clinically elevated CRS
Inattention scores the effect size was small.

Clinical Presentation of ASD With and
Without Clinically Elevated ADHD and
Anxiety Symptoms
We compared the four defined groups based on the CPRS ADHD
index scores and the anxious-shy scores. The male:female ratio
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did not differ significantly among the groups in a non-parametric
chi-square analysis [χ2

(3)
= 3.18, p > 0.05]. As presented in

Table 2, parental ages at pregnancy and educational attainment
in the four examined groups were not significantly different using
one-wayMANOVAs. Only the ANOVA for the child’s age yielded
a significant main effect, however post-hoc Scheffe analysis did
not reveal any significant difference between each pair of the
groups.

Cognitive Ability
Regarding cognitive ability, using a one-way ANOVA, no group
main effect was found (Table 3).

Adaptive Skills
Regarding adaptive behavior skills, using a one-wayMANOVA, a
group effect was found [F(9, 765) = 3.68, p < 0.001, η

2
= 0.04].

When examining each subdomain separately, the daily living
skills and the socialization subdomains yielded a significant
group main effect with medium effect size (Table 3). For the
DLS subdomain, the ASD alone group had significantly higher

TABLE 1 | Mean standard scores of parent and teacher ratings on CRS

subdomains.

Parents Teacher F(1, 249) η2

CRS IA 65.08 (11.28) 61.26 (11.06) 24.73*** 0.09

CRS HI 62.59 (11.94) 58.18 (11.26) 31.69*** 0.11

CRS Anxiety 61.40 (13.75) 68.25 (13.37) 44.14*** 0.15

CRS, Conners’ rating scales; IA, inattention; HI, hyperactivity/impulsivity. ***p < 0.001.

scores than the ASD+ADHD+anxiety group (p < 0.001); for the
socialization subdomain, the ASD alone group had significantly
higher scores than the ASD+ADHD group (p < 0.01)
and the ASD+ADHD+anxiety group (p < 0.05) (post-hoc
Scheffe).

Autism Severity
We then compared autism severity in the four examined
groups, using the ADI-R scores, which were based on parental
reports, and the ADOS scores, which were based on professional
assessments. Comparing ADI-R subdomain scores between the
four examined groups using a one-way MANOVA revealed a
significant group effect [F(9, 768) = 4.99, p < 0.001, η

2
= 0.05].

Separately examining each ADI-R subdomain using one way
ANOVAs yielded a significant group effect in all ADI-R
subdomains (Table 4). For the social interaction subdomain, the
ANOVA yielded a large effect size. The ASD alone group had
lower scores than the other three groups (0.001 < p < 0.05) and
the ASD+ADHD group had significantly lower scores than the
ASD+ADHD+anxiety group (p< 0.05). For the communication
and RRB subdomains, the ANOVAs yielded medium effect sizes.
For the communication subdomain, only the ASD alone group
had significantly lower scores than the ASD+ADHD+anxiety
group (p< 0.001). For the RRB subdomain, the ASD alone group
had significantly lower scores than the other three examined
groups (0.001 > p < 0.01) (post-hoc Scheffe tests).

Comparing the ADOS-CSS between the defined groups, the
one-way MANOVA yielded a significant group main effect
[F(6, 502) = 2.16, p < 0.05, η

2
= 0.02], however, the separated

ANOVAs for each subdomain did not yield a significant main
effect.

TABLE 2 | Mean scores and standard deviation of demographic variables in the ASD alone, ASD+ADHD, ASD+anxiety, and ASD+ADHD+anxiety groups.

ASD ASD+ADHD ASD+Anxiety ASD+ADHD+Anxiety F µ2

N = 68 N = 76 N = 29 N = 87

Age 6:10 (1:11) 7:4 (1:11) 7:10 (2:1) 7:7 (1:11) 2.83* 0.03

Maternal age 30:4 (4:6) 29:10 (4.00) 30:0 (4:6) 29:8 (4:11) 0.26 0.00

Paternal age 33:8 (6:1) 32:4 (5:0) 32:6 (5:2) 32:4 (5:5) 1.04 0.01

Maternal education 15:6 (2:7) 15:8 (2:4) 14:8 (2:4) 15:4 (3:1) 0.88 0.00

Paternal education 14:8 (2:7) 15:1 (2:6) 14:10 (4:0) 15:1 (3:6) 2.2 0.00

ASD, autism spectrum disorder; ADHD, attention-deficit/hyperactivity disorder. *p < 0.05.

TABLE 3 | Mean scores and standard deviation of IQ and VABS domains in the ASD alone, ASD+ADHD, ASD+anxiety, and ASD+ADHD+anxiety groups.

ASD ASD+ADHD ASD+Anxiety ASD+ADHD+Anxiety F µ2

N = 68 N = 76 N = 29 N = 86

Cognition 90.22 (17.14) 90.41 (22.72) 83.93 (17.77) 84.58 (19.92) 1.71 0.02

VABS communication 86.90 (13.11) 83.10 (16.0) 86.10 (14.12) 81.33 2.20∧ 0.02

VABS DLS 83.23 (9.59) 79.56 (13.02) 78.24 (8.89) 76.03 (12.05) 5.10** 0.06

VABS socialization 80.73 (11.67) 73.90 (11.85) 75.00 (14.08) 70.83 (10.78) 9.25*** 0.10

VABS composite scores 81.59 (10.07) 76.99 (12.03) 78.34 (10.01) 74.57 (10.63) 5.32*** 0.06

VABS, adaptive behavior scales; ASD, autism spectrum disorder, ADHD, attention-deficit/hyperactivity disorder; DLS, daily living skills. ***p < 0.001, **p < 0.01, ∧p < 0.1.
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Correlations Between ADHD and Anxiety
Symptom Severity and the Clinical
Presentation
We examined the correlations of all three CPRS subdomains–
Inattention (IA) Hyperactivity/Impulsivity (HI) and Anxiety,
with VABS, ADI-R, and ADOS CSS subdomain scores (Table 5).
We used continuous scores for these analyses. CPRS subdomains
correlated negatively and significantly with all VABS subdomains
and composite scores (except for CPRS HI and VABS
communication subdomain) and positively with all ADI-R
subdomains. Most correlations were in the medium range. The
correlations of CPRS IA and ADI-R RRB, CPRS HI and VABS
DLS and CPRS anxiety and VABS communication were all in the
small range.

Factors Predicting the Severity of ADHD
and Anxiety Symptoms
To identify variables that contributed to the variance in the CPRS
scores, we applied three five-step hierarchical linear regression
analyses using the CPRS Inattention, Hyperactivity/Impulsivity,
and Anxiety scores as the dependent variables. We used
continuous scores for these analyses. The independent variables
of age and sex were entered in the first step, maternal education
in the second step, cognitive scores in the third step, the ADI-
SI, ADI Communication, and ADI RRB scores in the fourth step,
and the VABS composite score in the fifth step.

Inattention
As presented in Table 6, the first regression analysis with the
CPRS Inattention scores as the dependent variable explained
12.3% of the variance. In the final step, when all predictors

were entered together, only sex and VABS composite scores were
significant independent predictors over and above all the other
variables entered.

Hyperactivity/Impulsivity
The second regression analysis with CPRS IH scores as the
dependent variable (Table 7) explained 18% of the variance. In
the final step, when all predictors were entered together, only age
and ADI-R-RBB scores were significant independent predictors
over and above all the other variables entered.

Anxiety
The third regression analysis with CPRS anxiety scores as the
dependent variable (Table 8) explained 18.0% of the variance.
In the final step, when all predictors were entered together,
only age and ADI-R social interaction scores were significant
independent predictors over and above all the other variables
entered.

Predictors of Adaptive Functioning
An additional five-step hierarchical linear regression analysis
using the VABS composite scores as the dependent variable was
applied to identify variables that contributed to the variance in
the child’s adaptive behavior. Independent variables included age
and sex in the first step, maternal education in the second step,
cognitive scores in the third step, ADI-R SI, Communication and
RRB subdomain scores in the fourth step, and CPRS Inattentive,
HI and Anxiety scores in the fifth step. As presented in Table 9,
the total model explained 44.0% of the variance. In the final step,
when all predictors were entered together, age, IQ scores, ADI–R
SI and Communication scores, and CPRS inattention scores were

TABLE 4 | Mean scores and standard deviation of ADOS and ADI-R subdomains in the ASD alone, ASD+ADHD, ASD+anxiety, and ASD+ADHD+anxiety groups.

ASD ASD+ADHD ASD+ Anxiety ASD+ ADHD+Anxiety F µ2

ASD±ADHD

ADOS–SA-CSS 8.14 (1.68) 7.40 (2.13) 8.00 (2.27) 8.11 (1.76) 2.38∧ 0.03

ADOS-RRB-CSS 8.33 (2.29) 8.40 (1.92) 7.55 (2.57) 8.26 (1.82) 1.26 0.01

ADI-R SI 9.59 (5.26) 12.33 (5.70) 13.34 (6.00) 15.10 (5.72) 12.43*** 0.13

ADI-R communication 8.96 (4.00) 10.85 (4.33) 10.44 (4.66) 12.19 (4.81) 6.8*** 0.07

ADI-R RRB 4.23 (2.56) 5.78 (2.67) 6.21 (2.68) 6.52 (2.84) 9.70*** 0.10

ADOS, autism diagnosis observation schedule; ADI-R, autism diagnostic interview-revised; ASD, autism spectrum disorder; ADHD, attention-deficit/hyperactivity disorder; SA, social

affect; RRB, restricted repetitive behavior; CSS, calibrated severity scale; SI, social interaction. ***p < 0.001, ∧p < 0.1.

TABLE 5 | Correlations of CPRS subdomains scores with VABS, ADI–R, and ADOS subdomain scores.

VABS VABS DLS VABS VABS ADI-R SI ADI-R ADI-R RRB ADOSSA ADOS RRB

communication socialization composite communication CSS CSS

CPRS IA −0.24*** −0.28*** −0.27*** −0.30*** 0.23** 0.26*** 0.15** −0.05 0.05

CPRS HI −0.10 −0.17** −0.30*** −0.20*** 0.27*** 0.27*** 0.38*** −0.01 0.03

CPRS anxiety −0.13* −0.23*** −0.30*** −0.22* 0.34*** 0.28*** 0.28*** −0.08 −0.09

CPRS, Conners’ parents’ rating scales; VABS, adaptive behavior scales; ADI-R, autism diagnostic interview–revised; ADOS, autism diagnosis observation schedule; IA, inattention,

HI, hyperactivity/impulsivity; DLS, daily living skills; SI, social interaction; RRB, restricted repetitive behavior; SA, social affect; CSS, calibrated severity scale. ***p < 0.001, **p < 0.01,

*p < 0.5.
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TABLE 6 | Linear regression model for the CPRS inattentive scores.

Variable B SE.B β R2
1R2

Step 1 0.04** 0.04**

Sex 6.47 2.24 0.19**

Age −0.01 0.03 −0.02

Step 2 0.04* 0.00

Sex 6.47 2.24 0.19**

Age −0.01 0.03 −0.02

Maternal education 0.12 0.28 0.03

Step 3 0.04* 0.00

Sex 6.23 2.26 0.18**

Age −0.01 0.03 −0.02

Maternal education 0.16 0.27 0.04

Cognition −0.03 0.04 −0.06

Step 4 0.09*** 0.05**

Sex 6.76 2.23 0.20***

Age −0.02 0.03 −0.05

Maternal education 0.10 0.28 0.02

Cognition −0.01 0.04 −0.02

ADI-R–SI 0.18 0.18 0.09

ADI-R–communication 0.40 0.22 0.16*

ADI-R–RRB 0.04 0.31 0.01

Step 5 0.12*** 0.03**

Sex 6.62 2.20 0.20***

Age −0.03 0.03 −0.07

Maternal education 0.14 0.28 0.03

Cognition 0.04 0.04 0.06

ADI-R–SI 0.06 0.18 0.03

ADI-R–communication 0.30 0.22 0.12

ADI-R–RRB 0.04 0.30 0.01

VABS composite scores −0.23 0.09 −0.22**

CPRS, conners’ parents’ rating scales; ADI-R, autism diagnostic interview–revised; SI,

social interaction; RRB, restricted repetitive behavior; VABS, adaptive behavior scales.

***p < 0.001, **p < 0.01, *p < 0.5.

significant independent predictors over and above all the other
variables entered.

DISCUSSION

Prevalence of Clinically Elevated ADHD
and Anxiety Symptoms
The current study found an increased frequency of clinically
elevated ADHD symptoms (62.7%) as reported by the
parents in a large, well-characterized group diagnosed with
ASD. Both clinically elevated ’inattention’ symptoms and
’hyperactivity/impulsivity’ symptoms were documented at
high rates in the ASD group (67 and 57% respectively). These
findings were emphasized when comparing the current study’s
ASD group with the CRS manual’s non-clinical group. This
was in accordance with our hypothesis. The current study
supported previous studies that reported higher ADHD
symptom frequencies (16–85%) in ASD (5–7, 9, 25).

TABLE 7 | Linear regression model for the CPRS HI scores.

Variable B SE.B β R2
1R2

Step 1 0.03* 0.03*

Sex 1.05 2.36 0.03

Age 0.08 0.03 0.17**

Step 2 0.03* 0.00

Sex 1.07 2.36 0.03

Age 0.08 0.03 0.17**

Maternal education 0.16 0.30 0.03

Step 3 0.04* 0.01

Sex 1.37 2.38 0.04

Age 0.08 0.03 0.17**

Maternal education 0.11 0.30 0.02

Cognition 0.04 0.04 0.07

Step 4 0.18*** 0.14***

Sex 3.04 2.23 0.09

Age 0.07 0.03 0.15**

Maternal education −0.05 0.28 −0.01

Cognition 0.08 0.04 0.14**

ADI-R–SI 0.08 0.18 0.04

ADI-R–communication 0.25 0.22 0.09

ADI-R–RRB 1.33 0.31 0.32***

Step 5 0.18 0.00

Sex 3.00 2.23 0.08

Age 0.07 0.03 0.15**

Maternal education −0.04 0.28 −0.01

Cognition 0.10 0.04 0.17**

ADI-R–SI 0.04 0.18 0.02

ADI-R–communication 0.21 0.22 0.08

ADI-R–RRB 1.32 0.31 0.32***

VABS composite score −0.08 0.09 −0.07

CPRS, conners’ parents’ rating scales; HI, hyperactivity/impulsivity; ADI-R, autism

diagnostic interview–revised; SI, social interaction; RRB, restricted repetitive behavior;

VABS, adaptive behavior scales. ***p < 0.001, **p < 0.01, *p < 0.5.

In addition, increased frequency of clinically elevated anxiety
symptoms (44%) was found in the entire ASD group of the
current study. These findings were emphasized when comparing
the current study’s ASD group with the CRS manual’s non-
clinical group. The clinically elevated anxiety symptoms are in
accordance with previous reports (24, 27) and with our initial
hypothesis. Furthermore, the ASD participants with clinically
elevated ADHD symptoms in the current study had almost twice
the frequency of clinically elevated anxiety symptoms (53%) than
the participants with ASD without ADHD symptoms (29.8%).
Craig et al. (27) also reported similar findings in a subgroup of
ASD and ADHD.

Parents’ and Teachers’ Reports
Differences in informant reports of clinically elevated ADHD and
anxiety symptoms were also of interest. Parents reported more
severe ADHD symptoms, while teachers reported more severe
anxiety symptoms. This can be explained as almost one third
of the study participants received medication for ADHD, which

Frontiers in Psychiatry | www.frontiersin.org 7 December 2018 | Volume 9 | Article 717123

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


Avni et al. ADHD and Anxiety in ASD

TABLE 8 | Linear regression model for the CPRS anxiety scores.

Variable B SE.B β R2
1R2

Step 1 0.04** 0.04

Sex −3.44 2.75 −0.08

Age 0.10 0.04 0.18**

Step 2 0.05** 0.01

Sex −3.47 2.75 −0.08

Age 0.11 0.04 0.19**

Maternal education −0.42 0.35 −0.08

Step 3 0.07** 0.02**

Sex −4.22 2.74 −0.10

Age 0.10 0.04 0.18**

Maternal education −0.30 0.35 −0.06

Cognition −0.10 0.05 −0.15**

Step 4 0.18*** 0.11***

Sex −3.10 2.62 −0.07

Age 0.08 0.04 0.13*

Maternal education −0.44 0.33 −0.08

Cognition −0.06 0.04 −0.08

ADI-R–SI 0.50 0.21 0.20**

ADI-R–communication 0.32 0.25 0.10

ADI-R–RRB 0.46 0.36 0.09

Step 5 0.18*** 0.00

Sex −3.12 2.62 −0.07

Age 0.07 0.04 0.13

Maternal education −0.44 0.33 −0.08

Cognition −0.05 0.05 −0.08

ADI-R–SI 0.48 0.22 0.20**

ADI-R–communication 0.31 0.26 0.10

ADI-R–RRB 0.46 0.36 0.09

VABS composite scores −0.02 0.11 −0.02

CPRS, conners’ parents’ rating scales; ADI-R, autism diagnostic interview–revised; SI,

social interaction; RRB, restricted repetitive behavior; VABS, adaptive behavior scales.

***p < 0.001, **p < 0.01, *p < 0.5.

decreased symptom severity in the structured school setting. In
contrast, the school environment provides more stressful social
situations, which may lead to more noticeable anxiety symptoms.
Therefore, we chose to use only the parental reports for the
assessment of comorbidities (see Limitations).

Llanes et al. (36) compared parents’ and teachers’ reports
on ADHD and anxiety symptoms in preschool and school-aged
children, and found a low concordance between these informers,
with teachers reporting fewer problems overall.

Clinical Presentation
Autism Severity
When looking at ASD with and without specific comorbidities
(ADHD and/or anxiety), the subgroup of ASD without comorbid
symptoms showed less severe autism symptoms in comparison
to the subgroup of ASD with ADHD and/or anxiety. These
differences were noted only by parental reports on the ADI-
R (socialization, communication, and RRB) with a large effect
size, but were not found in the professionals’ observations

TABLE 9 | Linear regression model for the VABS composite scores.

Variable B SE.B β R2
1R2

Step 1 0.04** 0.04**

Sex −1.54 2.09 −0.05

Age −0.08 0.03 −0.18**

Step 2 0.04** 0.00

Sex −1.52 2.09 −0.05

Age −0.08 0.03 −0.18**

Maternal education 0.32 0.26 0.08

Step 3 0.24*** 0.20***

Sex 0.18 1.88 0.01

Age −0.07 0.03 −0.17**

Maternal education 0.06 0.24 0.01

Cognition 0.24 0.03 0.45***

Step 4 0.42*** 0.18***

Sex −0.60 1.67 −0.02

Age −0.04 0.02 −0.10*

Maternal education 0.16 0.21 0.04

Cognition 0.19 0.03 0.37***

ADI-R -SI −0.54 0.13 −0.29***

ADI-R-communication −0.43 0.16 −0.18**

ADI-R-RRB −0.02 0.23 −0.01

Step 5 0.44*** 0.02*

Sex 0.34 1.70 0.01

Age −0.05 0.02 −0.11*

Maternal education 0.18 0.21 0.04

Cognition 0.19 0.03 0.36***

ADI-R–SI −0.52 0.13 −0.28***

ADI-R–communication −0.38 0.16 −0.16**

ADI-R–RRB −0.06 0.24 −0.01

CPRS Inattention −0.18 0.06 −0.16**

CPRS HI 0.03 0.06 0.03

CPRS Anxiety 0.01 0.04 0.01

VABS, adaptive behavior scales; ADI-R, autism diagnostic interview–revised; SI, social

interaction; RRB, restricted repetitive behavior; CPRS, conners’ parents’ rating scales;

HI, hyperactivity/impulsivity. ***p < 0.001, **p < 0.01, *p < 0.5.

(ADOS). One possible explanation is that children with ASD
and comorbidities (ADHD and/or anxiety) exhibit aberrant
behaviors at home more than children with ASD without
these comorbidities. They may be less attentive, need more
support and have more difficulties in change of routines, and
consequently are harder to raise. Therefore, they are potentially
perceived by their parents as having more severe “autism” than
children with only ASD. The professional assessment using
the ADOS focuses on specific behaviors in a stimulating and
interesting setting and is less affected by ADHD or anxiety-
related behavior problems. In addition, the ADOS is a relatively
short “snapshot” in real time of a child’s observed behaviors
in a quiet clinical room 1:1 with a professional. The ADI-
R, on the other hand, is based on information given by the
child’s parents, and includes the child’s overall behavior in the
“real world,” providing a broader picture than the time-specific
ADOS. These findings are in accordance with previous research
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(14, 37) which suggested that the difference between parental
reports and professional assessments in regard to autism severity
when clinically elevated ADHD symptoms are present, might be
explained by a possible bias of the professional’s observation, who
may rate ASD symptoms as less severe because some of these
symptoms are attributed to the co-morbid ADHD symptoms.
These findings were in partial accordance with our hypothesis,
as having comorbidities was associated with more severe autism
symptoms only as reported by the parents, and having more than
one comorbidity was not associated with greater autism severity.

Adaptive Skills
Regarding adaptive skills, having ASD with clinically elevated
ADHD symptoms was associated with greater impairments
in socialization adaptive skills. Only the subgroup with ASD
and the two comorbidities was associated with poorer daily
living adaptive skills. These findings partially supported our
hypothesis, as not all the adaptive skills domains were associated
with the comorbidities. However, having two comorbidities was
associated with more adaptive functioning domains, albeit with a
medium effect size. The current research is in line with previous
findings that individuals with ASD and ADHD have a tendency
toward greater impairments in adaptive functioning in all the
VABS subdomains as compared to those with only ASD (2, 37,
38).

Cognitive Ability
Although ASD with clinically elevated symptoms of ADHD
and/or anxiety was associated with lower adaptive skills
functioning, surprisingly and not in accordance with our
hypothesis, it was not associated with lower cognitive ability.
Other studies found more impairments in verbal and non-
verbal abilities, spatial working memory, response inhibition and
executive functions in ASD with ADHD (37, 38). A lack of
association between clinically elevated ADHD and/or anxiety
symptoms and cognitive ability may be explained by the notion
that cognition is an innate ability, which theoretically is not
affected by comorbidities. The diagnosis center’s team has a great
deal of experience working with children with ASD, and it may be
that they were able to help the children reach their best potential
in terms of cognitive ability.

Regarding our third aim, in accordance with our hypothesis,
the severity of clinically elevated ADHD and anxiety symptoms
were associated with more severe autism symptoms and poorer
overall functioning.

Predictors of ADHD and Anxiety Symptom
Severity
Our Forth aim was to assess which variables added to the severity
of Inattention, Hyperactivity/Impulsivity, and anxiety symptoms
individually. For Inattention symptom severity, the regression
model explained 12.3% of the variance. Being a female and having
lower adaptive skills scores were greater predictors of higher
severity of Inattention symptoms, beyond the contribution of age,
parental educational attainment, cognition, and autism severity.
It is possible that lower functioning is associated with the severity
of inattention as perceived by parents. The finding regarding

females is important and should be further examined in future
studies on inattention in a subgroup of females with ASD.
For Hyperactivity/impulsivity symptom severity, the regression
model explained 18.5% of the variance. Being older, having
greater cognitive abilities and more severe RRB symptoms were
greater predictors of higher severity of HI symptoms, beyond
sex, parental educational attainment, adaptive skills, and autism
severity in the social interaction and communication domains.
It may be that ADHD is easier to diagnose in older children
with greater cognitive abilities. In addition, RRB symptoms may
overlap with HI symptoms (i.e., motor stereotypies, repetitive
behaviors), and therefore children with more RRB symptoms
will be perceived as having more HI symptoms. For anxiety
symptom severity, the regression model explained 21% of the
variance. Being older and having more severe social impairments
were greater predictors of higher anxiety scores, beyond sex,
parental educational attainment, adaptive skills, and autism
severity in the communication and RRB domains. This may
reflect that anxiety symptoms are more easily recognized in
older children. Social impairments and anxiety symptoms often
overlap or augment each other. Overall our hypothesis regarding
the association between the comorbidities and cognitive level,
autism severity and adaptive functioning was partially supported,
as each comorbidity was associated with different factors.

Predictors of Adaptive Functioning
Adaptive functioning refers to behaviors critical in everyday life
in terms of communication, socialization, daily living, and motor
skills. Adaptive skills are one of the most important measures in
evaluating functioning in ASD, as they reflect the generalization
of acquired skills in everyday life. Therefore, we thought it
important to identify the variables that may predict overall
adaptive skills by using regression models as outlined in our Fifth
aim. For overall level of adaptive skills, the regression model
explained 44% of the variance. Younger age, better cognition,
less severe social and communication impairments, and less
severe inattention symptoms, all as reported by parents were
greater predictors of better overall adaptive skills, beyond sex,
maternal education, autism severity in the RRB domain, and
the severity of HI and anxiety symptoms. These findings suggest
that in ASD, in addition to the role of cognitive ability and
autism severity, the severity of inattention symptoms adversely
relates to the overall adaptive functioning. Interestingly, only the
severity of Inattention and not that of Hyperactivity/impulsivity
or anxiety contributed to lower adaptive functioning, over and
above other ASD-related characteristics. These findings partially
support our hypothesis, as only inattention symptoms but
not HI and anxiety symptoms predicted the level of adaptive
skills.

Strengths and Limitations
The current study has several strengths. One is the large
sample size of a well-characterized ASD sample. The
sample contained both males and females. There were no
significant differences between the four examined groups
in any demographic parameters. The assessment of ASD
was conducted using gold standard tests (ADI-R; ADOS)
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and ADHD and anxiety symptomatology were obtained
using standardized questionnaires (CRS). The use of these
comprehensive assessments promotes a broader understanding
of the clinical presentation in the subgroup diagnosed with ASD
and ADHD and/or anxiety.

This study has several limitations. There is a lack of a
control group of children with neither ASD nor comorbidities;
in the future, it will be important to design such a study. In
addition, there were missing data points for some participants
in the cognitive test scores (28) and the ADOS severity
scores (5). Severity of symptoms of ADHD and anxiety was
based on standardized questionnaires, which allowed for the
quantification of a continuous variable, and not on the clinical
diagnosis of these disorders. We compared parents’ and teachers’
CRS scores, but used only the parental CRS to examine
the relationship between the severity of ADHD and anxiety
symptoms and the levels of autism severity, cognitive ability
and adaptive skills. Since more than a quarter of our study
participants were previously diagnosed with ADHD, and many
were treated with medications during the school day, the parents’
reports were used to avoid the potential effects of medication on
the reported severity of the ADHD symptoms. Previous research
has used only parental CRS as well (25). Indeed, teachers’ reports
were less severe than the parents’ in terms of ADHD symptoms.
However, the teachers reported more severe anxiety symptoms as
compared to the parents, and this was not reflected in the analyses
that were based on parental reports. Finally, the anxiety subscale
of the CSR was used to assess anxiety, instead of a specific anxiety
questionnaire.

Study’s Significance
The novelty of the current study is that it is the first to
examine the relationship between having ADHD and/or anxiety
in ASD and the clinical presentation in autism severity, adaptive
skills and cognitive ability. In addition, the current study
investigated for the first time which variables are associated
with symptoms of inattention, hyperactivity/impulsivity and
anxiety in ASD. Finally, the study addressed which variables may
comprehensively affect adaptive skills in ASD by considering the
contribution of ADHD and anxiety co-morbidities in addition to
more traditional variables, such as the child’s age, sex, cognitive
ability, and autism severity. This led to the unique finding that
only a specific ADHD symptom—inattention—contributes to
lower adaptive functioning in ASD.

This study has theoretical significance. The very high
frequency of ADHD symptoms in over two thirds of the ASD
group suggests that some of the symptoms of both disorders
may overlap. ASD and ADHD are described with similar
brain abnormalities in specific regions, including the medial
frontal and prefrontal cortex, which play an important role
in executive functions (39), and reduced activation in the
striato-thalamic region, prefrontal, and parietal cortex (40). Our
finding of the significant co-occurrence of ADHD symptoms
in ASD, along with the CNS abnormalities in both disorders,
implies a common neurobiological origin. Significant anxiety
symptoms may aggravate certain ASD symptoms, such as

social withdrawal, avoidance of exposure to different stimuli,
and increased ritual/stereotypic behaviors, which may affect
overall functioning. Therefore, it is possible that there may
be overlap between symptoms of ASD and anxiety. Structural
and functional abnormalities of the amygdala were found in
ASD (41), suggesting more extensive impairment and more
biological insults, which may manifest in a more severe clinical
presentation.

Implications and Future Research
The study has several clinical implications. In light of the
finding that ADHD and anxiety symptoms are related to poorer
adaptive behaviors and to more severe autism symptoms as
perceived by the parents, it is highly important during the ASD
diagnostic process to assess ADHD and anxiety symptomatology.
Since having ADHD and/or anxiety symptoms with ASD is
associated with parents’ negative perceptions of their child’s
functioning, parents should be provided with support and
guidance.

In addition, since many children in this study were diagnosed
first with ADHD and only later with ASD, it may be that
the professionals were influenced by the dominant ADHD
symptoms and they associated the social communication and
RRB symptoms with the ADHD diagnosis. A very important
takeaway for developmental behavioral pediatricians, pediatric
neurologists and child psychiatrists is to consider a possible
diagnosis of ASD when a young child exhibits significant ADHD
symptomatology and when there are social difficulties and
evidence for sensory or repetitive restrictive behaviors too.

In light of the study’s findings, it will be important to diagnose
these comorbidities early on in children with ASD, and to
explore effective medical and behavioral interventions to reduce
the impact of these comorbidities, thereby hopefully leading to
improved functioning.

Future studies should further explore the clinical presentation
in females. In addition, it would be interesting to explore the
impact of medication and specific intervention programs to
lower anxiety on the clinical presentation of children with ASD
and ADHD and/or anxiety symptoms. It is also important to
investigate genetic and imaging differences between children
with ASD alone, ASD and ADHD, and ASD, ADHD and
anxiety.
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Co-occurring medical disorders and associated physiological abnormalities in individuals

with autism spectrum disorder (ASD) may provide insight into causal pathways or

underlying biological mechanisms. Here, we review medical conditions that have been

repeatedly highlighted as sharing the strongest associations with ASD—epilepsy, sleep,

as well as gastrointestinal and immune functioning. We describe within each condition

their prevalence, associations with behavior, and evidence for successful treatment.

We additionally discuss research aiming to uncover potential aetiological mechanisms.

We then consider the potential interaction between each group of conditions and ASD

and, based on the available evidence, propose a model that integrates these medical

comorbidities in relation to potential shared aetiological mechanisms. Future research

should aim to systematically examine the interactions between these physiological

systems, rather than considering these in isolation, using robust and sensitive biomarkers

across an individual’s development. A consideration of the overlap between medical

conditions and ASD may aid in defining biological subtypes within ASD and in the

development of specific targeted interventions.

Keywords: autism spectrum disorder, comorbidity, epilepsy, gastrointestinal disorders, immune function, sleep

INTRODUCTION

Autism spectrum disorders (ASD) are a group of complex and heterogeneous developmental
conditions characterized by reduced social interaction and communication, as well as restricted
range of interests and/or stereotypic behaviors (1, 2). Many of the core cognitive and behavioral
symptoms associated with ASD are thought to arise from dysfunction of the central nervous
system (3). However, accumulating and converging evidence across several areas of medicine have
strongly emphasized comorbid medical conditions and associated peripheral/central physiological
abnormalities in children with ASD as providing potential clues to additional etiological factors.
Epidemiological evidence indicates that medical disorders are more prevalent in children
with ASDs compared to children in the general population (4), with further evidence for
specific clusters of medical conditions in ASD (5). Whilst multisystem dysfunction across a
range of organs and physiological systems has been proposed in other brain-based conditions
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(including neurodegenerative disorders, schizophrenia, bipolar
disorder and depression), the elevated incidence of medical
conditions and associated markers of dysfunction appear to be
particularly perturbed in ASD (6). These medical conditions,
and accompanying disabilities, can have significant impacts
on broader development outcomes, social functioning, and
education/employment outcomes. Despite the high prevalence
of medical comorbidities in this population, many of these
conditions are not routinely screened for in ASD evaluations
(7, 8). This may reflect variability in the symptoms expressed by
individuals with varying language capacity as well as the ability
of health professionals to recognize behavioral symptoms that
may be better explained by other medical conditions. In addition
to better medical treatment, the increasing understanding of
systemic abnormalities in ASD may provide clues to etiological
factors as well as identifying biological pathways for more
targeted and effective treatments.

Prevalence estimates of medical comorbidities vary greatly
depending on the population studied. One of the largest studies
of hospital records of children and young adults with ASD
in the US found that prevalence estimates of a range of
co-morbid disorders, particularly gastrointestinal and seizure
disorders, greatly exceeded that compared to the general hospital
population (4). Other studies have highlighted greater prevalence
of abnormal neurological findings and clinical neuropathology
in children with ASD (9). Strikingly, reports indicate elevated
mortality ratios of up to 2.4 in ASD (10–12), which is thought
to be due to largely due to complications arising from comorbid
medical conditions (13). Put another way, premature mortality in
individuals with ASDs is over twice the rate of that experienced
by the general population (12, 13). Although prevalence estimates
for some conditions are higher in studies with smaller samples,
the overall evidence suggests that at least 10% of individuals
with ASD present with comorbid medical symptoms that require
formal medical evaluation (4). This has significant implications
for subsequent development, prognosis and treatment plans
for individuals and families as well as the additional pressures
comorbidities place on health care and disability systems to
provide adequate and necessary supports across the lifespan.

There have been several reviews and empirical studies
focusing on specific medical, [e.g., (14–17)], behavioral [e.g., (18–
20)], and genetic [e.g., (21, 22)] comorbidities of ASD. Here, we
review medical disorders that have been repeatedly highlighted
as sharing the strongest associations with ASD—epilepsy, sleep
problems, gastrointestinal disorders and immune dysfunction—
with the purpose of integrating mechanistic theories of their
overlap. For each domain, we describe the prevalence and
associations with behavior and cognition in ASD, before moving
on to focus on work aiming to uncover shared aetiological
mechanisms. A proposed mechanistic model integrating ASD
and these medical comorbidities is then presented. We argue that
a consideration of overlap between medical problems and ASD
will provide insight into shared mechanisms and implications
for treatment, based on proposed models of comorbidity
(Figure 1).

META-SYNTHESIS OF THEORIES
UNDERLYING COMMON MEDICAL
COMORBIDITIES OF ASD

Epilepsy
Prevalence
Epilepsy, defined as two unprovoked seizures of any type, can
be extended out to include multiple disorders with various
etiologies, pathophysiology and outcomes (23). Prevalence of
epilepsy in the general population is between 1 and 2%,
whilst general estimates suggest a prevalence of ∼25–30% in
individuals with ASD by adolescence (24, 25). In particular, two
peak periods of epilepsy onset have been described in ASD—
one in early childhood and a second in adolescence (26, 27),
although prospective longitudinal studies have failed to replicate
this bimodal distribution (28). Rates of ASD are higher in
certain genetic disorders; for example, 47.4% of individuals
with Dravet syndrome meet criteria for ASD, with the main
seizure type being focal seizures manifesting in clusters (29).
Whilst rates of ASD in tuberous sclerosis complex (TSC) are
thought to approach 60%, individuals with TSC often experience
different types of seizures (30, 31). Even in the absence of
diagnosed epilepsy, there is considerable debate concerning
the significance of abnormal electroencephalography (EEG)
findings observed in ASD not associated with clinical seizure
activity (24). A significant proportion of individuals with ASD
display significant EEG paroxysmal abnormalities during sleep
without the presence of clinical seizures, with reports as high
as 60% (32–34). Retrospective studies indicate similar rates
of cognitive impairment and cerebral lesions in ASD patients
with abnormal EEGs with and without epilepsy (27). Due to
this debate, clinical EEGs are not generally recommended as
routine practice for children with ASD unless seizure activity is
suspected.

All seizure types appear to be associated with ASD but vary
in prevalence depending on the population studied (see Table 1).
In a Swedish study, the most prevalent seizures in ASD were
complex partial, atypical absence, myoclonic, and tonic-clonic
seizures (35); by comparison, an American study reported that
generalized tonic-clonic and atypical absence seizures were the
most common in ASD (36). Some more recent studies argue that
complex partial seizures are most prevalent in ASD (27, 34, 37).
Clinically, this latter seizure type is particularly significant as
some symptoms of complex partial seizures may be difficult to
differentiate from common associated behaviors in ASD, such
as not responding to calling name or repetitive movements. Of
significance for clinical intervention, it has also been reported
that treatment-resistant epilepsy is also of particularly high
prevalence in ASD (38). One of the most severe forms of
comorbid epilepsy in ASD is epileptic encephalopathy, a process
whereby the epileptic activity contributes to severe cognitive
and behavioral impairments above and beyond the underlying
pathology alone (39, 40). It is characterized by intractable seizures
as well as frequent ictal or interictal epileptiform activity (39),
which may be idiopathic or syndromic. Infants with epileptic
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FIGURE 1 | Possible models of the association between medical conditions and ASD: (A) Overlap between medical conditions and ASD arises from a common

mechanism; (B) Overlap between medical conditions and ASD arises from the independent pathways or cumulative impact of impairments in two or more

developmental pathways (possibly subgroups of individuals); (C) Overlap between medical conditions and ASD arises from the effect of medical abnormalities on

underling mechanisms, or vice versa. These models are not mutually exclusive and more than one pathway may be involved.

TABLE 1 | Overview of studies examining specific seizure types in individuals with ASD.

Study Sample size Prevalence Subtypes

Steffenburg et al. (35) N = 90, 24 ASD, 53 with at least 1

psychiatric diagnosis.

59% at least 1 psychiatric diagnosis, 27%

ASD, 11% had ASD-like condition.

Complex partial, atypical absence,

myoclonic, tonic clonic.

Tuchman et al. (36) N = 314 ASD, N = 237 dysphasic

non-ASD.

14% of ASD and 8% of dysphasic had

epilepsy.

Generalized tonic-clonic and atypical

absence seizures.

Matsuo et al. (37) N = 519 with epilepsy, N = 79 ASD. 15.2% of sample with epilepsy had ASD. Most frequent type—complex partial

seizures.

Yasuhara (34) N = 1,014 ASD. 37% had epilepsy. Most frequent type—complex partial

seizures.

Parmeggiani et al. (27) N = 345 ASD. 24.9% epilepsy, 45.5% EEG paroxysmal

abnormalities.

Most frequent type—complex partial

seizures.

encephalopathy are at a higher risk for an ASD diagnosis
and lasting cognitive impairments (41). In particular, 19.9% of
children with infantile spasms will have ASD (29).

Of concern, is the increased 2-fold higher mortality rate
in individuals with comorbid ASD and epilepsy compared to
the general population, which is higher still in females with
these comorbidities (11, 13, 42). These studies describe sudden
unexpected death due to epilepsy at a higher frequency than
expected, indicating that these individuals are likely to require
increased medical monitoring to prevent avoidable death over
their lifespan.

Associations With Behavior and Cognition in ASD
Research has suggested that there is a relationship between
specific symptoms and epilepsy in individuals with ASD. Turk
et al. (43) found that a co-morbid diagnosis of ASD and epilepsy
led to greater difficulties in in social interactions with peers
and unusual eye contact. Those with epilepsy also received an
ASD diagnosis later than those who were not diagnosed with
epilepsy. Conversely, other studies have found that increased
frequency of epilepsy has been associated with an earlier age of
ASD diagnosis, higher rates of repetitive object use, and greater
unusual sensory interests (44). Viscidi et al. (45) completed a
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large-scale study showing that children with both epilepsy and
ASD displayed significantly more maladaptive behaviors linked
to ASD. This included a decrease in scores on social cognition,
communication and motivation when compared to ASD patients
without epilepsy. Participants with both epilepsy and ASD also
display higher levels of self-injurious, compulsive and sameness
behaviors. Finally, a meta-analysis of social cognition in epilepsy
and autism and found that rates of impaired facial recognition
and theory of mind were higher in patients with epilepsy and
ASD compared to controls (46). These studies suggest that there
is a link between epilepsy and ASD symptoms and cognitive
correlates. However, the close relationship with IQ suggests a
dynamic interplay between ASD symptoms, and subsequent
diagnostic age, IQ, and epilepsy.

Evidence from meta-analyses confirms an overall greater risk
for epilepsy in children with ASD and intellectual disability
(21.5%) compared to those without comorbid intellectual
disability (8%) (47), as well as an increased risk in children with
ASD and intellectual disability after the age of 12 years (48).
This implies that the neurobiological mechanisms underpinning
common associations between epilepsy and ASD may be derived
from these subgroups within ASD. Other researchers have also
pointed to the relationship between behavioral regression in ASD
and greater incidence of epilepsy (49–51). Berg and Pliophys (52)
suggest that the role of intellectual disability is so vital that it
could explain most, if not all of the relationship between epilepsy
and ASD. In a case study of TSC, the child’s development was
typical until 21 months of age at which seizure onset occurred;
by 24 months of age the child met criteria for both ASD and
intellectual disability (53). Taken together, this suggests that there
is a dynamic interplay between seizures, intellectual disability
and ASD with the onset of seizures playing a significant role in
developmental regression and ASD diagnostic symptoms.

A diagnosis of comorbid epilepsy and ASD is a negative
prognostic indicator, associated with greater risk of poorer
outcomes (54). Children with both conditions report lower
quality of life, score lower on social maturity scales, and exhibit
higher use of psychotropicmedications (26, 55, 56), in addition to
poorer social outcomes (43). A large prospective follow-up study
found significantly higher levels of cognitive impairments in
adults followed from childhood, with seizure frequency reported
to have the most significant impact on individual functioning
(28). Even in children with ASD but without diagnosed epilepsy,
EEG abnormalities and seizures have been associated with greater
reports of aberrant behavior [(57); see Table 2].

Treatment Effects
As epilepsy may contribute to elevated mortality rates in ASD,
appropriate detection and treatment of elevated seizure activity
in individuals with ASD is a clear and urgent treatment need
[(48); see Table 3]. Treatment of children with both epilepsy and
ASD is based on guidelines aimed at treating childhood epilepsy
with anti-epileptic drugs (AEDs), chosen based on seizure
type and response to medication. Research into treatments
that best control seizures in children with ASD is critical,
as some children with ASD appear to be more sensitive to
the side effects of AEDs (24). When epileptiform activity is

TABLE 2 | Overview of studies examining behavior and cognitive differences in

individuals with ASD and epilepsy.

Study Sample size Features in ASD + epilepsy

compared to ASD

Turk et al. (43) N = 60 ASD +

epilepsy, N = 60 ASD.

Higher incidence of motor

difficulties, developmental delays

& challenging behaviors.

Cuccaro et al. (44) N = 577 ASD, N = 64

ASD + epilepsy.

Higher rates of repetitive object

use and unusual sensory

interests.

Viscidi et al. (45) N = 2,645 ASD, N =

139 ASD + epilepsy.

Higher rates of irritability (20%

higher) and hyperactivity (24%

higher).

present, therapeutic interventions to reduce seizure activity
may also improve language outcomes and ASD symptoms
[reviewed in (62)]. Valproic acid, lamotrigine and Levetiacetam
are the mostly highly rated AEDs in terms of effectiveness and
tolerability in ASD, with valproic acid also found to improve
core ASD symptoms (58). While alternative treatments, such
as diets (e.g., ketogenic, modified Atkin’s or gluten and casein
free), have shown some efficacy for treating epilepsy, their
suitability and safety for individuals with ASD require further
study. Recent treatment advances for syndromic ASD may
have particular relevance in improving either or both seizures
and symptoms associated with ASD. For example, mTOR
inhibitor treatment (Everolimus), associated with reduction in
cell proliferation, angiogenesis and glucose uptake, has shown
efficacy for some of the physical manifestations of TSC (63).
In a case series, treatment with Everolimus was associated with
a reduction in the severity and frequency of seizures, as well
as improvements in repetitive behavior and social contact (59),
although a recent study showed limited effect of everolimus
on neuropsychiatric features in children (60). Furthermore,
vigabatrin is recommended for children with infantile spasms
and TSC, linked to improved later outcomes, including a decrease
in adverse cognitive and behavioral outcomes such as ASD
(61). Such treatment effects may help to explain the underlying
pathophysiology and interaction between genetic mutations,
epilepsy and ASD, for example, through normalization of altered
brain activity and excitatory/inhibitory balance (see section
Aetiological Mechanisms).

Aetiological Mechanisms
Seizure disorders can be due to many causes, including acute
or chronic focal or diffuse brain pathology, genetic mutations,
metabolic causes, or idiopathic reasons; as such, attempts to
identify common causal pathways between ASD and epilepsy
have proven to be a complex endeavor. While a number of
reports have suggested common neuropathology in children
with ASD and epilepsy (64), the vast majority of evidence
suggests that epilepsy is not causal to the development of ASD,
although the notable exception may be in the case of infants
with an epileptic encephalopathy (see section Prevalence). It
has been hypothesized that comorbidity of these conditions
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TABLE 3 | An overview of different therapeutic approaches to treating epileptic symptoms in ASD.

Studies Therapeutic approach Benefits of therapeutic approach Caveats of therapeutic approach

Frye et al. (58) Anti-epileptic drugs (AEDs; e.g., Valproic acid,

lamotrigine, levetiracetam and ethosuximide)

Improvement in seizures and limited impact on

other clinical factors

Rate of side effects higher for AEDs compared

to non-AED treatments

Frye et al. (58) Ketogenic diet Improvement in seizures, favorable effects on

sleep, communication, behavior, attention and

mood

Low incidence of adverse effects

Can result in severe acidosis

Kilincaslan et al. (59)

Krueger et al. (60)

mTOR inhibitor (Everolimus) Reduction in severity and frequency of

seizures, improvements in repetitive behavior

and social contact (59)

Limited effect on neuropsychiatric features (60)

Bombardieri et al. (61) Vigabatrin Decrease in adverse cognitive and behavioral

outcomes

Only indicated in patient with TSC and infantile

spasms

reflects shared neurodevelopmental pathways or common
etiopathologies (65), such as abnormalities in synaptic plasticity
and excitatory/inhibitory imbalance early in development and/or
shared multiple genome variants (25, 40).

Many candidate genes associated with ASD and epilepsy
are involved in synaptic formation and maintenance (e.g.,
NRXN1, CNTNAP2) and GABAergic neurotransmission [e.g.,
ARX, Mecp2; for review see (66)]. The possibility of common
genes is especially pertinent for those with intellectual disability.
Recurrent structural abnormalities are shown at 15q13.3,
16p13.11, and 16p13.3 in patients with epilepsy, which overlap
with genomic hotspots reported in ASD and ID (47, 67, 68).
Likewise, copy number variations (CNVs) identified in patients
with epileptic encephalopathies (Landau-Kleffner syndrome
and continuous spike-wave during slow-wave sleep syndrome)
corresponded to genomic regions or genes associated with ASD
or related behaviors, particularly those encoding cell adhesion
proteins (69).

The association between genetic disorders, epilepsy and ASD
could provide a further indication of the aetiological mechanisms
underlying ASD and epilepsy (40). Genetic disorders associated
with epilepsy, such as TSC, Dravet syndrome and Angelman
syndrome, have been linked to higher rates of ASD (30, 70–72).
For example, TSC is caused by a mutation of TSC1 or TSC2 that
disrupt the mTOR pathway and is characterized by multisystem
growths of tumor-like lesions called hamartomas, which can
affect a wide-range of bodily systems. Cortical tubers and
peritubular cortex act as epileptogenic foci which increase the risk
of epilepsy up to 90% and are linked to intellectual impairment
and behavioral disturbances including ASD (70, 73). Likewise,
Dravet syndrome (severe myoclonic epilepsy in infancy) is
often caused by mutations in the SCN1A gene, which regulates
movement of sodium ions, helping to propagate electrical
signals along neurons (74). Dravet syndrome is associated
with prolonged refractory seizures within the first year of life
and later cognitive impairment, motor deficits and behavioral
disorders such as ASD (71). Duplications on chromosome
15q11.3-q13.1 (Dup15q syndrome) lead to overexpression of
several genes, including those involved in GABA transmission
and are associated with high risk for early onset epilepsy,
ASD and intellectual disability (75). The association between

ASD and epilepsy within genetic syndromes may help to
identify a shared etiology, whereby disruption downstream of
the genetic mutation affects both epileptogenesis and behavior
[for review see (76)]. The genes implicated in several of these
syndromes are associated with synaptic function. The diverse
genetic etiologies identified may therefore converge by altering
excitatory/inhibitory balance in the cerebral cortex, due to defects
in GABAergic fibers of GABA-receptor function (77).

Despite many common associations found in both disorders,
there is a limited amount of evidence investigating shared
environmental and/or neuroinflammation pathways leading
to comorbid epilepsy and ASD, for example advanced
maternal/paternal age (78) or increased activation of
astroglia/microglia in children with ASD (79) or epilepsy
(80).

Summary
The well-documented overlap between ASD and epilepsy points
toward shared aetiological mechanisms. Current findings do not
suggest a causative role for epilepsy and abnormal epileptiform
activity in the development of ASD; rather, presence of
comorbid conditions predicts poorer prognostic outcome in
individuals, and as such, indicates need for greater monitoring
and interventions for associated factors. Research to date has not
yet been able to fully determine the anatomical or molecular
causes of why these conditions converge, as it is difficult to
distinguish the effects of the underlying pathology from the
neurological effects of the seizures themselves (25).

Sleep Problems
Prevalence
Sleep problems occur in a significantly higher proportion of
children with ASD compared to typically developing children
and children with other developmental delays (81). Prevalence
estimates range between 50 and 80% as compared with 9–50% of
typically developing children (81–84). These sleep disturbances
not only affect daytime functioning but impact on the quality of
life of the whole family (85).

A range of sleep disorders may be present in children
with ASD, including insomnia (including difficulties with sleep
initiation, duration, consolidation, or sleep quality, bedtime
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resistance, night awakenings, or inability to sleep independently),
sleep disordered breathing (that is, disorders related to airway
obstruction, including obstructive sleep apnoea), parasomnias
(including nightmares, wake screaming, complex movements,
and dreams), and sleep related movement disorders (for
example, rhythmical movement disorder and restless legs
syndrome). Using parental reports, Goldman and colleagues
found that younger children with ASD experienced more sleep
anxiety, bedtime resistance, night wakefulness, and parasomnias;
adolescents, however, tended to have more difficulty falling
asleep, getting enough sleep, and experiencing daytime sleepiness
(86). Actigraphy data confirms this, with children with ASD
experiencing greater latency to fall asleep, longer periods of
awakenings, and more night-time activity compared to typically
developing children (87). Data from overnight polysomnography
also demonstrates shorter sleep times and lower rapid eye
movement (REM) sleep in children with ASD (88). Overall,
insomnia (difficulty falling asleep and staying asleep) appears to
be the most reliably observed phenomena to characterize sleep
disturbances across the spectrum [(89–91); see Table 4].

Associations With Behavior and Cognition
Sleep has a vital role to play in child development as it serves
multiple functions, such as energy conservation, brain growth,
cognition and memory consolidation (15). The relationship
between behavior in ASD and sleep dysfunction are likely
to be bi-directional; whilst challenging daytime behaviors
and associated comorbid conditions (e.g., attention deficit
hyperactivity disorder (ADHD), anxiety and depression)
contribute to sleep difficulties (see also section Treatment
Effects), inefficient sleep can exacerbate or promote ASD
behaviors. For example, sleep disorders are predictive of
symptom severity in children with ASD (92, 93), including
the level of social interaction difficulties (94). Different sleep
problems appear to be differentially related to behavioral
difficulties. For example, decreased sleep duration (and
associated daytime sleepiness) has been associated with
increased severity of core ASD symptoms such as repetitive
behaviors and social communication difficulties, as well as
pronunciation of more specific features such as failure to
develop peer relationships and adherence to non-functional
routines or rituals (95). Sleep onset delay is associated with
stereotyped behaviors and social interaction deficits, but not
communication deficits (96), while parasomnias has been linked
to symptom severity, communication problems and an increased
in stereotyped behaviors (96). Alterations in specific sleep
stages may also be associated with different ASD phenotypes;
prolonged REM latency has been associated with regression
(97). Other maladaptive behaviors, such as self-injury, tantrums
and aggression, are associated with shorter sleep durations in
ASD (15), and children with ASD with poorer sleep quality also
have higher rates of internalizing and externalizing behavioral
disorders and lower levels of adaptive functioning (98, 99).

Sleep disorders may be caused by core ASD symptoms;
for example, children may have reduced sensitivity to
environmental cues that help signal the sleep/wake circadian
systems, perseverate on activities or thoughts that may interfere

with sleep onset or promote nocturnal awakenings, have limited
communication to understand parental expectations for bedtime,
or have more challenging behaviors such as hyperactivity or
environmental hypersensitivities that may preclude ability
to settle down to sleep (100). However, comorbidities such
as anxiety or depression may also contribute; in typically
developing children, sleep disorders are often related to anxiety
and depression (15, 101). Children with ASD are especially
vulnerable to co-occurring psychopathologies with prevalence
rates ranging from 25 to 70% within the ASD population (18).
For example, insomnia can be a consequence of elevated levels of
anxiety in individuals with ASD (102), and higher percentage of
time spent in REM sleep is associated with greater internalizing
behavior in ASD (103). Interestingly, melatonin treatment may
alleviate symptoms of both insomnia and anxiety in ASD (104),
supporting a shared etiology.

Rates of co-occurring ASD and ADHD are also high, with the
prevalence of ADHD symptoms in individuals with ASD ranging
from 40 to 70% (105). The key symptoms of ADHD, inattention
and hyperactivity, can have an impact on both an individual’s
ASD symptoms and thus the development of a sleep disorder
(85). It has been hypothesized that symptoms of sleeplessness do
not always manifest as sleepiness but as overactivity, which at
extreme levels can be classified as hyperactivity (85). Interestingly
research has shown that melatonin treatment can also have a
positive effect on reducing both sleep disorder and hyperactivity
(104), suggesting that insufficient sleep may result in behavioral
symptoms often seen in patients with co-morbid ASD and
ADHD.

Treatment Effects
Potential treatments for sleep disturbances range from behavioral
to pharmacological, with the goal to not only improve sleep
quality and daytime functioning but also reduce caregiver stress
(106). Although a number of behavioral and medical sleep
interventions are available, only melatonin appears to have been
systematically investigated for its efficacy in ASD (107, 108).
The summary evidence for melatonin supplementation for sleep
problems in ASD suggests significantly improved sleep duration
and sleep onset latency compared to placebo, and significantly
improved daytime behaviors, with minimal side effects (107,
108). Because sleep deprivation can contribute to emotional
reactivity and interpretation of nonverbal social cues (109, 110),
sleep disturbances and daytime sleepiness may also contribute
to efficacy of daytime behavioral interventions or impact on
educational outcomes.

Conversely, it has also been argued that medications often
prescribed to treat symptoms such as anxiety in individuals with
ASD may negatively influence sleep. For example, it has been
suggested that anti-psychotics and serotonin reuptake inhibitors
(SSRIs) may disrupt the sleep cycle and thus have a role to
play in sleep disorder (111). Some medications also increase risk
of metabolic side effects like obesity (112); rates of overweight
and obesity are increased in children with ASD, particularly
those with co-occurring sleep disorders (113). The mechanisms
and directional impact of sleep problems and treatment in ASD
therefore remain complex.
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TABLE 4 | An overview of sleep difficulties in individuals with ASD.

Source Sample size Methodology Prevalence Sleep disturbance

Goldman et al. (86) N = 1,859 ASD Parent-report questionnaire 67.3% categorized as good sleepers,

31.5% as bad sleepers

Younger children had sleep anxiety bedtime

resistance, night waking and parasomnias.

Adolescents had problems with falling asleep,

getting enough consistently and daytime

sleepiness

Souders et al. (87) N = 59 ASD, N = 40

Controls

Actigraphy 66% in ASD group had moderate

sleep disturbances compared to 45%

mild sleep disturbance in controls

Behavioral insomnia sleep-onset type

Buckley et al. (88) N = 60 ASD, N = 15

Controls

Overnight polysomnographic

recording

– Shorter total sleep time and smaller REM sleep

percentage

Baker et al. (90) N = 34 ASD, N = 27

Controls

Sleep questionnaire, sleep diary,

and actigraphy

Three times more likely to report sleep

problems compared to controls

Decreased sleep efficiency and fatigue

Aetiological Mechanisms
Development of a circadian rhythm has a vital role to play
in the development of a competent sleep cycle, controlling
different biological rhythms within a 24-h period and
modified by both internal and external factors. It is thought
that this rhythm regulates both biological and behavioral
functions and how an individual can anticipate and adapt
to environmental changes (114). When the circadian cycle is
dysregulated by underlying alterations in neurophysiological
and neurochemistry, an individual can be vulnerable to
sleep disorders and physiological disturbances (15, 114).
Neurochemistry factors involved in normal sleep include
neurotransmitters such as GABA (115), serotonin, andmelatonin
(116).

Genes known to be associated with the human circadian
clock have an important role to play in controlling sleep phase
and duration (117) and have a widespread physiological effect
on mood, cognition and reward-related behaviors. Mutations
in clock genes have been implicated in ASD, thus resulting in
the dysregulation of the circadian cycle (114, 118). For example,
mutations in the Per1 and NPAS2 clock genes are associated with
ASD and related to the morningness-eveningness phenotype
(119, 120), and missense changes in six clock genes have been
identified in individuals with ASD and sleep problems (118). In
addition, the SCN controls the sleep-wake cycle by stimulating
the pineal gland to produce melatonin through expression of
melatonin-related genes (TPH2, DDC, AANAT, ASMT). Altered
melatonin production appears to be feature of children with
ASD, including below average physiological levels of melatonin
or its metabolites and abnormal coupling of melatonin with the
circadian rhythm (107). For example, studies have shown that
variations in AMST are associated with decreased melatonin
production in ASD (116). Exposure to external environmental
factors, such as morning light and external clocks may also
contribute to disruptions in sleep cycles. Some individuals with
ASD may exhibit variations in light sensitivity, thus leading
to a possible misalignment between the circadian phase and
light/dark cycle (121). Bidirectional associations between genetic
and environmental factors, as well as co-occurring behaviors, are
likely to affect underlying biological networks involved in sleep
(Figure 2).

Summary
Current findings suggest that sleep disorders in children with
ASD may be associated with altered circadian rhythms,
which may reflect mutations in clock genes and genes
involved in melatonin production. Furthermore, sleep
disorders in ASD have been associated with behavioral
and psychiatric co-morbidities, such as anxiety or ADHD.
The directional impact of these underlying mechanisms
remains complex when additionally considering the impact
of pharmacological interventions, however the broader
evidence based suggests co-occurrence of sleep problems
with behavioral symptoms, rather than an aetiological
mechanism.

Gastrointestinal Dysfunction
Prevalence
Estimates for the prevalence of any gastrointestinal (GI) problem
in children with ASD vary between 9 and 70% (7, 14, 122, 123),
but may even range to as high as 91% (124). These problems
can range from mild gastro-esophageal reflux to more severe
symptoms, such as chronic constipation, abdominal pain, and
persistent diarrhea (125, 126). The most common of these
appears to be chronic constipation, with a median prevalence
of 22% (14). Without treatment, these problems can lead to
encopresis, delayed continence, pain, and maladaptive daytime
behaviors (127–130). Although a subset of children with ASD
have GI pathology related directly to ASD, many children
also have functional Gl disorders relating to selective eating,
medications that have effects on GI motility, and differences in
sensory processing. For example, Prosperi et al. (131) found that
27% of children with ASD have problems with food selectivity
and that this was frequently associated with GI problems.
Despite differences in prevalence between studies, the collective
evidence suggests that there is an unusually high prevalence
of GI symptoms in children with ASD, implying a possible
underlying pathophysiology contributing to both conditions.
GI functioning in ASD also encompasses nutrition, including
food allergies, metabolic abnormalities, pre-existing nutritional
deficiencies, nutrition-related medication side effects, as well
as behavioral factors including problematic eating [(132); see
Table 5].
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FIGURE 2 | Interdependent bidirectional associations between ASD and sleep problems. GI, gastrointestinal; RRBIs, restricted and repetitive behaviours and interest.

TABLE 5 | An overview of gastrointestinal (GI) symptoms reported in individuals with ASD.

Source Sample size Prevalence GI symptoms

McElhanon et al. (125) N = 15 studies Higher rates of diarrhea (OR, 3.63),

constipation (OR, 3.96), abdominal pain

(OR, 2.45).

Diarrhea, constipation, abdomen pain

Mazurek et al. (128) N = 2,973 ASD 24% had at least one type of chronic GI

problem.

Constipation, abdominal pain, bloating,

diarrhea and/or nausea lasting 3 months or

more.

Sensory over-responsivity and anxiety were

highly associated with GI symptoms.

Mazefsky et al. (129) N = 95 ASD 61% reported at least one GI symptom. Abdominal pain, not hungry, bloating.

Participants with GI problems also had

significantly higher levels of affective problems.

Chandler et al. (130) N = 132 ASD, N = 81 other

developmental conditions, N = 82

Controls

46.5% ASD had at least one individual GI

symptom, relative to 29.2% other

developmental conditions and 21.8% in

Controls.

Vomiting, diarrhea, abdominal pain,

constipation.

No association between GI symptoms and

ASD severity.

Prosperi et al. (131) N = 163 ASD 25.8% had at least one severe GI

symptom.

Constipated (22.1%), Painful bowel movement

(7.4%).

Associations With Behavior and Cognition in ASD
It has been speculated that underlying and undiagnosed GI
problems may contribute to some of the behavioral difficulties
observed in some children with ASD. Chaidez et al. (133)
suggested that there is a strong and significant relationship
between GI symptoms and increased instances of irritability,
social withdrawal and hyperactivity. Furthermore, non-verbal

children with ASD often come to clinical attention due to self-
injurious behavior and aggression. It is thought that this behavior
could be a result of being unable to communicate their pain
and/or discomfort effectively. However, there has been limited
evidence to suggest a significant association between presence
or frequency of GI symptoms and ASD symptom severity over
and above those without significant GI complaints (127, 130,
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134, 135), although there is some evidence for associations with
language impairment (136). Whilst some reports suggest that
increased ASD severity is associated with significantly more
GI problems (133, 137), a number of studies have failed to
support this association (129). In addition, the interplay between
GI problems and anxiety symptoms has been supported in
both typical and ASD populations. A large-scale study indicated
that anxiety, sensory over-responsivity and GI problems are
interrelated in children with ASD (128).

Treatment Effects
A wide range of diets have been purported to exert some
efficacy in alleviating GI symptoms in children with ASD.
However, a systematic review found little evidence for the
beneficial effect of nutritional supplements or gluten/casein-
free diets on ASD symptoms (138). Further to this, the long-
term effects of these therapies are not well understood and may
have unintentional physical health consequences. For example
unconventional food preference may result in reductions in
bone cortical thickness in boys with autism, a reduction that is
greater for those on casein-free diets (139). However, suboptimal
bone development in ASD has also been linked to combinations
of a lack of exercise, GI problems, as well as clinically
compromised vitamin D and calcium intake due to restrictive
diets.

Microbiota transfer therapy has recently been suggested as
a potential therapy in ASD to target GI symptoms based on
the premise of differences in microbiome composition (132).
However, whilst the subject has been widely investigated, findings
have been inconclusive and contradictory (see Table 6). For
example, in a review of the literature, researchers concluded
that inconsistent findings in the field are complicated by use of
different methodologies, high incidence of antibiotic use, special
diets and/or have repetitive dietary behaviors (144). For example,
Kang et al. (142) suggested that GI symptoms in ASD were
characterized by less diverse gut microbial composition with
findings indicating lower levels of Prevotella, Coproccus, and
unclassified Veillonellaceae. It has been argued that a higher
diversity of gut bacteria protects the human intestine from
stresses such as pathogenic gut microbes and lower diversity in
ASD may explain increased risk of GI disturbances. Conversely,
Finegold et al. (143) found that there was a significantly
higher diversity of bacteria found in feces of participants with
ASD. Parracho et al. (124) conducted a study that found that
there was a higher incidence of the Clostridium histolyticum
group of bacteria. Clostridium histolyticum are known to be
toxin-producers and it has been hypothesized that this may
contribute toward gut dysfunction with metabolic products
having a systemic effect. Based on this evidence, clinical trials
have now started investigating whether alteration of microbiota
profiles may impact on GI symptoms and ASD behaviors. In
a recent open-label trial, microbiota transfer therapy incurred
an 80% reduction in GI symptoms, including a significant
improvement in symptoms such as constipation and abdominal
pain that persisted after 8 weeks, in addition to ASD symptoms
(145). These results provide very preliminary evidence that,
by targeting the gut ecosystem, potentially both ASD and

GI symptoms can be impacted, supporting a potential shared
mechanism.

Aetiological Mechanisms
The underlying mechanism of GI dysfunction and how this
relates to the pathophysiology of ASD is still not well understood.
One theory in particular has gained particular momentum,
that abnormal neurodevelopment in ASD may be caused by
increased GI permeability, so-called “leaky gut,” that facilitates
the absorption of toxic by-products of incompletely digested
proteins [see (146) for review]. The production of metabolites by
certain microbiota produces neuroactive compounds, including
5-HT, dopamine and GABA. These can cross the “leaky
gut” resulting in the entry of toxins and bacteria into the
bloodstream, to influence brain function and the hypothalamic-
pituitary-adrenal (HPA) axis [see (147) for review]. This
theory has been so influential, that despite limited evidence
for efficacy in improving core ASD symptoms, casein and
gluten-free diets, as well as dietary supplementations, are
increasingly popular alternative treatments pursued by families
(148).

Serotonin is critical for gut function, with 80–95% of 5-
HT receptors localized to the gut and alterations to 5-HT
signaling related to many GI disorders (for example, Crohn’s
disease, ulcerative colitis, irritable bowel syndrome, and chronic
constipation). It has been speculated that altered gut 5-HT
signaling may be an important contributor to the presence of
GI disorders in children with ASD (149, 150); a cascade of
events resulting from gut inflammation may lead to reduced
levels of brain 5-HT, thereby resulting in mood and cognitive
disturbances associated with ASD (149), although this may
also be associated with an overall reduced brain availability
of 5-HT (151). A well-established connection links the gut
to the brain in a bidirectional pathway (see also Figure 3)
(152)–autonomic projections from the brain regulate digestive
reflexes, signals traveling from the gut signal satiety to the
brain, whilst neural signals of stress and anxiety influence gut
function and sensitivity. Dysregulation of the HPA axis has
been implicated in children with GI problems and emerging
evidence suggests a role in ASD (128, 153). This may provide
a strong rationale for use of selective serotonin reuptake
inhibitors (SSRIs) in the treatment of ASD symptoms by
increasing availability of 5-HT, although research to date has
established limited efficacy (154). However, if reduced 5-HT
results from intestinal inflammation, then possibly targeting 5-
HT metabolism by restoring availability of tryptophan for 5-HT
synthesis may represent a viable alternate therapeutic mechanism
(149).

Increasing evidence suggests GI complications can arise as
a result of genetic and environmental risk factors for ASD.
For example, variants in the c-Met gene encoding for MET
receptor tyrosine kinase are associated with ASD in individuals
with co-occurring GI dysfunction (155). The role of MET
hypofunction is supported by decreased protein expression
in post-mortem brains from autistic individuals compared to
typical controls (156). In addition, alterations in the serotonin
reuptake transporter (SERT) are implicated in ASD (157)
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TABLE 6 | An overview of studies investigating microbiota composition in ASD.

References Sample size Methodology Significantly increased in ASD Significantly decreased in ASD

Williams et al. (140) N = 15 ASD, N = 7

Controls; all with GI

symptoms

Pyrosequencing and PCR,

biopsies from ileal and cecal

region

Firmicutes and proteobacteria; Sutterella Bacteroidetes

Gondalia et al. (141) N = 23 ASD without GI

dysfunction, N = 28

ASD with GI

dysfunction, N = 53

siblings

Pyrosequencing of fecal material No significant difference No significant difference

Kang et al. (142) N = 20 ASD, N = 20

Controls

Pyrosequencing—fecal DNA

samples

– Prevotella, Coproccus and

unclassified Veillonellaceae

Parracho et al. (124) N = 58 ASD, N = 10

Controls, N = 12

Siblings

Fluorescence in situ

hybridization—fecal material

Clostridium histolyticum group (I & II) –

Finegold et al. (143) N = 33 ASD, N = 8

Controls, N = 7

Siblings

Pyrosequencing—fecal

microflora

Bacteroidetes, Desulfovibrio, Bacteroides

vulgatus, Actinobacterium and

Proteobacterium phyla

Firmicutes

and are likely to disrupt GI serotonin metabolism (158).
Expression of the most common SERT variant (Ala56) in mice is
associated with ASD-like behaviors [repetitive behaviors, reduced
vocalizations, and social contact; (159)], as well as fewer gut
neurons, a badly maintained gut lining and slow gut activity
(160). Treatment with a 5-HT agonist prevented these GI
manifestations (160).

Dysfunctional immune responses (see section Immune
Dysfunction), in particular mucosal immune cells, may also
have adverse effects on GI functioning in ASD. Endoscopic
investigations suggest diffuse inflammation in the intestinal
tract of children with ASD (7). There have also been
reports of increased gastrointestinal complaints associated with
autoimmune responses or a family history of autoimmunity
in children in with ASD (161–163), although smaller studies
have failed to replicate this increased prevalence (164). For
example, increased autoantibodies directed toward central
nervous system proteins have been observed in children
with ASD and their mothers (165–168). One speculation is
that these autoantibodies may signal presence of heightened
inflammatory processes or an autoimmune component that
could decrease the integrity of the mucosal barrier, or even
reflect a downstream effect of previous mucosal infection
(123). Notably, these maternal autoantibodies are strongly
associated with the functional c-Met C allele associated with
susceptibility to ASD and comorbid GI dysfunction (169),
forming a promising convergent pathway (see section Immune
Dysfunction).

Summary
Individuals with ASD are at higher risk of experiencing GI
disturbances, with GI problems further linked to increased
ASD symptoms. Abnormal neurodevelopment, dysfunctional
immune responses and altered serotonergic transmission have
been suggested potential mechanisms underlying the overlap
between ASD and GI dysfunction.

Immune Dysfunction
Prevalence
The immune system comprises a group of defense mechanisms
triggered to protect against disease or illness causing pathogens.
Antigens, proteins found on the surface of pathogens, are
recognized by a healthy immune system and trigger the
production of antibodies that identify and neutralize or remove
the antigen. The immune system comprises both innate
and adaptive systems. The innate system develops early in
fetal development, using genetically encoded receptors and
nonspecific mechanisms for defense. In this way, the innate
system plays more of a “housekeeping” role. The adaptive system
is responsible for threat response, developing a memory of the
response for future threats, and does not fully mature until early
childhood. This system is more dynamic, responding to potential
pathogens and toxins upon exposure. Both systems work
together to achieve homeostasis, and importantly, disruption in
either can affect neuronal development and functioning (170).
Optimal immune functioning is characterized by the homeostatic
maintenance of the innate and acquired immune responses,
balancing pro- and anti-inflammatory signaling in response to
potential pathogenic threats. Aberrant immune functioning can
manifest in many ways, such as upregulation of inflammation
or immune deficiency that comprises innate host defense
mechanisms. Conditions associated with dysfunction of the
immune system can include allergies, asthma, and autoimmune
disorders.

Prevalence of immune conditions in individuals with ASD
varies considerably between studies. Increased rates of food
allergies, allergic rhinitis, and atopic dermatitis (i.e., eczema)
(133, 171, 172), as well as autoimmune disorders such as
psoriasis (4, 173), have been reported in children with ASD in
case-control analyses of electronic medical records. In general,
asthma is reported at increased frequencies in children with
ASD (171, 174), however decreased rates have also been reported
(173). Additionally, atopic conditions (asthma, atopic dermatitis,
allergic rhinitis, or allergic conjunctivitis) in early childhood is
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FIGURE 3 | Bidirectional associations between alterations in central nervous system circuitry (epilepsy, sleep), immune system and gastrointestinal function and

behaviors characteristic of ASD interacting with genetic and environmental risk.

associated with increased rates of later diagnosis of ASD and
ADHD, with increased number of atopic conditions associated
with stronger likelihood of a later ASD diagnosis (175). Taken
together, these studies of medical records or retrospective
parental reports support an increased prevalence of specific
immune-related conditions, which may constitute an immune-
mediated subtype of ASD; see Table 7.

Associations With Behavior and Cognition in ASD
An extension of this research is the question of whether
changes in peripheral cytokine expression are associated with
differences in individual behaviors within individuals with ASD.
If so, this would then suggest that interventions that target
the immune system might have some benefit in improving
symptoms. Chemokine levels have been associated with impaired
communication, increased parent-reported behavior problems,

decreased cognitive and adaptive functions, and worse adaptive
behavior (176). Increased levels of proinflammatory cytokines
(section Aetiological Mechanisms) have been associated with the
severity of ASD in a sample of children with ASD in Egypt
(177), whilst decreased levels of an immunosuppressant cytokine,
transcription growth factor beta 1, significantly predicts worse

behavioral symptoms and lower adaptive levels (178). Al-Ayadhi

and Mostafa (179) also found that children with more severe

ASD symptoms exhibited greater levels of a proinflammatory

cytokine compared to children with more milder symptom
presentations. More recently, we observed decreased levels of a

range of cytokines associated with symptom severity in children
with ASD, with differences in cytokine expressions between male
and female children (180). There is also some evidence that
different presentations of ASD symptoms may be associated with
family histories of immune dysfunction; Molloy and colleagues
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TABLE 7 | An overview of immune-mediated conditions reported at increased prevalence in individuals with ASD.

Study Sample size Conditions Prevalence

Miyazaki et al. (172) Meta-analysis; N = 10 studies Atopic dermatitis, asthma, atopic rhinitis, food

allergies

Increased rates of asthma (OR 1.66) and atopic

rhinitis (OR 1.66) in ASD; no increase in prevalence

of food allergies and trend for increase in atopic

dermatitis

Chen et al. (171) N = 1,598 ASD, N = 6,392 Controls Type 1 diabetes Trend for increase in Type 1 diabetes (0.3 vs. 0.1%);

OR 4.00

Chen et al. (171) N = 1,598 ASD, N = 6,392 Controls Crohn’s disease Trend for increase in Crohn’s disease (1.4 vs. 1.0%);

OR 1.46

Chen et al. (171) N = 1,598 ASD, N = 6,392 Controls Urticaria Increased rates of urticaria (8.4 vs. 6.3%); OR 1.38

reported that familial autoimmune thyroid disease was more
common in children who regressed compared to those children
with an early onset form of ASD (181). Combined, these results
suggest a spectrum of altered inflammatory responses associated
with differences in symptom profiles within individuals with
ASD.

Treatment Effects
There is some preliminary evidence for cytokine changes
in response to medical treatments in ASD. Choi et al.
showed that levels of some cytokines significantly reduced after
risperidone treatment in children with ASD, and interleukin
5 was specifically increased in a small sample of treatment
responders (182). However, others have not observed changes
in cytokine serum levels after risperidone treatment compared
to placebo in a much larger sample of children (183).
A further study demonstrated that anti-inflammatory agents
combined with risperidone had a superior effect in treating
symptoms in children, although inflammatory responses were
not assessed (184). This latter study implies that modulating the
inflammatory response in children with ASD may facilitate the
efficacy of treatments such as risperidone. This idea has been
supported by some historical and case study accounts of modest
reductions in the severity of ASD symptoms when treating
gastrointestinal inflammation with corticosteroids or antibiotics
(185).

Immune-modulatory agents have also been trialed
to specifically target ASD symptoms (186). Significant
improvements have been described in open-label investigations
of corticosteroids (187) and lenalidomide, an immune-
modulatory agent (188), as well as double-blind investigations
of celecoxib, an anti-inflammatory drug (189). However,
varying clinical efficacy and limited randomized double-blind
investigations, combined with serious side effects noted in
corticosteroids (189), indicates that this area requires further
investigation.

Aetiological Mechanisms
The mechanisms by which dysfunctional immune systems may
contribute etiologically to ASD is an area of active investigation
(190). Here, we briefly outline the main streams of research [see
(191) for extensive recent review on aetiological mechanisms of
immune dysfunction in ASD]. Several reports of associations

between ASD and family history of autoimmune or immune-
mediated disorders have emerged (161, 192, 193). Several high
confidence genes identified for ASD converge on pathways
important in synapse formation, neuronal migration, and
immune function (194, 195). Of relevance here, restriction of
HLA genes has been reported as conferring a greater risk for
the development of ASD, involved in immune function and
also associated with risk for autoimmune conditions (196–199).
Located within the large genome regions known as the major
histocompatibility complex (MHC) on chromosome 6, several
HLA haplotypes appear to be more frequent in children with
ASD (200, 201). Some failures to replicate this have suggested that
possible genetic differences may lie more generally within this
MHC region rather than specifically confined to the HLA genes
only (202, 203). For example, the gene coding for the complement
protein C4 located in the MHC region is important for innate
immunity. Deficiencies in the C4B allele, as well as several
other complement proteins, may be differentially produced in
some individuals with ASD (204–208). In addition, the MET
receptor tyrosine kinase has been associated with ASD (209),
which is implicated in both neurodevelopment and immune
function.

In addition to examining diagnosed immune conditions,
significant research has focused on measurements of
cytokine signaling profiles as indicators of broader changes in
inflammatory processes in individuals with ASD (17). Cytokines
are proteins produced and expressed by neurons that regulate
immune responses, including hematopoiesis, inflammation,
and immune cell proliferation and differentiation (210). Some
cytokines act to make disease worse (proinflammatory) whereas
others reduce inflammation and promote healing by suppressing
the activity of proinflammatory cytokines (anti-inflammatory).
Cytokines also play a role in normal neurodevelopment,
including the processes of neuronal migration and synaptic
plasticity (211). These processes are tightly regulated and a
dysregulation in the balance of signals mediated by cytokines can
have a variety of detrimental effects that contribute to changes in
neurodevelopment and behavior.

A recent meta-analysis of cytokine levels derived from
plasma and serum in unmedicated individuals with ASD
(mostly children) found an overall abnormal cytokine profile,
characterized by elevations in proinflammatory cytokines and
reduced levels of anti-inflammatory cytokines (17). This suggests
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that some individuals with ASD may exhibit a heightened
inflammatory state and altered cytokine profile, observed
in peripheral tissues, suggestive of broader immune system
dysregulation in ASD. While elevated levels of inflammatory
cytokines observed in the central nervous system of individuals
with ASD may reflect inflammatory processes that modulate
neuronal function and change behavior (79, 212), altered
cytokines in peripheral tissues indicate more widespread
inflammatory involvement (213–216). This meta-analysis
also observed significant heterogeneity between studies, likely
reflecting important methodological differences between studies
and the prevalent use of siblings as control subjects for analysis,
who are at higher risk of exhibiting broader ASD symptoms
themselves (217) or having similar immune system profiles
(218).

One well-researched area has explored early maternal
infection and inflammation during pregnancy and later risk for
an ASD diagnosis (219–225). Pregnancy requires a complex and
dynamic response from the maternal immune system to protect
the mother from pathogens or infections but to also support
the fetal tissue that contains many “non-self ” antigens from the
father to promote fetal health and development. As this is a
complex regulatory system to maintain such balance, this period
represents an extremely vulnerable period for both mother and
the developing fetus. Disturbances in immune regulation during
this period has been well-established to provide a substantial
risk factor for alterations in neurodevelopment (226). Incidence
of maternal viral and bacterial infections has been proposed
as a risk factor for the development of ASD (220, 227–229).
Perturbation of the maternal immune system may modify either
the placenta or the fetal brain to then later neurodevelopment
(230, 231), of which the cytokine IL-6 appears to play a major role
(231, 232). Involvement of the maternal immune system during
pregnancy does not just appear to influence neurodevelopment,
but may also modify ongoing immune dysfunction in offspring
(233–236) and later symptom presentation (237). The maternal
immune environment has also been proposed as a key factor
influencing the increased risk of ASD diagnoses in children born
very preterm (226).

Summary
Disruptions in both innate and adaptive immunity have
clear consequences for neurodevelopment, with the cumulative
evidence suggestive of a disrupted immune profile in for some
individuals with ASD as well as links to the early maternal
pregnancy environment in shaping later immune profiles and
neurodevelopment. There evidence to suggest a direct association
between perturbed immune profiles and impact on subsequent
behavioral and symptomatic profiles, with limited studies for
potential changes in immune profiles in response to treatment
or changes in immune functioning through anti-inflammatory
markers to facilitate reductions in core ASD symptoms. Taken
together, this evidence suggests that an immune-mediated
subtype of ASD may be amenable to specific, targeted
and/or personalized treatments based on individual immune
profiles.

DISCUSSION

Mechanisms of Associations Between
Medical Comorbidities and ASD
This review highlights that the interactions between observed
comorbid medical conditions and physiological abnormalities
in children with ASD are complex. Disorders of GI function
and seizures appear to be parallel comorbid conditions, with
possible common aetiological mechanisms resulting from yet
unknown neurological causes. Sleep disorders, however, are
likely to be a consequence of ASD symptoms or may be, in turn,
associated with GI symptoms or other comorbidities that can
cause sleep disturbances. Whilst the evidence discussed suggests
a causative role for metabolic and immunological pathways for
some individuals later diagnosed with ASD, evidence for these
remains preliminary and based on group level findings, rather
than evidence from prospective and longitudinal observations.
What is clear, however, is that these systems and pathways do not
work in isolation from each other; rather, complex interactions
imply dysregulation in any one system may cause a cascade
of events cumulating in a cluster of symptoms associated with
ASD (Figure 3). Because these systems are very complex, and no
perturbations in any one appear to be common across individuals
with ASD, it is likely that the heterogeneity in ASD reflects the
potential myriad of different disturbances along any one of these
pathways. Further complicating this model is the high likelihood
that any given individual with ASD may also present with
multiple medical comorbidities or elevated abnormalities, which
also interact with co-occurring behavioral comorbidities,
such as hyperactivity and anxiety, and developmental
delay (238). Thus, attempts to subgroup individuals based
on medical conditions alone may be complicated by the
prospects of individuals belonging to multiple subgroups.
Importantly, identification of shared or distinct biochemical
or neurocognitive mechanisms will be key in elucidating
causal pathways.

Integrating Mechanistic Models of ASD:
Implications for Etiology and Treatment
As discussed in each section, complicating interactions between
these systems suggest a greater likelihood for individuals with
alterations in one system to have alterations across multiple
systems. Still, the overlap between medical and behavioral
features associated with ASD may point toward convergent
platforms for a final common pathway to ASD across varied
causes, with implications for targeted treatment. For example,
children who have sleep problems and ASD are two times more
likely to have GI issues and seizures (6).

Review of the proposed aetiological mechanisms underlying
the comorbidity between these medical comorbidities and
ASD allows some degree of integration. Processes with shared
involvement in ASD and multiple medical disorders include
gene transcriptional regulation; cellular growth and proliferation;
and synapse development, stability and function. Importantly,
the potential role of the microbiota-gut-brain axis in multiple
elements of medical comorbidity has been implicated (Figure 3),
whereby short-chain fatty acids can cross the blood-brain
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barrier and enter the brain (section Gastrointestinal Dysfunction,
Table 6), gut microbiota modulate the immune response by
stimulating secretion of cytokines and microbiota can deliver
signals to the brain via the vagus nerve [see (239) for review].
Beneficial therapeutic effects may be afforded by focusing on the
microbiota-gut-brain axis, although more systematic study of its
role in ASD is required.

Associations between sleep and other disorders are also
apparent; while classically functioning to regulate circadian and
seasonal rhythms, melatonin additionally affects cardiovascular
and immune systems, regulates body fat mass, insulin secretion,
and metabolism of glucose and lipids, as a close derivative
of serotonin (5-HT). Due to these additional functions,
emerging research has highlighted a role for melatonin
administration in humans to attenuate metabolic symptoms
induced by antipsychotic use (240) and to potentially improve
GI functioning via effects on intestinal permeability (241).
Given additional physiological functions of melatonin, effective
supplementation may have secondary effects in improving GI
functioning in ASD; however there has not been any systematic
investigation into this as yet.

Similarly, comorbid medical conditions and associated
medication use may result in sleep disturbance; for example,
physical symptoms such as abdominal pain in some GI
disorders, or medications prescribed for seizures can cause
difficulty sleeping. Children with epilepsy also exhibit significant
alterations in sleep latency, sleep efficiency, and number of
awakenings (242), and epilepsy may be characterized by seizures
during sleep (e.g., Landau-Kleffner). It is therefore of critical
importance to determine whether sleep problems are better
explained by associated medical conditions which should be
treated rather than attempting to address sleep difficulties alone
(100).

Finally, alterations in immune system profiles, dysregulated
gastrointestinal symptoms and disordered sleep patterns clearly
impact upon behavioral profiles, including elevated anxiety,
increased social and communication difficulties, reduced
adaptive functioning, and increased maladaptive behaviors.
Recent meta-analytic evidence confirms an association between
sleep disturbances and increased inflammation, suggesting that
improvements in one system could potentially positively impact
upon other regulatory systems (243). Generating evidence for
such hypotheses require large and detailed biological datasets
from children with ASD across their developmental course [e.g.,
(244–246).

A key aim for future research will be to examine the
interactions between these systems using established biomarkers
along their pathways within ASD, rather than examining each
in isolation (Box 1). Possible networks of disturbances may then
be mapped out to determine potential subgroups of individuals
with ASD classified by patterns of abnormal biological profiles.
A second question of interest will be how modulation of
these biological substrates through targeted pharmacological
interventions may affect core ASD symptoms (247). Initial
promising findings in small sampled trials suggest some efficacy
for such approaches. However, if subgroups of individuals
with specific biological profiles exist along the spectrum, then

Box 1 | Future directions and common themes.

- Using expertise from a diverse range of disciplines—genetics,

neuroscience, biochemistry and developmental psychology—to

disentangle biological mechanisms underpinning medical comorbidity.

- Improved understanding of the link between comorbid medical conditions

and co-occurring mental health problems and psychopathology in ASD.

- Understanding the longitudinal course of the full range of medical

comorbidities in ASD.

- Treatment and intervention studies to systematically assess whether

treating medical issues has additional positive effects on other medical

issues (e.g., sleep) or on behavioral domains.

interventions must be appropriately targeted for individuals
with certain profiles, rather than a universal approach. Lastly,
the true efficacy of such targeted interventions will lie in the
use of robust and sensitive biomarkers to determine treatment
response, rather than a sole reliance on parent-reported and
observational outcomes.

An important consideration is the time at which symptoms
or markers are assessed. As a developmental condition, the
symptoms of ASD change over the course of the child’s lifespan,
and there is increasing acknowledgment for the importance
in understanding an individual’s trajectory over time to
grasp the full complexity of the heterogeneous symptoms
presentations within ASD (248). Current physiological
states are dependent on history of previously received
interventions and past characteristics, such as regression,
that may later affect developmental trajectories. In addition,
there are likely to be sensitive periods within development
where particular comorbidities may be more apparent
or exhibit higher risk; for example, sensitive periods for
prevalence of epilepsy-related disorders in childhood (249).
Prospective longitudinal studies are required to systematically
measure medical disorders and biomarkers within cohorts
of individuals diagnosed or with clinical risk indicators of
ASD. This may then provide sufficient power to identify
subgroups of children with different clusters of symptoms that
converge on similar pathways. Likewise, a developmental
perspective will provide insight on the nature of the
association with health conditions as a resulting or co-occurring
model.

Clinical Implications
Assessment of co-occurring medical problems is of critical
importance in the initial diagnostic procedure for individuals
with ASD as well as in ongoing treatment management. As part
of a multidisciplinary approach, systematic and evidence-based
screening should be recommended at the time of diagnostic
evaluations as well as during ongoing health monitoring.
A key conclusion from this review is the importance of
monitoring and maintaining general health and wellbeing in
individuals with ASD. Although many of the medical conditions
or abnormalities may not be present in many individuals
with ASD, the overall increased risk of all-cause mortality
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in this population indicates a need for increased vigilance.
For example, comorbid epilepsy, particularly accompanied by
intellectual disability, is associated with an increased mortality
risk; thus, there is a significant imperative for clinicians and
parents/careers to provide additional care and monitoring
around overall health and wellbeing for these individuals to
potentially attenuate this risk. Cumulative evidence highlights
increased prevalence of obesity and poor diet in individuals
with ASD, and decreased use of general health services,
such as for oral health, due to barriers to accessing health
care that supports individuals with special needs. There
is also a critical need for healthcare services to provide
supportive and accessible environments for individuals with
ASD.

The burden of suchmedical conditions in increasingmortality
is likely compounded by impaired communication and increased
sensory sensitivities that present a significant barrier to the
delivery of health care services (both preventative and targeted
treatment). A growing area of research has therefore focused on
the necessity for effective and targeted health care services that
are designed for ASD, as well as identifying potential barriers to
access and use (250). Appropriately delivered health care services
that can manage difficulties in communication and sensory
sensitivities, particularly those that are pre-emptive, are likely to
have benefits beyond just medical treatment but may drastically
improve the quality of life for both the individual and their
caregiver(s) and potentially decrease long-term financial burden.
Despite higher health care utilization in this population, the
decreased ability for the health care system to effectively manage
behavioral symptoms, impaired communication, and specific
sensory issues is a significant barrier for most preventative
health care, especially for those on the severe end of the
spectrum.

CONCLUSION

The presence of comorbid medical conditions in ASD highlights
the vast heterogeneity within the disorder. Using a model-
based approach to understand the interacting systems potentially
involved in the etiology and symptoms of ASD may lead to
hypothesis generation and potential avenues for clinical trials.
We require a better understanding of how variability in these
systems results in similar or different functional profiles in
ASD, and more integrative studies that consider the interaction
between systems and the environment to produce behaviors
characteristic of ASD. Such an approach can then lend hope
to more specific biomedical treatments aimed at targeted these
biomedical abnormalities and improving core and associated
symptoms in ASD, ultimately to improve long-term outcomes.
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Many autistic people report overwhelming sensory experiences and also elevated levels

of anxiety. Understanding how these experiences are linked to each other can contribute

to improved support and intervention for reducing sensory overload and anxiety. This

study included 95 young adult participants including autistic adults, non-autistic adults

reporting to a psychotherapy clinic with high levels of anxiety, and neurotypical adults with

no psychiatric concerns. We measured pupil size using including a baseline task with

no auditory stimulus followed by two blocks of simple auditory habituation. In a subset

of 80 participants we also measured self-report levels of sensory processing, anxious

apprehension, and intolerance of uncertainty. The autism group showed atypical sensory

processing on all four measured domains of the Adolescent and Adult Sensory Profile

including sensory sensitivity, sensory seeking, sensory avoidance, and low registration

subscales. Dimensional analyses across all participants showed significant positive

correlations between sensory sensitivity, sensory seeking, and sensory avoidance

domains with scores from the Intolerance of Uncertainty Scale-Short Form and Penn

State Worry Questionnaire. The autism group showed significantly larger pupil size

than other groups at baseline, before any auditory stimulation. There were no group

differences in the rate of auditory habituation, nonetheless the overall, absolute larger

pupil size remained in the autism group throughout the experiment. We suggest that this

and other findings could indicate chronic hyperarousal in many autistic people. Treatment

for anxiety in autism should be informed by knowledge of unique aspects of anxiety in

autism and consider the role of sensory experience and everyday psychophysiological

arousal.

Keywords: autism spectrum disorder, sensory processing, anxiety, intolerance of uncertainty, anxious arousal,

pupillometry, habituation

INTRODUCTION

Many autistic people report unusually intense sensory processing, including hypersensitivity to
multiple sensory modalities and high levels of distress even to low-threshold sensory stimuli (1, 2).
Atypical sensory processing has been reported in between 45 and 95% of autistic samples (3–5)
and is included in the most recent definitions of autism (6, 7). Many autistic people also experience
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elevated levels of anxiety (8–10). These anxiety symptoms can
cause significant additional distress, and have been linked to
increased levels of problematic behavior (11, 12), difficulty
with decision making (13), and considerable stress on family
systems (14). While some autistic individuals manifest anxiety in
ways typical of other anxious people, there are also unexpected
expressions of anxiety in autism that may go overlooked, such as
different underlying drives toward compulsive behavior or social
avoidance than typically seen in anxiety (9).

There is growing evidence for a strong link between atypical
sensory processing and elevated anxiety in autism (15–20).
Effective sensory processing is a critical evolutionary component
for managing stress and danger [see (21–23)] and there are
demonstrated links between sensory sensitivity and affective
disorders, including anxiety, outside of autism (24–27). However,
side-by-side comparisons of young autistic and neurotypical
children suggest that the relationship between sensory processing
and anxiety may be much more prominent in autism than
neurotypical development (28). Green et al. (29) found that
sensory over-responsivity emerges earlier than anxiety in autism
and that sensory sensitivity predicts later anxiety symptoms in
autism.

To date, most studies of the relationship between sensory
processing, anxiety and autism traits have focused on child
samples. One of the few studies of adults featured mothers with
autistic children (30). Among these mothers, 98% of the sample
had scores at least a standard deviation above the mean on
at least one sensory domain. In a study focused on emotion
processing (i.e., alexithymia) in autistic adults, Milosavljevic
et al. (31) reported self-report data from autistic adults using
the Adolescent Adult Sensory Profile [AASP; (32)] that were
somewhat above published norms for the AASP. However, the
authors did not administer the AASP to comparison groups
and did not report analyses of association between sensory
processing and anxiety. Thus, the first primary aim of our study
was to directly compare sensory processing behaviors, alongside
measures of anxious apprehension and autism traits, in a cross-
clinical sample of autistic, anxious, and neurotypical adults.

Intolerance of uncertainty (IU), a transdiagnostic
psychological construct that refers to decreased thresholds
for ambiguity and enhanced discomfort with ambiguity (33), has
emerged as a critical mediator between sensory processing and
anxiety in autism and other anxiety disorders (18–20, 28, 34–36).
Although IU is typically a factor associated with generalized
anxiety disorder, IU has shown to negatively affect depression
as well as other anxiety disorders (37, 38). Because many
autistic individuals prefer things to be predictable and dislike
change, it has been argued that characteristics of IU share
some common features with the insistence on sameness seen
in autism (34). Multiple studies have now established the link
between IU, anxiety, and ASD symptomology (28, 34, 35, 39).
A study by Boulter et al. (34) reported a “causal meditational
model” in which IU almost completely mediated the relationship
between the diagnostic group and anxiety scores. Another study,
using an autism only sample, found a link between sensory
over-responsiveness, IU, and anxiety in which IU mediated
the relationship between sensory processing and anxiety (20).

Neil et al. (28), replicating the (20) study with a larger sample
that includes typically developing individuals, found that IU
had a direct effect on sensory sensitivity and anxiety. Given the
evidence of IU in modulating the anxiety symptoms in autism,
we further evaluated associations between sensory processing,
anxiety, and IU in this study.

Another characteristic of studies in this area is a reliance
on questionnaires including parent-report surveys (16, 17, 20,
34, 40) or self-report surveys (19, 31, 41). There have been
a few notable studies involving psychophysiological measures.
Corbett et al. (15) reported that cortisol response to stress was
higher for autistic children than neurotypical controls, during
an ecologically-relevant peer interaction. In that study greater
sensory dysfunction was associated with increased stress, and
diagnosis was a significant moderator of the relationship between
sensory function and stress response. An emerging idea from our
lab and the work of others is that everyday psychophysiological
arousal may be elevated in autism (35, 42, 43). We do not know
of any studies that examine possible links between ambulatory
arousal and sensory and/or emotional sensitivity. It is likely that
the sensory and performance demands of laboratory settings
would exacerbate such links.

With this limition in mind, some studies have found that
autism samples have a larger tonic pupil size–indicative of
elevated physiological arousal–than neurotypical comparison
groups (44, 45) though others have found no difference (46) or
the opposite trend (47). Takahashi et al. (42) found an elevated
startle response in autistic children to the mild stimuli as well as
a longer peak-startle latency, while a different, threat-modulated
startle study found elevated startle response during baseline but
not during habituation conditions (35). Our second aim was thus
to evaluate evidence for elevated arousal in autism. To do this we
designed an explicit extended baseline period to measure tonic
pupil size without any other task demands, as well as tracked their
pupil size thorughout the duration of the task.

The study of habituation may be useful for understanding the
link between sensory processing, anxiety and autism especially
with regard to amygdala and insula function in the brain (48–50).
In experimental work with both mice and humans, Herry et al.
(51) have reported that unpredictability in sequences of sound
pulses, which disrupts habituation, is associated with anxiety-
like behavior, and is further associated with enhanced/sustained
amygdala activity in both animal and human models. The
authors suggest that uncertainty at initial encoding (including
the amygdala) decreases the flexibility of downstream emotional
response. Atypical habituation in autism could therefore underlie
inflexible and anxious behavior.

Two fMRI studies of cognitively-typical autistic youth (52,
53) have shown that, during a challenge of mildly aversive
sensory stimuli, the autism sample showed more activation than
controls in primary sensory areas, amygdala, and orbitofrontal
cortex. This activation was correlated with parent-reported
anxiety and also with sensory over-responsiveness beyond the
association with anxiety. Brain activity in the ASD samples was
especially heightened whenmultiple sensorymodalities (auditory
and tactile) appeared simultaneously. The authors highlighted
difficulties with habituation as a possible underlying feature
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of sensory overresponsiveness. Takahashi et al. (42) did not
find differences in habituation between autistic and neurotypical
children during a acoustic startle response paradigm, but a
number of other studies have shown reduced or atypical
habituation (or increased sensitization, which is the opposite
of habituation) in autistic children for various stimulus
modalities (54–56). Given the limited literature on sensory
experience in adults, our third aim was to characterize unimodal
sensory habituation in autistic adults, during a simple auditory
habituation task while measuring pupil dilation at baseline and
then during two sets of trials which increased in stimulus
aversiveness. The sample included autistic adults with typical
cognitive performance (AUT group) alongside two IQ-matched
adult comparison groups: a sample of highly anxious, (ANX
group) and a sample of neurotypical adults who reported no
psychiatric concerns (NT group). The inclusion of a highly-
anxious group allowed for more direct comparison of the relative
contributions of sensory traits and physiological arousal vis-à-vis
anxiety in autism.

Aim 1: Evaluate sensory processing behaviors, and their link to
measures of anxious apprehension and autism traits, in autistic
adults vis-à-vis clinical and non-clinical comparison groups.
We predicted three-tier outcomes where the autism group
would score highest (AUT>ANX>NT) on sensory experience,
intolerance of uncertainty, autism trait measures, while the
ANX group highest on a measure of anxious apprehension
(ANX>AUT>NT). Following our previous study that used a
dimensional approach to examine trait-based associations (39),
we planned to pool all participants for correlation analyses.
We predicted strong associations between sensory experience,
anxious apprehension, and intolerance of uncertainty. We also
conducted follow-up analyses of correlations within each group
separately.

Aim 2: Compare baseline (non-task) physiological arousal
and general physiological arousal (whole experiment) across the
autism and comparison groups. We explicitly measured baseline
arousal before the start of the habituation protocol used in this
study. We predicted increased pupil size at baseline in the AUT
group compared to neurotypical controls. Given previous mixed
literature we did not have a firm prediction on whether the AUT
group might be equal to or exceed baseline arousal compared
to the ANX group. We also predicted a three-tier difference
in general arousal throughout the duration of the experiment
(ASD<ANX<CON), meaning that the ASD group’s general
arousal would decrease over time less than the other groups.

Aim 3: Evaluate sensory habituation in an auditory stimulation
task using pupillometry to index psychophysiological arousal. For
this aim we also predicted a three-tier habituation response
(AUT<ANX<NT), meaning that pupil dilation would take
longest to decrease over each set of trials in the AUT group.

MATERIALS AND METHODS

Participants
Pupillometry data were collected from 95 young adults including
31 AUT group (24 males), 28 ANX group (11 males) and 36 NT
group (22 males) participants. A subset of this sample completed

the Adolescent Adult Sensory Profile and other behavioral
measures (AUT n= 24, ANX n= 20, NT n= 36).

The majority of participants in the AUT group were recruited
from a pre-existing database of persons who had participated
in previous studies and consented to be contacted for future.
Other AUT participants were recruited from the community via
recruitment fliers as approved by the Brigham Young University
Institutional Review Board. Members in the AUT group had a
confirmed diagnosis of autism spectrum disorder informed by
the Autism Diagnostic Observation Schedule, Second Edition
[ADOS-2; (57)] administered by a research reliable clinician who
was also an author of this study.

The ANX group was recruited from individuals with
no reported history of autism, who were presenting for
psychotherapy at a counseling center of a large private university
and had not yet begun, or only just begun psychotherapy.
Invitations were sent to individuals who scored above established
cutoffs on at least one of the two anxiety subscales (Generalized
Anxiety and Social Anxiety) of the Counseling Center Assessment
of Psychological Symptoms [CCAPS; (58)], and who also scored
below the 80th percentile for non-anxiety subscales. Formal
psychiatric diagnoses are not generally given in the counseling
center and thus were not available. The NT group was recruited
via the psychology department research participation system and
reported no history of autism spectrum diagnosis or any elevated
psychiatric concern or history of diagnosis.

As shown in Table 1, the AUT group was significantly older
than the ANX and NT groups. There were no significant
differences in cognitive performance as measured by the
Wechsler Abbreviated Scales of Intelligence – Second Edition
(WASI-II). All participants who agreed to participate in this
study were able to complete the auditory habituation protocol.

Behavioral Measures
Autism Spectrum Quotient
The Autism Spectrum Quotient [ASQ; (59)] is a 50-item
questionnaire that asks participants to indicate the extent to
which they can identify with statements describing behaviors and
attitudes that reflect core autistic traits. The ASQ has been used
as a dimensional measure of autism traits in clinical populations
and in the general public, and has been demonstrated to be
sensitive to a range of intensity of autism symptoms (60).

Penn State Worry Questionnaire
The Penn State Worry Questionnaire (PSWQ) is a 16-item
questionnaire that measures the severity of anxious apprehension
or worry, in both clinical and nonclinical populations (61) The
PSWQ has been shown to have good discriminant validity and
convergent validity; to be unrelated to measures of depression
(e.g., the Beck Depression Inventory) and to be sensitive to
cognitive oriented treatment (61, 62).

Intolerance of Uncertainty Scale-12
The Intolerance of Uncertainty Scale-12 (IUS-12) (63) is a
12-item measure that includes questions about the unknown
regarding one’s prospective anxiety (e.g., “Unforeseen events
upset me greatly”) and inhibitory anxiety (e.g., “Uncertainty
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TABLE 1 | Demographic characteristics and behavioral questionnaire responses.

Mean ± SD F (df) p Direction

AUT ANX NT

Age 24.47 ± 6.14 21.90 ± 2.80 20.94 ± 1.72 6.62 (2.92) 0.002 AUT>ANX=NT

FSIQ 112.36 ± 10.63 112.16 ± 12.13 111.95 ± 8.21 2.32 (2.92) 0.993 AUT=ANX=NT

ASQ 27.77 ± 8.96 23.33 ± 7.18 15.61 ± 5.42 23.18 (2.92) 0.000 ASD=ANX>NT

PSWQ 50.92 ± 15.01 63.11 ± 8.75 46.69 ± 11.98 14.62 (2.86) 0.000 ANX>AUT=NT

IUS-12 28.00 ± 7.13 40.89 ± 9.56 38.96 ± 10.08 19.91 (2.85) 0.000 AUT=ANX>NT

AASP

Sensitivity 44.91 ± 10.11 39.25 ± 9.90 33.22 ± 6.75 22.36 (2.77) 0.000 AUT=ANX>NT

Avoiding 48.75 ± 9.46 39.85 ± 9.49 37.19 ± 5.56 14.22 (2.77) 0.000 AUT>ANX=NT

Low Reg. 39.83 ± 7.14 32.20 ± 7.14 31.91 ± 5.85 11.82 (2.77) 0.000 AUT>ANX=NT

Seeking 52.69 ± 6.54 44.95 ± 8.80 38.67 ± 8.36 24.40 (2.77) 0.000 AUT>ANX>NT

AUT, autistic adults; ANX, highly anxious adults; NT, neurotypical adults; FSIQ, full scale IQ from the Wechsler Abbreviated Scales of Intelligence–Second Edition; AASP, adolescent adult

sensory profile; Sensory Sensitivity, Sensation Avoiding, Low Registration and Sensory Seeking subscales.

keeps me from living a full life”). The IUS-12 total score was used
in the current study.

Adolescent/Adult Sensory Profile
The Adolescent/Adult Sensory Profile [AASP; (32)] is a 60-
item questionnaire measuring four sensory processing categories
based on Dunn’s (64) model of sensory processing: low
registration (i.e., easily misses sensory information), sensation
seeking (seeks out sensory stimulation), sensory sensitivity
(heightened awareness of sensory stimuli), and sensation avoiding
(withdraws from overwhelming sensory input). The four
subscales of the AASP reflect typical sensory processing where
extreme scores (higher or lower) reflect differences from typical
development.

Eye-Tracking Apparatus and Measurement
The experiment was conducted in a 6′ × 15′ room with a single
window that was facing southeast. The window’s blind were
closed for all participants. The rooms lights consisted of four
fluorescents ceiling lights that were on while the participants
completed the study. Pupils were recorded via an SR Research
Eyelink 1000 Plus tower mount eye tracker (spatial resolution
of 0.01◦) sampling at 1000Hz. Subjects were seated 60 cm away
from a 24′′ LCD screen with their back toward the window to
reduce effects of luminance from the outside environment. Head
movements were minimized with a chin and headrest. Although
viewing was binocular, recordings were taken from the right eye
only. Prior to recording, the eye tracker was calibrated using a
nine-point calibration routine. The experiment was controlled
with SR Research Experiment Builder software.

Auditory Habituation Protocol
After the eye-tracking equipment was calibrated to the
participant, each participant was shown the instructions on
the computer screen while the experimenter also read the
instructions out loud. The instructions were as follows, “During
this experiment, you will be staring at the fixation cross in the
center of the screen.While staring at the cross you will be hearing

noises in the headphones. Please keep your eyes focused on the
cross throughout the experiment. Failure to look at the fixation
cross will pause the experiment. Do you have any questions?”
After answering any participant questions the experimenter
started the protocol. The auditory habituation protocol consisted
of three blocks with 10 trials per block for a total of 30 trials. The
first block included only “Silence” trials consisting of a silent tone
generated using Audacity software. The second block included
only Sound1 trials, consisting of a 2000Hz sinewave tone, also
generated using Audacity and presented at 60 db. The last block
included only Sound2 trials, consisting of a 2000Hz sawtooth
tone (which is scratchier and slightly more aversive than the
sinewave tone), also generated using Audacity and presented
at 80 db. Each trial began with 500ms silence followed by the
corresponding sound (Silence, Sound1, or Sound2) with a jittered
duration from 1800 to 2200ms (mean = 2000ms). This was
followed by jittered inter-trial-interval ranging from 18000 to
22000ms (mean= 20000 s). Each participant received each block
in the same order (Silence, Sound1, Sound2). During each block,
the fixation-cross remained on screen continuously, and there
were no visual changes to the screen to indicate that one trial had
ended and another had begun. The eye-tracker was programmed
so that if the eyes left a pre-defined invisible area around the
fixation cross, the experiment would pause until the eyes returned
to the fixation cross. Participants were instructed to stare at a
black fixation cross of 200 × 200 pixels cross that was located
in the center of a white screen.

Ethical Considerations
This study was submitted to and approved by the Brigham
Young University Institutional Review Board (BYU IRB). All
clients were recruited in accordance to BYU IRB guidelines.
In accordance with the Declaration of Helsinki, all participants
signed the IRB-approved consent form that has been verbally
including information that participants could withdraw from
the study at any time. All data for this studied was de-
identified during the data preparation phase. Participants were
compensated $15 upon the completion of this study.
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TABLE 2A | Association of sensory experience and intolerance of uncertainty.

Combined AUT ANX NT

AASP scale r p r p r p r p

Sensory sensitivity 0.565 <0.001 0.514 0.020 0.376 0.102 0.337 0.045

Sensory avoidant 0.570 <0.001 0.532 0.016 0.329 0.157 0.636 <0.001

Low registration 0.380 0.001 0.417 0.067 0.398 0.083 0.105 0.544

Sensory seeking −0.478 <0.001 0.147 0.536 −0.308 0.187 −0.387 0.020

TABLE 2B | Association of sensory experience and anxious apprehension.

Combined AUT ANX NT

AASP scale r p r p r p r p

Sensory sensitivity 0.400 <0.001 0.237 0.300 0.318 0.172 0.451 <0.001

Sensory avoidant 0.271 0.017 −0.030 0.898 0.349 0.131 0.444 0.007

Low registration 0.256 0.025 0.601 0.004 0.238 0.311 0.083 0.628

Sensory seeking −0.160 0.154 0.061 0.794 0.066 0.782 0.011 0.948

AUT n = 20, ANX n = 21, NT n = 36. AASP, Adolescent Adult Sensory Profile; PSWQ, Penn State Worry Questionnaire; IUS-12, Intolerance of Uncertainty Scale-12.

Data Cleaning and Preparation
All data preparation was completed using R statistical software
(65).

Because the data were originally in arbitrary area units, we
converted the data to mm diameter by running the experiment
with a 10mm artificial pupil and using the resulting data to
compute pupil diameter of the actual participants. Data were
cleaned by manually removing samples that occurred during
blinks and saccades. The data was then smoothed using a loess
filter with a span of 0.25. Pupil size at time 0 (the moment
before sound onset) was used as a baseline, and pupil size
change was computed by subtracting this baseline value from
each sample. Finally, before analysis, outlier samples greater than
or less than 2.5 standard deviations from the participant’s mean
were removed (less than 4% of the total data were removed; the
amount removed did not differ by group), and the pupil data were
grouped into 250ms bins via averaging (66).

RESULTS

Aim 1: Sensory Processing in Autistic

Adults
We first examined between-group differences on behavioral
measures, as summarized in Table 1. The ASQ, IUS-12 total
score, and AASP sensory sensitivity subscale had non-normal
distributions and we followed standard ANOVA analyses with
Kruskal-Wallis tests (with Dunn’s test of multiple comparisons
of rank sums using the “dunntest” package of STATA 14. The
ANOVA and Kruskal-Wallis tests provided identical results in all
cases.

As expected, scores for the AUT group were significantly
different than the NT group on all subscales of the AASP sensory
questionnaire, including higher scores on the atypical sensory
experience scales and lower scores on the typical sensory seeking

scale. ANX group scores were equivalent to the AUT group for
the sensory seeking subscale, equivalent to the NT group for the
low registration and sensory avoidance scales, and between the
AUT and NT group for sensory seeking. The ANX group had
the highest scores on the PSWQ (anxious apprehension), while
the AUT and ANX groups were equivalent for the IUS-12 total
(intolerance of uncertainty). In line with our previous findings
regarding autism trait measures in highly anxious adults (67), the
AUT and ANX groups were statistically equal for the ASQ total
score.

Associations With Anxiety and Sensory Processing
As shown in Tables 2A, 2B, dimensional analyses of all
participants combined across groups (n = 77) found strong
significant correlations between the AASP subscales and the IUS-
12 and PSWQ total scores. This is in line with our previous
paper that looked at dimensional associations with autism and
neurotypical groups in the same analysis (39). Breaking down the
correlations by group showed a few different patterns between
groups although lower statistical power due to the sample
separation affects interpretation. There were no significant
correlations between the pupillometry measures and any of the
behavioral measures.

Aim 2: Baseline and General Physiological

Arousal
We calculated the average pupil size across each of the 10 trials
of the baseline Silence condition to calculate the tonic pupil
size for each group as our baseline measure. Table 3 reports
group differences in this measure and the following pupillometry
measures. Analysis revealed significant differences between the
groups [F(2, 92) = 3.32, p = 0.044]. Post-hoc analysis showed
the AUT group had a significantly greater tonic pupil size than
both the NT group and ANX groups. Figure 1 depicts this group
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TABLE 3 | Group comparisons for pupil size at various time points.

Mean ± SD F (df) p Direction

AUT ANX NT

Baseline Pupil Size 3.92 ± 0.54 3.59 ± 0.28 3.63 ± 0.42 3.32 (2.92) 0.044 AUT=ANX>NT

Sound1 Response 0.311 ± 0.33 0.272 ± 0.32 0.298 ± 0.34 0.67 (2.92) 0.514 AUT=ANX=NT

Sound2 Response 0.715 ± 0.45 0.667 ± 0.37 0.905 ± 0.57 14.62 (2.86) 0.334 AUT=ANX=NT

AUT, autistic adults; ANX, highly anxious adults; NT, neurotypical adults; Baseline Pupil Size, tonic pupil size averaged across all trials of the baseline “no-sound” condition. Sound1 and

2 initial responses are the difference of the peak pupil size in the 2000ms following the first onset of that sound minus the pupil size at Time 0 immediately before the onset of that sound.

FIGURE 1 | Tonic pupil size for each group across all 10 trials of the Silence condition.

difference in tonic pupil size on a trial-by-trial basis. Standard
ANOVA analysis showed identical results. In detail, Figure 1
shows that pupil size was largest for the AUT group at the
beginning of the block, with the ANX group in-between the AUT
and NT groups. This pattern remained constant throughout each
5-second block of “silence” trials.

We used Hierarchal Linear Modeling (HLM) to calculate
pre-experiment pupil size and the effects of that starting
point on general physiological arousal throughout the whole
experiment. HLM is especially useful for these analyses because
the models account for inter-individual variability with the
aim to separate “true effects” from “random effects” created by
individual variability (68). The AUT group’s pupil size at Time
0, immediately before the Silent block began—equivalent to the
intercept of themodel–was significantly larger than the NT group
(t = −2.20, p = 0.031), but not significantly different from the
ANX group (t=-1.83, p=0.071), indicating higher arousal of the
AUT group compared to the NT group at the beginning of the
experiment. Pupil size for the ANX group was in-between that
of the AUT and NT groups, and secondary analysis using the
ANX group as the reference showed no difference from the other
two groups. Throughout the duration of the experiment, the
AUT group’s pupil size did not change significantly compared
to the null slope of zero (t = 0.74, p = 0.428). The NT group
slope was not significantly different than the AUT group (t =
1.86, p = 0.063), indicating that their mean pupil size also did

not change during the course of the task. However, the ANX
group showed decreased pupil size across the duration of the
experiment compared to the AUT group (t = −2.69, p = 0.007)
and the NT group (t = −2.01, p = 0.045). Putting these analyses
together, the AUT group started with a larger pupil size than the
NT group but was not significantly different than the ANX group,
but the ANX group decreased over the course of the experiment
while the AUT group did not, so that the difference between
the two groups increased significantly over the course of the
experiment.

Aim 3: Auditory Response and Habituation
As is common with psychophysiology measurements, most
pupillometry data were positively skewed and we analyzed
data using Kruskal-Wallis tests with Dunn’s tests for post-hoc
comparisons. Follow-up ANOVA analyses reported identical
results in every case. We divided our analyses regarding
habituation into three steps. First was to compare the initial
response to hearing each sound, as a measure of arousal when
orienting to novel stimuli. Second was to track the rate of
decline in pupil size from the offset of the sound stimulus
to the beginning of the next trial. Third was to track the
slope of response magnitude from trial-to-trial as a measure of
habituation to each sound over the duration of the stimulus
block.
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Initial Response to Sound Stimuli
We examined initial pupil response to each of the two sounds
by looking at the peak pupil change within the first 2000ms
following sound onset, during the first trial for that sound. There
was no between-groups difference for either sound: Sound1
[F(2, 92) = 0.67, p = 0.51], Sound2 [F(2, 92) = 2.29, p = 0.11].
Thus, there were no overall group differences in the initial
response to each tone.

Recovery After Sound Stimulus
We next analyzed potential group differences in recovery
following the sound stimuli. Our first analysis showed that,
across the combined Sound1 and Sound2 trials, there was
no significant between-groups difference in pupil size at the
time of sound offset. We then calculated the slope of pupil
size for the duration from sound offset to the beginning
of the next trial, using the number of seconds from sound
offset as the time variable. Visual inspection of the data and
unconditional growth curve models suggested that a quadratic
transformation of the time (in seconds) showed the best model fit
(See Supplemental Table 1). All three groups showed significant
decrease in pupil size from the offset of the sound to the start of
the next trial (Supplemental Table 2). The AUT group showed
slower recovery than the NT group (t = −5.51, p < 0.001) and
faster recovery than the ANX group (t = 68.65, p < 0.001).

Auditory Habituation to the Sound Stimuli
Our critical question of habituation was analyzed by calculating
change in per-trial pupil response across all of the sound
trials. We began by calculating the difference between the
baseline for each trial (i.e., mean pupil size during the 500ms
silence) and the peak pupillary response during presentation
of the sound stimulus (2000ms). We utilized HLM to model
change in this response over time. Visual inspection of
the data and unconditional growth models indicated that
a natural log transformation of trial [“ln(trial)”] variable
provided the best fit of the data for both Sounds blocks (see
Supplemental Tables 3, 4). The final model for the peak change
in pupil size across the Sounds blocks included fixed effects of
group and trial, the group-by-trial interaction, and the random
effects of trial.

Figures 2, 3 depict the habituation trends. Results for the
Sound 1 block showed a significant effect for trial but non-
significant effects for group or the group-by-trial interaction.
Thus, the three groups habituated to Sound1 at similar rates.
There was likewise a strong habituation response for the Sound2
trials, but non-significant group main effects or group-by-trial
interaction effects (see Supplemental Tables 5, 6).

DISCUSSION

There were two separate types of measures in this study: the first
is tonic pupil size, that is, pupil size in the absence of any explicit
sensory stimulation, which may index everyday physiological
arousal that co-exists with feelings of anxiety. The second is
the change in pupil size in response to sensory (i.e., auditory)
stimulation which may relate to basic sensory processes. There is

growing evidence to suggest that sensory sensitivity and anxiety
are especially related to each other in autism (18). To our
knowledge, this is the first comparison of a cross-clinical sample
of autistic adults, non-autistic anxious adults and neurotypical
non-anxious adults, looking directly at these measures of baseline
arousal and subsequent reactivity and habituation to sensory
stimuli. We will discuss the findings of this study according its
three aims.

Aim 1: Sensory Processing in Autistic

Adults
The first aim of this study was to evaluate sensory processing
behaviors, and their link to measures of anxious apprehension
and autism traits, in autistic adults vis-à-vis clinical and non-
clinical comparison groups. The Adolescent and Adult Sensory
Profile (AASP) measures sensory experience extensively across
four domains, and the AUT group scored higher than the
NT sample in every domain, with the ANX group falling in-
between. These self-report data match earlier findings from
child samples that relied on parent-report surveys, and confirm
that challenging sensory experiences in autism persist into
adulthood. While the anxiety group did report differences
from the NT sample in the domains of sensory sensitivity
and sensory seeking behavior, these differences are much more
pronounced in the AUT group. These findings suggest a link
between anxiety and sensory experiences in which atypical
sensory processing may contribute to heightened anxiety, serving
as evidence that a potential mechanism for the increased in
anxiety in autism is atypical sensory processing. Although the
sample size in this study did not permit more sophisticated
statistical modeling, our dimensional data further suggest that
intolerance of uncertainty and anxiety (at least for a measure
of worry/anxious apprehension) may be related to sensory
processing. Further research with larger sample sizes is needed to
test models of the underlying mechanisms for anxiety in autism
similar to studies such as those done with alexithymia (31, 39).

Aim 2: Baseline Arousal and General

Physiological Arousal in Autistic Adults
A notable finding from our pupillometry measures is increased
pupil dilation in the ASD group at baseline (before any auditory
stimulation). In the absence of a known physical reason for
between-group differences in pupil size, it is possible that this
difference reflects ongoing elevated physiological arousal in the
autism sample. As reviewed in Aim 3 below, the measure of
auditory habituation showed that the autism group habituated
to the stimuli at similar rates as the comparison groups.
However, larger absolute pupil size persisted in the autism group
throughout the course of the experiment. That is, even as pupil
size decreased with habituation to the sound stimulus for all
groups, pupil size in the AUT group never came down to match
the other groups. This elevation may reflect frequently increased
activation of the sympathetic nervous system in autism that
does not diminish over time. Such chronic hyperarousal could
function as a mechanism and/or consequence of anxiety in
autism. While not a universal finding in the autism literature,
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FIGURE 2 | Change in peak pupil responses to Sound1 across all trials.

FIGURE 3 | Change in peak pupil responses to Sound2 across all trials.

there are an increasing number of suggestions that everyday
physiological arousal is atypical inmany autistic people and could
include chronic physiological arousal (35, 42, 69).

This idea was also suggested by the first ever fMRI study of
fear conditioning in autism (43), where we found much stronger
amygdala activation to threat vs. safe cues in a neurotypical
adult sample, but significantly reduced differentiation between
threat and safe in the autistic sample. We wondered whether
elevated baseline arousal—either in everyday life and/or as a
function of the intense sensory environment of theMRI setting—
provided a sort of ceiling effect for amygdala activation so
that additional, task-based activation was less likely. We have
recently undertaken a study of physiolgical arousal over the
course of a psychotherapy session which may shed light on
this. Studies with ambulatory or other, more ecologically valid
approaches would certiainly be useful for elucidating these
possibilities.

Aim 3: Auditory Response and Habituation
Habituation is defined as an exponential decrement of a response
to an initially novel stimulus that is presented repeatedly
over time (55, 70). Both animal and human research provide
strong support for links between less successful habituation
with less flexible adaptation that may underlie anxiety. One
intriguing model of autism (71, 72) suggests that challenges
integrating prior and current environmental input—for example
difficulties with sensory habituation—could drive a unique
sensory-perceptual experience that can make the autistic world
seem “too real” and overwhelming. However, our study found
no group differences in the initial response to sound stimuli (i.e.,
pupil size change when hearing the first sound) or in habituation
to those stimuli over time. Thus, our data do not support a link
between atypical sensory habituation and anxiety. However, this
may be because ours was a very simple task that required no
activity or active learning. It may be that increased task demands
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could over-tax sensory integration systems, as suggested by
fMRI studies from Green et al. (52, 53) who sowed atypical
sensory response only for simultaneous stimulation of multiple
sensory systems, and not for single sensory modalities presented
separately. Possible questions for future research include: Could
it be that chronically elevated physiological arousal, and/or
an elevated response to lab-based stressors, could modulate
findings in habituation studies (43)? Is habituation decreased
for unimodal sensory stimulation (i.e., only auditory or only
tactile) or do difficulties appear only in the integration of multiple
stimuli at once (as is common in real life) (52)? Does uncertainty
associated with sensory processing challenges directly contribute
to the intolerance of uncertainty that seems so prominent in
autism (18, 20)?

Limitations
There are several limitations for this study. Firstly, the
compositions of our groups were different on multiple levels.
For instance, the ASD group was significantly older than the
ANX and NT groups. However, HLM analyses indicated that
age was not a significant predictor of pupil responses. There
were more females in the ANX group than in the ASD or NT
groups. Some research has shown that females have larger pupil
responses than males to neutral stimuli (73). The ANX group
was not formally diagnosed with anxiety disorders, and we did
not assume a formal diagnosis in our conceptual or experimental
findings. They were a group of individuals (a) who were actively
seeking treatment for emotional distress; (b) who scored high
on common intake measures of anxiety used widely in college
counseling centers, and not so high on depression; (c) scored high
on study measures of anxious apprehension/worry (the PSWQ)
as well as on the intolerance of uncertaintymeasure (IUS-12). But
subsequent studies with carefully characterized clinical groups
including anxiety are necessary before making any stronger
conclusions about the overlap of anxiety and autism. As noted
above, the limited sample size precluded mediation modeling
and other useful approaches. The lack of correlation between
our self-report questionnaires and observed psychophysiological
responses is predicted by recent arguments from LeDoux et al.
that psychophysiological defense mechanisms are separate from
the subjective, conscious experience of fear (74, 75) although this
framework is quite controversial. Linking psychophysiology with
questionnaire data has been traditionally problematic in autism
(76) and more research about how different systems might feed
into each other is an important and ripe area for research.

This study also has some strength. We believe that the
involvement of additional clinical samples such as anxiety
is an essential approach for research moving forward, as is
now happening in many research groups. Pupillometry is a
simple and non-invasive physiological measure that precluded
participant attrition. The auditory habituation task was the
simplest possible protocol to test our hypotheses, examining basic
sensory processes that are less reliant on higher-level cognitive
processes.

Clinical Implications
While many autistic adults figure out how to compensate for
differences in social styles and motivation, and could find success

in relationships, employment and other settings, success is often
impeded by overwhelming feelings of anxiety. Many autistic
adults continue to be bothered by sensory stimulation that is
disruptive in its own right and may further exacerbate anxiety.
One autistic adult in our study reported that he feels “at war
with the world” because of frequently overwhelming sensory
stimulation. This can lead to frequent feelings of confusion and
uncertainty that mediate the link between sensory experience and
anxiety, and could contribute to everyday feelings of challenge
and heightened physiological arousal.

Attention to sensory experience is not a standard element
of cognitive behavioral therapy (CBT) or other treatment
modalities. In light of increased awareness of how sensory
experience and anxiety uniquely interact in autism, an explicit
focus on sensory processing challenges will likely be beneficial
for many children and adults in home, school, work, and
therapeutic settings (18, 77–79). Consultation with the autistic
student/employee/client and those who know them well can be
essential for understanding the nature of sensory and anxiety
experiences and learning how to utilize that information to build
supports and/or interventions to alleviate sensory challenges (80,
81). Such approaches could include additional environmental
supports or changes (including those used in occupational
therapy), as well the autistic person learning how to manage
sensory challenges more effectively.

As understanding grows of cognitive, emotional, and sensory
contributions to anxiety in autism, it is imperative to assimilate
targeted treatment approaches—certainly behavioral and
possibly pharmacological approaches—into autism interventions
(9, 36, 39, 79, 82, 83). Anxiety in autism is different than anxiety
without autism, and intervention approaches need to adapt
accordingly. At the same time, it is essential to further explore
heterogeneity in autism. Sensory experience, and anxiety
experience (and alexithymia and intolerance of uncertainty
and many other constructs) are not universal within autism.
Several recent studies have highlighted the importance of
examining varying levels of anxiety within large autism samples
(48, 84).

Consulting with the autistic person on what challenges are
most detrimental to their success is essential. Understanding that
typical approaches to anxiety have considerable efficacy in autism
is helpful [e.g., (85–89)]. But it is equally necessary to realize
that there are important, unique aspects of anxiety in autism
including (a) differences in central and autonomic nervous
system function (15, 48, 84); the validity of typical anxiety
symptom questionnaires (90–92); and helpful modifications for
treatment (80, 81, 93). Thus, behavioral and pharmacological
treatments for anxiety in autism should think outside the box,
including explicit and dedicated attention to the impact of
atypical sensory experience in so many autistic children and
adults.
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Despite many studies documenting the prevalence of various co-occurring psychiatric

symptoms in children and adults with ASD, less is known about how these symptoms

relate to subtypes defined by particular phenotypic features within the ASD population.

We examined the severity and prevalence of comorbid symptoms of psychopathology,

emotion dysregulation, and maladaptive behaviors, as well as adaptive functioning, in a

group of 65 minimally verbal children (n = 33) and adolescents (n =32) with ASD. On the

Child and Adolescent Symptom Inventory (CASI-5), for all the symptom classifications

except oppositional defiant disorder and conduct disorder, more participants in our

sample showed elevated or clinically concerning severity scores relative to the general

population. On the Emotion Dysregulation Inventory (EDI), the mean scores for Reactivity

and Dysphoria factors in our sample were lower than in the autism calibration sample,

which included a large number of inpatient youth with ASD. Overall, few differences

were found between the children and adolescents within this severely impaired group

of ASD individuals based on clinical cutoff scores on the CASI-5 and EDI factor scores.

Psychiatric comorbidities and emotion dysregulation measures were not correlated with

autism symptom severity or with measures of adaptive functioning, and were largely

unrelated to IQ in our sample. The number of clinically significant psychiatric symptoms

on the CASI-5 emerged as the main predictor of maladaptive behaviors. Findings

suggest a wide range of co-occurring psychopathology and high degree of maladaptive

behavior among minimally verbal children and adolescents with ASD, which are not

directly attributable to autism symptom severity, intellectual disability or limitations in

adaptive functioning.

Keywords: psychopathology, minimally verbal autism spectrum disorder, maladaptive behavior, children,

adolescents

INTRODUCTION

Interest in the presence of comorbid conditions in individuals with autism spectrum disorder
(ASD) has increased considerably in recent years, particularly in research aimed at characterizing
the substantial phenotypic heterogeneity found in ASD and its possible underlying etiology (1–4).
Whilemany studies have documented the prevalence of various co-occurring psychiatric symptoms
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in children and adults with ASD, little is known about how
these symptoms relate to specific phenotypic characteristics, such
as expressive language ability, which varies significantly among
individuals with ASD (5). When researchers have focused on
particular subgroups of individuals with ASD, they were typically
distinguished by the presence or absence of intellectual disability
(ID), without explicit consideration of the ability to use spoken
language functionally.

The majority of these studies have indicated a higher
prevalence and number of different psychiatric conditions in
youth with ASD compared to age-matched control groups
without ASD (2, 6, 7), however the reported prevalence of these
conditions has varied across studies. In a literature review of
existing research on comorbid conditions in individuals with
ASD, Mannion and Leader (2) attributed inconsistent findings
to the use of different instruments, and differences in study
participants’ intellectual and communication abilities, among
other factors (8–10). For instance, rates of anxiety in individuals
with ASD have been estimated between 11 and 84% (11, 12), and
rates of ADHD co-occurring with ASD have varied between 28
and 87% (13–15). The inconsistencies in findings across studies
could be related to the diagnostic instruments commonly used to
characterize psychiatric and behavior dysregulation symptoms in
children and adults, which have not been specifically designed to
screen for comorbid psychopathology in people with ASD [e.g.,
the Aberrant Behavior Checklist, ABC; (16, 17); Child Behavior
Checklist, CBCL; (18); CASI-5; (19)].

Several studies have employed instruments specifically
designed for use with adults with ASD [e.g., Autism Spectrum
Disorders—Comorbidity for Adults, ASD-CA; (20)] or children
with ASD [e.g., Baby and Infant Screen for Children with
Autism Traits; BISCUIT; (21); Autism Comorbidity Interview-
Present and Lifetime; ACI-PL; (22); Autism Spectrum Disorders-
Comorbidity for Children, ASD-CC; (23, 24)]. Using the
Autism Comorbidity Interview [ACI-PL; (22)], which was
developed based on an adaptation of the Kiddie-Schedule
for Affective Disorders and Schizophrenia [K-SADS; (25)],
Leyfer et al. (22) found that the most prevalent psychiatric
comorbidity in a sample of verbal 5-to-17-year-olds was specific
phobia, present in 44% of the sample, followed by obsessive-
compulsive disorder (OCD) present in 37% of the sample. In
contrast, Simonoff et al. (14) reported that only 8% of their
sample had a diagnosis of OCD, while the most prevalent
psychiatric comorbidity was social anxiety (29%), followed by
ADHD (28%) in their ASD sample between the ages of 11
and 14 years, most of whom had IQ scores over 70. The
utility of these measures for assessing psychiatric comorbidities
in non- or minimally verbal (MV) individuals with ASD,
many of whom also have intellectual disability, is not clear,
given that these studies enrolled primarily individuals with
spoken language.

Thus, despite interest in the comorbid psychiatric conditions
in people with ASD, there is a paucity of studies that focus on
the segment of the population most severely affected, the ∼30%
of individuals with ASD who remain non- or minimally verbal
beyond school-age (26, 27). In an effort to fill this gap, a research
collaborative between several academic and medical institutions
was established in 2014, with the goal of conducting common

comprehensive assessments on children and adolescents with
ASD admitted to inpatient psychiatry care units [the Autism
Inpatient Collection; AIC; (28)]. A preliminary paper reporting
on 147 participants showed that expressive language impairment
(being non-, or minimally verbal) affected 52% of the sample,
43% had intellectual disability, and 27% engaged in self-injurious
behavior. Elevated behavioral disturbance was common in this
cohort as reflected by high average scores on the Irritability
and Hyperactivity subscales of the Aberrant Behavior Checklist
[ABC; (16)], which are indicative of clinically concerning
externalizing symptoms (4).

A second paper based in part on the same sample (29)
directly compared 165 minimally verbal individuals with ASD
with a cohort of 268 verbal youth with ASD, drawn from several
referral sources, mostly outpatient clinics, on the Child and
Adolescent Symptom Inventory [CASI-4 and−5; (19, 30)] parent-
report rating scales. The main findings were that, regardless
of verbal ability status, inpatient participants showed greater
severity and were more likely to exceed clinical cutoffs than those
in outpatient settings across almost all CASI-4 and−5 psychiatric
classifications. However, in comparisons between the minimally
verbal and verbal groups, the verbal group had higher symptom
severity, and a higher percentage of participants exceeded clinical
cut-offs for depression, general anxiety disorder and oppositional
defiant disorder. These results were consistent with other reports
in the literature that have suggested that better functional
communication was associated with higher levels of anxiety in
individuals with ASD (31–34), although these other studies did
not specifically enroll or investigate minimally verbal individuals
with ASD as a group. In contrast to the profile of psychiatric
comorbidities reported for verbal individuals with ASD, the
MV participants assessed by Lerner et al. (29) were more likely
to meet the clinical cutoff for ADHD-Hyperactivity/Impulsivity
type relative to the verbal participants (50% compared to 37%),
when controlling for non-verbal IQ, age, and ADOS calibrated
symptom severity scores.

In sum, the majority of previous studies did not enroll
non- or minimally verbal youths with ASD and only more
recent studies have focused specifically on this neglected
“severe end of the spectrum” (26, 28). Expanding on this
research, here we examined the type, frequency, and severity of
psychiatric symptoms using the CASI-5 as our primary outcome
measure, and the Emotion Dysregulation Inventory [EDI; (35)],
a new measure designed to assess emotion control difficulties
independently of IQ and verbal ability in individuals with ASD,
in a group of MV children and adolescents with ASD who have
never received inpatient psychiatric care. Given that emotion
dysregulation has been proposed as one potential explanatory
mechanism for the high rates of psychiatric comorbidities found
among individuals with ASD (36), we hypothesized that the
EDI reactivity and dysphoria scales would be correlated with
several of the CASI-5 symptom classifications indicative of
externalizing and internalizing disorders, respectively. Because
minimal capacity for spoken language is often associated with
intellectual disability (ID) in ASD, we examined whether CASI-5
psychiatric comorbidities and EDI reactivity and dysphoria were
associated with maladaptive behaviors in our MV-ASD sample,
independently of age and ID.
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The overarching aim of our study was to characterize the
profile of comorbid symptoms of psychopathology and emotion
dysregulation in an exclusively outpatient sample of children
and adolescents who remained minimally verbal by school age
(5 years and older). In particular, based on CASI-5 scores, we
examined the severity and frequency of psychiatric symptoms
in 5-to-18-year-old children and adolescents with ASD, relative
to population norms. In addition, based on EDI scores, we
investigated the frequency of parent-reported symptoms of
emotional reactivity and dysphoria.

The specific goals of this study were:

1) To investigate whether individual differences, such as
age and gender, influence the presentation of psychiatric
comorbidities and emotion dysregulation among MV
individuals with ASD. In particular, we examined whether
children (5; 0 to 11; 11 years) differed from adolescents
(12; 1 to 18; 6 years) in the type, prevalence and severity of
symptoms reported by caregivers on the CASI-5 and EDI;

2) To examine the relationships between ratings of psychiatric
symptoms and of emotion dysregulation and other
characteristics of the sample, such as cognitive ability
(IQ), adaptive functioning, maladaptive behavior, and autism
symptom severity.

3) To examine whether the overall burden of psychiatric
comorbidities and emotion dysregulation predict maladaptive
behaviors, over and above variability in IQ and age, in MV
individuals with ASD.

METHODS

Participants
Sixty-five participants diagnosed with ASD who had limited
verbal abilities (i.e., few to no words used spontaneously)
were included in the study. Participants had enrolled in a
larger phenotyping study of minimally verbal (MV) individuals
with ASD conducted at a University-affiliated research center.
They were recruited from a variety of resources in the
community including schools, clinics, and social media and
came from predominantly English-speaking homes, had normal
or corrected-to-normal vision and hearing, and did not have
significant neurological impairment. Based on a medical history
survey answered by caregivers, none of the participants had ever
been hospitalized in a psychiatric care unit prior to participation
in our research. Informed consent was obtained from the parents,
and the Boston University Institutional Review Board approved
study procedures.

ASD diagnoses of the children and adolescents enrolled in the
study were confirmed using the Autism Diagnostic Interview—
Revised [ADI-R; (37)] conducted with primary caregivers and
the ADOS. Participants aged 5 through 11 years (n = 33) were
assessed with Module 1 of the Autism Diagnostic Observation
Schedule-2 [ADOS-2; (38)]. Participants aged 12 through 18
years (n= 32) were assessed withModule 1 of the Adapted ADOS
[A-ADOS; (39)], which uses play materials more appropriate and
engaging for adolescents. The ADOS Module 1 was specifically
designed to assess ASD symptomatology in children with few to

no words and is therefore appropriate for defining minimally
verbal ASD (40). Social-affective and restrictive and repetitive
behavior symptom severity were calculated with the ADOS
calibrated symptom severity scores, which are comparable
across ADOS modules (41). For both the ADI-R and the
ADOS assessments, higher diagnostic algorithm and calibrated
symptom severity scores indicate more severe ASD symptoms.
Participant characteristics are reported in Tables 1A, 1B by
age group.

Measures and Procedure
All participants were administered a battery of cognitive
diagnostic assessments and parents completed several
questionnaires and interviews about their child’s developmental
history and current behavioral profile, either in their homes, or
when their child was being tested.

Measures of Cognitive and Adaptive

Functioning
Non-verbal IQ (NVIQ) was assessed with the Leiter International
Performance Scale -Third Edition [Leiter-3; (42)], a test
commonly used with minimally- and low-verbal individuals with
ASD (43) because it does not require verbal instructions or verbal
responding. Parents completed the Vineland Adaptive Behavior
Scales, Second Edition [VABS-II; (44)], a measure administered
in a semi-structured interview format. In addition to assessing
the level of an individual’s personal and social skills required
for everyday living, the VABS-II also yields a maladaptive

TABLE 1A | Participant characteristics, by age group.

Child Adolescent pa

N = 33 N = 32

Mean (SD) Mean (SD)

Age 7.59 (1.99) 14.79 (1.9) 0.001

ADI-R SCORES

Social interaction 25.94 (2.72) 26.04 (3.8) ns

Nonverbal communication 11.9 (2.22) 12.59 (1.53) ns

Repetitive behaviors 5.35 (1.49) 5.96 (2.47) ns

ADOS SYMPTOM SEVERITY SCORES

Social affect 7.12 (1.19) 7.47 (1.74) ns

Restricted and repetitive behaviors 8.91 (1.18) 7.94 (1.70) 0.009

Total (overall CSS) 7. 70 (1.18) 7.59 (1.74) ns

Leiter-3 nonverbal IQ 70.53 (14.69) 48.97(12.97) 0.001

VINELAND ADAPTIVE BEHAVIOR SCALES (VABS–II)b

Communication domain 54.91 (12.26) 43.39 (9.74) 0.001

Socialization domain 55.66 (8.27) 43.85 (6.37) 0.001

Daily living skills 62.0 (10.38) 50.48 (11.02) 0.001

Adaptive behavior composite 57.13 (8.88) 44.54 (9.18) 0.001

Maladaptive behavior indexc 19.25 (1.54) 19.14 (1.18) ns

Internalizing behaviorsc 19.38 (2.03) 19.64 (1.50) ns

Externalizing behaviorsc 17.28 (1.81) 17.79 (1.55) ns

a Independent-samples t-test.
b Data on VABS-II was not available for 4 adolescent participants.
c v-Scale scores.
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TABLE 1B | Demographic characteristics of the participants.

Child Adolescent Pa

N = 33 N = 32

Mean (SD) Mean (SD)

Gender (Male/Female) 27/6 22/10 ns

Race/Ethnicity ns

White 60.6% 68.8%

Hispanic 6.0% 3.1%

Native Hawaiian/Pacific islander 0 3.1%

More than one race / unknown 9.1% 3.1%

Maternal education ns

Less than high school 0 0

High school/GED 6.0% 6.2%

Some college 27.3% 19.4%

Bachelor’s degree 18.2% 35. 5%

Graduate degree 45.4% 32.3%

Other (e.g., trade vocational school) 3% 6.5%

Household income ns

< $50,000.00 12.12% 6.25%

$50,000 to $100,000 12.12% 6.25%

>$100,000.00 48.5% 53.13%

No response 27.3% 34.37%

a
χ
2 test.

behaviors index (including separate scores for externalizing and
internalizing maladaptive behaviors), based on caregiver ratings
of problematic or challenging behaviors that interfere with a
person’s optimal daily functioning.

Parent-Report Measures of Comorbid

Psychopathology and Emotion

Dysregulation
Child and Adolescent Symptom Inventory (CASI-5)
We used the parent-report version of the CASI-5 to examine
the frequency and severity of comorbid psychiatric symptoms
in our sample. The parent version of the CASI-5 includes 173
items, which rate behaviors as occurring never, sometimes, often
and very often. The items assess symptoms of DSM-5 psychiatric
disorders, including Attention Deficit Hyperactivity Disorder
(inattentive, hyperactive/impulsive, & combined types), anxiety
disorders (generalized anxiety, social anxiety/’social phobia’, and
separation anxiety), conduct disorder and oppositional-defiant
disorder, mood disorders (major depressive episode, dysthymia,
and manic episode) and eating disorders (anorexia, bulimia).
In addition, a limited number of symptoms characteristic
of the following disorders are also included: posttraumatic
stress disorder, obsessive-compulsive disorder, schizophrenia and
schizoid personality, specific phobia, panic disorder, selective
mutism, trichotillomania, motor tics, vocal tics, and substance
use. For the majority of items, symptoms rated as occurring often
and very often are considered clinically significant, and those
rated as never or sometimes are not.

The CASI-5 yields several types of scores that correspond to
two approaches to assessing psychiatric symptomatology. One
approach is based on a dimensional scoring method that uses
normative data to generate T-scores (with a mean of 50 and SD
= 10) for each symptom classification based on the participant’s
gender and age. For the purposes of this study, we considered
severity T-scores > 65 (i.e., > 1.5 SD above the mean and at the
93rd percentile or higher relative to the norm sample) as clinically
and functionally significant. The second approach to scoring
is categorical and involves determining whether an individual
meets criteria for a particular DSM-5 screening diagnosis based
on the number of clinically concerning symptoms shown (e.g.,
items rated often and very often); this number—labeled Symptom
Count Score—is compared to a Symptom Count Cutoff /criterion
score for each disorder classification. It should be noted that
symptom count cutoff scores do not indicate a psychiatric
diagnosis, and their relevance is restricted to screening purposes
for clinically concerning symptoms related to a specific disorder.
According to recent reviews [e.g., (45)], the CASI-5 subscale
scores generally show a high degree of correspondence with
psychiatric diagnoses (predictive validity) and correlate well
with other commonly used dimensional scales (concurrent
validity), demonstrating satisfactory psychometric properties for
a diversity of youth, including those with ASD (30).

Emotion Dysregulation Inventory (EDI)
Emotion dysregulation was assessed with the 66-item version of
the EDI, a caregiver-report questionnaire designed to capture
emotional distress and a wide range of problems with emotion
regulation in youth with ASD ages 6 years and above. The items
describe observable indicators of poor emotion regulation, which
are rated by caregivers on a 0 to 4 scale from “not at all—never
happens” to “very severe—almost always happening and causes a
serious problem.” The EDI is comprised of two scales: a Reactivity
scale, which captures intense, rapidly escalating, sustained, and
poorly regulated negative emotional reactions, and a Dysphoria
scale, characterized by minimal positive affect and motivation,
and the presence of nervousness and sadness. The EDI reactivity
and dysphoria scales yield raw scores that were converted into T-
scores based on tables provided to us by the instrument’s author.
It should be noted that the calibration sample for this instrument
consisted of a large combined sample of 1,751 community and
psychiatric inpatients with ASD. Therefore, the results we present
are relative to the autism norms and scoring that were validated
for this population (36).

Statistical Analysis
Descriptive statistics were calculated using means and standard
deviations for continuous variables and frequencies and
proportions for categorical variables. First, children and
adolescent groups were compared on demographic variables,
including scores on standardized tests of cognitive and adaptive
functioning and autism symptom severity, using independent
sample t-tests or χ

2 tests, as appropriate. Variables on which
significant group differences were found (e.g., NVIQ) were
controlled for (entered as covariates) in analyses of the CASI-5
and EDI factors variables, conducted to compare psychiatric
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comorbidities and emotion dysregulation ratings across the
age groups.

We conducted several types of analyses of the CASI-5 parent
ratings to characterize the profile of psychiatric comorbidities in
our sample. First, we examined the prevalence of different types
of comorbidities based on the frequencies of scores exceeding the
clinical cut-off for each CASI-5 classification (categorical scoring
approach). Then we explored the distribution of clinically
significant CASI-5 symptom severity scores (i.e., T-score > 65)
in our sample relative to the distribution expected in the general
population, usingχ

2 to test for significant differences.We further
examined age and gender group differences in the severity of
comorbid symptoms (dimensional scoring) using a multivariate
analysis of variance approach with the CASI-5 T-scores as the
dependent variables, while co-varying NVIQ. More specifically,
the continuous CASI-5 symptom severity variables (T-scores) for
the psychiatric classifications relevant for both age groups (nine
classifications or subscales) were entered into a multivariate
analysis of covariance (MANCOVA) to determine if symptom
severity-scores across classifications differed as a function of
age-group and gender, after controlling for NVIQ. To further
examine group differences, the multivariate test was followed
by univariate ANOVAs and post-hoc tests, as needed, using
Bonferroni corrected significance levels. A similar MANCOVA
was conducted with the two EDI factors as dependent variables,
age-group and gender as between-subjects factors and NVIQ
as a covariate, to examine possible group differences in aspects
of emotion dysregulation, after controlling for cognitive ability.
Relationships between psychiatric comorbidities, emotion
dysregulation factors and level of cognitive functioning
(NVIQ), were examined using Pearson correlations. We
further investigated relationships between selected psychiatric
comorbidities, emotion dysregulation factors, autism symptom
severity and ratings of maladaptive behavior on the VABS-II
while controlling for NVIQ, using partial correlations and
the Holm-Bonferroni method to correct for multiple testing.
Finally, to investigate if psychiatric comorbidities or emotion
dysregulation factors contributed significantly to ratings of
maladaptive behavior on the VABS-II, a stepwise multiple
regression analysis was conducted, entering age and NVIQ on
the first step, followed by the number of clinically significant
comorbidities endorsed by parents on the CASI-5 and the
two EDI emotion dysregulation factors as an independent
variables, with VABS-II Maladaptive behavior index scores as the
dependent variable.

RESULTS

Tables 1A,B present demographic characteristics of the
participants, by age group. No differences were found between
males and females on any characteristic listed. The child and
adolescent groups did not differ in gender, race/ethnicity, parent
education, and household income distributions (based on χ

2

tests, all p > 0.25), or on ADI-R or ADOS overall calibrated
symptom severity scores. Independent-samples t-tests showed
that younger participants obtained, on average, higher standard

scores on several measures of cognitive and adaptive functioning
than the adolescent group (see Table 1A). Non-verbal IQ and
VABS-II Adaptive Behavior Composite scores were highly
correlated (r = 0.782, p < 0.0001), even when adjusting for age
differences (rp = 0.649, p < 0.0001). Therefore, all analyses of
group differences on the variables of interest from the CASI-5
and the EDI survey were conducted co-varying NVIQ.

Sample Characterization With the CASI-5
Table 2 presents the prevalence of different psychiatric
comorbidities in our sample for children and adolescents,
based on the CASI-5 categorical scoring, which takes into
account whether an individual meets criteria for a particular
DSM-5 diagnosis based on the number of clinically concerning
symptoms shown (i.e., exceeds a Symptom Count Cutoff criterion
for a particular CASI-5 classification). All participants met cutoff
criteria for at least one CASI-5 classification, and the number of
categorical classifications parents endorsed ranged from 1 to 15,
with a mode and a median of 6 classifications. Figure 1 shows

TABLE 2 | Prevalence of participants meeting clinical cut-off scores on CASI-5

symptom classifications.

N Children Adolescents Entire sample

33 32 65

% of sample % of sample % of sample

EXTERNALIZING DISORDERS

ADHD

Inattentive type 48.5 31.25 40

Hyperactive/impulsive type 21.21 25 23.1

Combined type 18.18 18.75 18.5

Oppositional defiant disorder 3.03 3.13 3.1

Conduct disorder 3.03 6.25 4.6

INTERNALIZING DISORDERS

Generalized anxiety disorder 3.03 3.13 3.1

Major depressive disorder 0 3.13 1.5

Dysthymic disorder 3.03 3.13 3.1

Social phobia/social anxiety 12.12 6.2 9.2

Separation anxiety disorder 3.03 3.03 3.1

OTHER DISORDERS

Specific phobia 45.5 40.6 43.1

Panic disorder 0 0 0

Obsessions 6.06 3.13 4.6

Compulsions 36.4 31.25 33.8

Posttraumatic stress 15.2 12.5 13.8

Motor tics 42.4 50 46.2

Vocal tics 54.6 78.13 66.2

Somatic symptoms 3.03 0 1.5

Enuresis 60.6 6.06 52.3

Anorexia nervosa 3.03 3.13 3.1

Bulimia nervosa 6.06 25 15.4

Schizoid personality disorder 12.1 28.1 20

Schizophrenia 0 0 0

Bipolar disorder/Manic episode 3.03 3.13 3.1
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FIGURE 1 | Frequency of participants by number of CASI−5 symptom classifications with clinically significant ratings. Number of psychiatric comorbidities exceeding

clinical cutoff scores.

the distribution of participants by the number of symptom
classifications on which they met clinical cutoff criteria on
the CASI-5.

The most frequent symptom classification endorsed by
parents in our sample was vocal tics, with 66.2% of the sample
meeting clinical cutoff. Forty-six percent of the sample met the
clinical cutoff formotor tics, followed by specific phobia, reported
to be present in 43% of the sample. A large proportion of the
sample met the clinical cutoff for ADHD Inattentive type (40%),
whereas 23% met clinical cutoff for the ADHD Hyperactive-
impulsive type, followed by ADHD Combined type (18.5%).
Compulsions were reported in about a third of the sample.
However, except for vocal tics, no single psychiatric symptom
was found significantly elevated in more than 50% of the sample,
reflecting the wide variety and complex combinations of clinically
significant psychiatric symptoms among our MV participants.
The one exception was enuresis, which was reported for 60.6%
of children but only for 6% of adolescents, suggesting that this
comorbid condition is likely to resolve over time.

We also characterized the profile of psychiatric comorbidities
in this population based on analyses of symptom severity,
afforded by the dimensional scoring approach for the CASI-5
classifications. Symptom severity scores on the CASI-5 indicate
whether an individual shows symptom levels of clinical concern,
even if not having the number of symptoms required to
screen positive for a DSM-5 psychiatric diagnosis. Therefore,
we examined the distribution of T-scores in our sample, taking
as a threshold for clinical significance T-scores higher than 1.5
standard deviation from themean (i.e.,T-scores of 65 and above).
Table 3 shows the percentage of participants who obtained T-
scores above and below 65. When comparing this distribution of

scores to the normal distribution, we found that for all symptom
categories, except oppositional defiant disorder and conduct
disorder, more participants showed clinically concerning severity
scores than expected based on general population norms.

Symptom severity ratings of psychiatric comorbidities (CASI-
5 T-scores) for the 9 symptom classifications common to children
and adolescents (see Table 4) were entered into a MANCOVA
with age-group and gender as between-subjects factors and
NVIQ as covariate. This analysis yielded a significantmultivariate
effect of age group, F(9,51) = 3.291, p = 0.003, Wilks’ 3 =

0.633, partial η
2
= 0.367, with no other significant effects

or interactions. Follow-up univariate ANOVAs indicated that
children and adolescents differed significantly in the severity
of their symptoms for ADHD Inattentive type, F(1,59) = 7.10,
p = 0.01, partial η

2
= 0.11, with the children showing more

impairment than the adolescents (mean = 67.9, SD = 14.9 vs.
mean = 63.7, SD = 12.3, respectively) and on Major depressive
episode, F(1,59) = 6.32, p = 0.015, partial η

2
= 0.10, with

the adolescents (mean = 61.97, SD = 13.6) showing more
impairment than the children (mean = 52.06, SD = 9.9) in this
category of psychiatric comorbidity.

Sample Characterization on the EDI
Table 5 presents the T-scores for the children and adolescents
in our sample on the EDI reactivity and dysphoria scales.
A MANCOVA with EDI reactivity and dysphoria T-scores as
dependent variables, age-group and gender as between-subjects
factors, and NVIQ as a covariate did not yield any main effects or
interactions indicating that, in our sample, severity of emotion
dysregulation was largely independent of age-group, [F2,49 =

1.54, p = 0.224, Wilks’ 3 = 0.941, partial η
2
= 0.06], gender

Frontiers in Psychiatry | www.frontiersin.org 6 February 2019 | Volume 10 | Article 43168

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


Plesa Skwerer et al. Psychiatric Symptoms in Minimally Verbal ASD

TABLE 3 | Proportion of participants (%) by Distribution of clinically significant

T-scores on the CASI-5.

T-score <65 >65 χ2 p

Normal distribution % 93% 7%

EXTERNALIZING DISORDERS

ADHD

Inattentive type 55.4 44.6 141.3, 0.0001

Hyperactive/impulsive type 52.3 47.7 165.3, 0.0001

Combined type 44.6 55.4 233.7, 0.0001

Oppositional defiant disorder 96.9 3.1 1.54, ns

Conduct disorder 96.9 3.1 1.54, ns

INTERNALIZING DISORDERS

Generalized anxiety disorder 72.3 27.7 42.75, 0.0001

Depressive disorders

Major depressive disorder 80 20 16.87, 0.0001

Dysthymic disorder 83.1 16.9 9.83, 0.002

Social phobiaa 72.1 27.9 28.9, 0.0001

Separation anxiety disorder 84.6 15.4 7.02, 0.008

OTHER DISORDERSb

Schizophrenia 58.6 41.4 52.6, 0.0001

Schizoid personality disorder 38.7 61.3 140.4, 0.0001

Bipolar disorder/Manic episode 81.3 18.8 6.79, 0.009

aClassification T-score applies only to children (5–12 years).
bClassification T-scores apply only to adolescents (12–18 years).

[F2,49 = 0.953, p = 0.392, Wilks’ 3 = 0.963, partial η
2
=

0.037], or NVIQ [F2,49 = 0.761, p = 0.473, Wilks’ 3 = 0.796,
partial η2

= 0.03].
Overall, relative to the normative autism calibration sample,

the participants in this study did not show significantly elevated
symptoms of reactivity or dysphoria on the EDI, according
to parent report for current behaviors. The range of T-scores
was 30 to 60 for reactivity and 36 to 58 for dysphoria in our
sample, suggesting that few caregivers rated behaviors indicative
of emotion dysregulation as very severe problems, although across
participants the full scale (0 to 4) was used for most items. Some
items included in the dysphoria scale, however, never received
a rating of severe or very severe (e.g., “seems sad or unhappy,”
“appears uneasy through the day”).

Relationships Among Parent-Report

Measures of Psychiatric Symptoms,

Emotion Dysregulation, IQ, Adaptive

Functioning, Maladaptive Behaviors, and

Autism Severity
First, we examined correlations between cognitive functioning
(NVIQ) and severity scores for the CASI-5 classifications and
the EDI factors. NVIQ was significantly negatively correlated
with CASI-5 T- scores only for symptoms of ADHD (for ADHD
Hyperactivity-impulsive type, r(64) = −0.381, p = 0.002, and
r(64) = −0.274, p = 0.024 for ADHD Combined type). No
other psychiatric comorbidities rated on the CASI-5 correlated
significantly with NVIQ. On the EDI, neither the reactivity nor
the dysphoria factors were correlated with NVIQ. However,

TABLE 4 | Mean (and Standard Deviations) of CASI-5 severity scores (T-scores)

for symptom classifications.

Child Adolescent p*

Mean (SD) Mean (SD)

DISRUPTIVE BEHAVIOR DISORDERS

ADHD

Inattentive type 67.85 (14.86) 63.75 (12.31) 0.01

Hyperactive/impulsive type 62.12 (10.72) 69.19 (11.17) ns

Combined type 67.0 (13.58) 67.8 (12.82) ns

Oppositional defiant disorder 45.24 (5.96) 47.09 (11.21) ns

Conduct disorder 46.82 (2.8) 48.84 (7.38) ns

ANXIETY DISORDERS

Generalized anxiety disorder 57.24 (9.06) 58.13 (10.9) ns

Separation anxiety disorder 50.18 (8.69) 57.59 (16.67) ns

MOOD DISORDERS

Major depressive episode 52.06 (9.89) 61.97 (13.63) 0.015

Dysthymic disorder 53.23 (10.05) 61.47 (15.67) ns

*Pairwise comparisons among estimated marginal means, controlling for NVIQ.

TABLE 5 | Means (and Standard Deviations) of T-scores on EDI factors by

age-group.

Child Adolescent p*

Mean (SD) Mean (SD)

EMOTION DYSREGULATION (EDI)

Reactivitya 41.91 (4.94) 43.65 (6.51) ns

Dysphoriaa 42.13 (4.96) 43.93 (6.30) ns

aT-scores. *Pairwise comparisons between estimated marginal means, controlling for

NVIQ.

because the two age groups differed significantly in NVIQ scores,
we conducted all other correlational analyses controlling for
NVIQ. Adaptive functioning scores (VABS-II Adaptive Behavior
Composite scores) were not correlated with any CASI-5 severity
T-scores or with the EDI factors in our sample.

Next, we examined autism symptom severity scores as
related to measures of psychiatric comorbidities and emotion
dysregulation severity, controlling for NVIQ. We found no
significant correlations between T- scores on the CASI-5 or the
EDI factors and ADOS calibrated severity scores. To investigate
whether psychiatric comorbidities and emotion dysregulation
contributed to behavioral dysregulation as assessed by ratings
of maladaptive behaviors (i.e., internalizing and externalizing
behaviors) on the VABS-II, we examined correlations between
CASI-5 and EDI factors T-scores, and VABS-II indices of
internalizing and of externalizing behaviors, controlling for
NVIQ. We selected from the CASI-5 the symptom classifications
for which T-scores are provided for both children and
adolescents, and for which our sample showed elevated severity
(T scores > 65, cf. Table 3). Table 6 presents partial correlations
among our primary measures from the CASI-5 and the EDI, and
indices ofmaladaptive behavior from the VABS-II, controlling for
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NVIQ. As expected based on the theoretical model of emotion
dysregulation underlying the EDI, the reactivity factor index on
the EDI was significantly correlated with ratings of externalizing
behaviors on the VABS-II after controlling for cognitive ability,
rp(53) = 0.383, p = 0.006. The dysphoria factor, however, was
not significantly correlated with internalizing behaviors scores on
the VABS-II. While EDI reactivity and dysphoria T-scores were
both correlated with the number of clinically significant CASI-
5 symptom classifications (a measure of “psychiatric burden”),
only the EDI dysphoria factor was significantly correlated with
the generalized anxiety CASI-5 classification, rp(54)= 0.398, p=
0.002, after adjusting for multiple testing (Table 6).

Finally, we were interested in exploring to what extent the
burden of psychiatric comorbidities and emotion dysregulation
predicted caregivers’ ratings of maladaptive behaviors in their
children, as reported on the VABS-II maladaptive behavior index.
To this end, we conducted a stepwise multiple regression analysis
entering chronological age and NVIQ on the first step, followed
by entering the two EDI factors (dysphoria and reactivity) and
the total number of clinically significant symptom classifications
from CASI-5 on the second step. Because neither the ASD
symptom severity calibrated score, nor the overall adaptive
functioning measure (VABS-II Adaptive Behavior Composite)
were correlated with any of the psychiatric comorbidity or
emotion dysregulation T- scores in our sample, we did not
enter these variables in the analysis. Results revealed that, when
entered in stepwise fashion, only the number of comorbid
symptom classifications on the CASI-5 was retained as predictor,
explaining 9.5% of variance in the VABS-II maladaptive index
scores [adjusted R2 = 0.095; F1,50 = 5.22. p= 0.027], whereas the
EDI factors did not make a significant contribution to the model
(EDI reactivity β = 0.125, t = 0.829, ns, and EDI dysphoria β =

−0.092, t=−0.610, ns).

DISCUSSION

In this first study of a relatively large and never hospitalized
outpatient sample of minimally verbal children and adolescents
with ASD, our main goal was to investigate co-occurring
psychiatric symptoms using several different measures
to provide a comprehensive phenotypic characterization
of MV individuals as related to psychiatric and emotion
dysregulation symptomatology. We found high rates of
psychiatric symptomatology on the CASI-5, but relatively low
rates of emotional dysregulation, especially dysphoria on the
EDI. We also found that the number of different psychiatric
symptom classifications endorsed on the CASI-5 was a key
predictor of maladaptive behavior. The overall picture to
emerge from this study is that minimally verbal children and
adolescents present with extremely heterogeneous profiles of
co-morbid psychopathology that are not easily predicted by
autism symptom severity, intellectual disability, or limitations
in communication.

Our main analyses focused on the CASI-5, a well-validated
parent-report psychiatric screening measure. Perhaps the most
striking finding was that virtually every participant met cut-off

criteria for at least one co-morbid condition, and the average
number of different co-morbidities across the sample was six.
The most common conditions included tics and phobias and
among psychiatric categories, ADHD was the most common. In
contrast, we found low rates of oppositional defiant disorder and
conduct disorder, perhaps reflecting the limited opportunities for
exhibiting signs of these disorders in the population we studied,
or caregivers’ construal of their children’s behavior. In general,
our findings are consistent with other reports in the literature.
In particular, the pattern of psychopathology we found matches
what Lerner and his colleagues reported (29) in their sample of
minimally verbal youth with ASD, although the rates that we
found were lower. This is not surprising since our sample had
never been hospitalized whereas Lerner et al.’s minimally verbal
participants were drawn largely from a current inpatient sample.
Finally, we note that on the CASI-5, as well as our other measures
of co-morbid psychopathology, we found very few differences
between children and adolescents. Rates of different disorders as
well as the number of different conditions were similar across
the sample. We also did not find differences between males and
females, although the small number of females who provided data
in this study precludes drawing valid conclusions about gender-
related similarities or differences in the profile of psychiatric
comorbidities of MV individuals with ASD.

Our second key measure for assessing psychopathology in
this study was the newly developed instrument, the EDI. This
measure, which taps two different emotion dysregulation factors,
reactivity and dysphoria, was specifically designed for and
normed on an ASD sample (35, 36). In contrast to the significant
psychopathology reported on the CASI-5, we found relatively
low rates of clinically significant dysregulation compared to
the instrument norms, with rates for dysphoria especially low.
One reason for our lower rates might again be related to
the difference in our sample since Mazefsky and colleagues
normed the EDI on a large sample of both inpatient and
outpatient children and adolescents with ASD and included both
verbal and minimally verbal individuals. Since rates of certain
co-morbid psychopathological conditions, particularly anxiety,
depression and ODD are significantly more prevalent among
more verbal individuals, and the EDI is correlated with CASI-
5 psychopathology, it is likely that our EDI findings reflect the
lower end of the ASD distribution of scores on this instrument.
A second explanation for the lower EDI scores in our sample
may be that parents either have trouble discerning the internal
emotional states of their minimally verbal children, or that they
interpret their child’s behavior and affect more in terms of their
primary diagnosis of ASD coupled with their severely limited
communicative abilities. Thus, if a child cannot say, for example,
they are unhappy or do not want to go to school, parents fail
to interpret behaviors that are consistent with these emotional
states in this way and therefore do not endorse those items
on the EDI.

We investigated the relationship between comorbid
psychopathology and other behavioral characteristics, including
non-verbal IQ, adaptive functioning, and autism symptom
severity. Among minimally verbal children and adolescents,
autism severity scores were not related to any of our measures of
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TABLE 6 | Partial correlations between severity scores for selected psychiatric symptom classifications (CASI-5), emotion dysregulation (EDI) factors, and maladaptive

behavior (VABS-II), controlling for cognitive ability (NVIQ).

VABS-II internalizing

behavior

VABS-II externalizing

behavior

EDI reactivity EDI dysphoria Number of comorbid

symptoms

ADHD inattentive type 0.202 0.269 0.060 0.267 0.440*

ADHD hyperactive /impulsive type 0.113 0.474* 0.214 0.181 0.425*

ADHD combined type 0.186 0.385* 0.129 0.274 0.472*

Generalized anxiety disorder 0.284 0.342 0.298 0.398* 0.577**

Major depressive disorder −0.228 −0.056 0.209 0.302 0.342*

Number of comorbid symptoms 0.245 0.244 0.407* 441*

EDI Dysphoria 0.100 0.076 0.554**

EDI Reactivity 0.079 0.383*

Significance level after Holm-Bonferroni correction: *p < 0.001; **p < 0.0001.

psychopathology and even IQ and adaptive behavior scores were
either not related or only to a modest degree (with r-values all
below 0.4). The lack of correlations between CASI-5 scores and
a general measure of adaptive functioning (VABS-II composite
scores) may seem surprising, in light of findings from other
research that documented associations between co-occurring
psychopathology and adaptive behavior in individuals with ASD
(32, 46, 47). However, these findings were based primarily on
samples of individuals with ASD without intellectual disabilities
(46, 48–51) or on mixed samples including both individuals
with IQ in the average range and those with ID, but whether
the mixed samples included MV-ASD participants remained
unspecified [see (52) for a review]. In the few studies that focused
on individuals with ASD and ID (53, 54) researchers examined
primarily associations between psychiatric comorbidities and
“problem behaviors” that directly impact adaptive functioning.
In our MV-ASD sample we also found expected associations
between psychiatric burden tapped by CASI-5 scores, the
Dysregulation factor of the EDI and maladaptive behaviors on
the VABS-II.

Consistent with the underlying model for the EDI, we found
correlations between the CASI-5 and the EDI. Both EDI factors
correlated significantly with most of the CASI-5 symptom
classifications severity scores and with the overall number of
different CASI-5 symptom classifications endorsed by each
respondent. Nevertheless, in our regression analysis exploring
which variables were the strongest concurrent predictors of
overall maladaptive behavior, only the number of different
CASI-5 symptom classifications accounted for 9.5% of the
variance; Although this is not a large portion of the variance,
it was significant in the context of model tested, whereas no
other predictor variables, including any of the EDI factors,
was significant. In some respect then, the number of different
symptom classifications may function as a cumulative risk
index for maladaptive behavior. Future research should explore
further whether models of this cumulative risk of co-morbid
psychopathology for minimally verbal individuals with ASD
would be more sensitive if certain comorbid conditions were
weighted higher than others were, but this would require a
significantly larger sample of individuals than we had available.

It would also be important to begin exploring whether there are
other factors that may protect some children and adolescents
from higher levels of maladaptive behavior, despite carrying a
significant burden of co-morbid psychopathology.

There are some notable limitations to this study.
Most importantly, we relied exclusively on parent report
questionnaires, which are generally less accurate than either in-
depth caregiver interviews or direct observation and evaluation
of psychiatric conditions. Since minimally verbal individuals
are, by definition, not able to report on their own feelings and
behavior, even a direct evaluation would depend largely on
parent report coupled with observations in a clinical setting. Still,
our findings may have been enhanced had they been coupled
with such observations carried out by an expert clinician. We
focused here specifically on an outpatient group of minimally
verbal children and adolescents, thus complementing the
work reported by Lerner and his colleagues (26; see also 33).
Because of the nature of the larger lab-based research study
in which the participants were enrolled, we excluded those
with the most severe behavior problems including aggression,
self-injury or non-compliance, and therefore our findings
must be viewed in the context of whom our participants
represent. Nevertheless, this study is an important step forward
in work that characterizes the minimally verbal end of the
autism spectrum who have so often been excluded from earlier
studies (cf. 24).

In sum, our study highlights the wide-ranging profiles of
comorbid psychopathology and degree of maladaptive behavior
among minimally verbal children and adolescents with ASD.
The findings do not suggest that the presence of these
comorbidities represent a subtype within the ASD population;
on the contrary, comorbid psychopathology is the norm rather
than the exception. This suggests that beginning at an early
age every minimally verbal person with ASD should have
ongoing clinical diagnostic and treatment services that focus
on these comorbid conditions, which may well change over
time within each child. It is likely that the burden of care for
minimally verbal people is related as much to their comorbid
conditions, including both the absence of functional language
and psychopathology. As we work toward including this end of
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the spectrum into our fuller understanding of ASD, we need to
embrace the highly complex and unique behavioral profiles of
each individual.
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Introduction: Prevalence of obesity in Autism Spectrum Disorder (ASD) has been

reported to be higher than in the general population. Determining prevalence may help

increase awareness of obesity in ASD and potentially lead to initiatives to reduce obesity.

In order to understand obesity in ASD children, common risk factors were assessed

including physical activity, feeding problems and sleep disturbances.

Methods: This is a cross-sectional study performed at the Child Development

Center at Universiti Kebangsaan Malaysia Medical Center on 151 ASD children aged

2–18 years. Anthropometric and demographic information were obtained and parents

completed three questionnaires; Children Sleep Habits Questionnaire (CSHQ), Physical

Activity for Older Children Questionnaire (PAQ-C) and Brief Autism Mealtime Behavior

Questionnaire (BAMBI).

Results: For ASD children in our sample, the prevalence of overweight (BMI

≥85th to <95th percentiles) was 11.3% and the prevalence of obesity (BMI ≥95th

percentile) was 21.9%. The overweight/obese ASD children’s median age was

higher at 8.5 years (IQR 5.81–10.13) compared to the normal/underweight group

of 6.33 years (IQR 4.75–7.7) with a p-value of 0.001. The two groups also differed

significantly for maternal BMI and paternal age. The median maternal BMI in the

overweight/obese group was 26.05 (IQR 23.35–32.25), statistically significantly higher

(p = 0.003) than in the non-overweight/obese group, 24.7 (IQR 21–27.9). The

median paternal age of 40 years (IQR 37–44) was statistically significantly higher

(p = 0.039) in the overweight/obese group, compared to the median paternal age

in the non-overweight/obese group of 38 (IQR 35–42). The male overweight/obese

children had median PAQ-C score of 2.44 (IQR 2.00–3.00) vs. 2.89 (IQR 2.35–3.53)

in the counterpart group with a p-value of 0.01. Using the multiple linear regression

stepwise method, three predictors associated with BMI percentiles reached a

statistical level of significance; PAQ-C score in males (p < 0.001), the BAMBI

domains of Food Refusal (p = 0.001) and Limited Variety of Food (p = 0.001).
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Conclusions: The prevalence of obesity and overweight is high among Malaysian ASD

children and adolescents. Older child age, high maternal BMI, older paternal age, low

physical activity, low likelihood of food refusal and high likelihood of food selectivity were

found to be risk factors for high BMI in these children.

Keywords: autism, overweight, obesity, sleep habits, physical activity, feeding problems

INTRODUCTION

The prevalence of childhood obesity is increasing rapidly in
Malaysia in tandem with increasing global prevalence. In the
U.S., 13.9% of children and adolescents aged 2–19 were obese
in 1999 and the trend showed a significant increase to 17.1%
between 2003 and 2004. The prevalence remains high, having
been reported in a recent study to be approximately 17.2% (1). In
2004 in Malaysia, a study reported the prevalence of overweight
and obesity among school children and adolescents to be 7.3%
(2). Recent studies found that the prevalence of overweight and
obesity among children in Malaysia have increased significantly
to 18.2–19.9 and 15.2%, respectively (3, 4). Obesity has become
a significant global public health problem with unhealthy excess
weight posing health risks for chronic diseases such as Type
2 diabetes mellitus, hypertension, dyslipidaemia, orthopedic
problems, and sleep disordered breathing (5–9). The study of
childhood obesity in a country like Malaysia, in which children
below 18 years make up approximately 30% of the population,
may provide a good representation of the direction of obesity
prevalence of children worldwide.

Interestingly, several studies have revealed that the prevalence
of obesity is significantly greater among children with autism
spectrum disorder (ASD), compared to the general population.
Based on previous literature on ASD, the prevalence of obesity
among ASD children ranged from 17 to 32%, and the prevalence
of overweight ranged between 13 and 33% (10–18). A recent
study in the U.S based on the 2016 National Survey of Children’s
Health reported that the prevalence of overweight and obesity are
higher in the ASD group in comparison to typically developing
children, with 19 and 23% of children with ASD reported to be
overweight and obese, respectively, compared to 14 and 15% of
typically developing children (18).

ASD is a neurodevelopmental disorder characterized by
impairments in communication, behavior, and social functioning
beginning in childhood. There are no local epidemiological
studies on ASD prevalence in Malaysia. However, a feasibility
study on the use of Modified Checklist for Autism in Toddlers
(M-CHAT) among children aged 18–36 months by the Ministry
of Health Malaysia found the prevalence of ASD to be
approximately 1.6 in 1,000, significantly lower than those
reported by recent worldwide ASD prevalence studies, and likely
an underestimation (19). Autism prevalence has been showing an
increasing trend over the past few decades.

There are several risk factors that might contribute to obesity
among ASD children. A significant proportion of ASD children
have been reported to have sleeping and feeding problems, and
difficulty in engaging in physical activity (20–22). Children with

ASD have been found to be less physically active and fit compared
to typically developing children (20). Studies by McCoy et al.
(23) and Healy et al. (24) compared physical activity and obesity
among adolescents with and without ASD and found that the
ASD group are more likely to be obese and less likely to engage in
regular physical activity or sports (23, 24).

There is a clear association between short sleep duration and
the risk of childhood obesity in the general population (25,
26). Children with ASD have poorer sleep quantity and quality
compared to typically developing children and these issues do
not appear to improve with age (21). They commonly have a
shorter duration of sleep and problems with sleep tend to endure.
Humphreys et al. (27) investigated longitudinal sleep patterns in
children with ASD and found that sleep duration in children with
ASD reduced from 30 months of age onwards and persisted until
adolescence. Night-time sleep duration was shortened by later
bedtimes and earlier waking times (27).

Children with ASD are frequently associated with picky eating
and aversions to specific textures, colors, smells, temperatures,
and brand names of foods. The degree of food selectivity appears
to be an important indicator of acceptance or rejection of food
and might be related to obesity. Children with ASD exhibit
greater likelihood of food selectivity, eat a narrower range of
foods, and have been frequently reported to have behavioral
concerns during mealtime such as screaming or crying and food
refusal (22, 28–30). A possible risk factor for obesity is the use of
food as a primary reinforcer to calm these children down, which
could also lead to obesity (31). Another possible mechanism
leading to food selectivity or refusal in ASD children is “gut-
brain” axis disruption leading to gastrointestinal disturbances,
which may potentially be amenable to dietary manipulation or
supplementary management (32).

Obesity is especially challenging to manage in children
with ASD and therefore it is important to identify significant
modifiable risk factors for potential remedial measures. The
standard management for obesity in children and adolescents
in Malaysia, and in general worldwide, is the reduction of
energy intake by dietary modifications, increasing physical
activity, and reducing physical inactivity. These are carried out
using behavior modification techniques for modifying eating
habits and improving activity patterns, and the involvement of
the family in weight management (Malaysian Obesity Clinical
Practice Guideline). Obtaining adequate night time sleep has
also been proven to be associated with 40% lower prevalence of
obesity (33).

Previous studies have focused on the prevalence rate of
overweight and obesity among the ASD population. There is,
however, a paucity of research on physical activity and its impact
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on body mass index among ASD children, with no previous
study yet reported in Malaysia. To the best of our knowledge,
there is little research to identify other possible risk factors apart
from physical activity associated with overweight and obesity
in children with ASD, specifically the impact of sleep habits
and mealtime behavior. The aims of this study are to assess
the prevalence of overweight and obesity among Malaysian
ASD children and adolescents its associated risk factors, and to
determine the relationship between the level of physical activity,
sleep habits and mealtime behavior with the BMI status of
Malaysian ASD children.

METHODOLOGY

This study was carried out at an outpatient setting on 151
children and adolescents aged 2–18 years who were diagnosed
with ASD based on DSM IV or DSM 5 criteria and were on follow
up at the Child Development Center (CDC) UKMMC. Patients’
records were reviewed to obtain the diagnosis, co-morbidities,
age, and sex. Stadiometer and weighing scale were used to obtain
height and weight. Measured values for weight and height were
used to calculate the body mass index (BMI) and these were
charted on growth charts to determine percentiles by gender
and age. Centers for Disease Control and Prevention criteria
for BMI were used to define overweight and obesity (≥85th to
<95th percentiles and ≥95th percentiles, respectively). Parental
height, weight, and BMI were also measured. Questionnaires
were given to parents who had signed the consent form and the
questionnaires were filled up while they were waiting for their
appointment. Questionnaires used were Children Sleep Habit
Questionnaire (CHSQ), Physical Activity for Older Children
Questionnaire (PAQ-C), and Brief Autism Mealtime Behavior
Inventory (BAMBI). Exclusion criteria were children who were
on Ritalin and antipsychotics.

This is a cross sectional study. The sample size was calculated
based on the formula n’ = NZ2 P(1–P)/d2(N−1) + Z2 P(1–P)
whereby N is the population size, Z is the statistic for a level of
confidence, P is the expected proportion, and d is precision (34).
The estimated number of ASD patients under CDC follow up is
300 children, Z value is 1.96 for the level of confidence interval
95%, the expected prevalence of overweight plus obesity based
on previous studies is 0.5 and the precision is 5%. The calculated
sample size was 165.

Ethical approval was obtained from the Research Ethics
Committee UKM (Research code: FF-2018-247). This ethical
approval allowed for us to collect data from human subjects
in the form of questionnaires and anthropometric data, with
confidentiality maintained for all study subjects. Each participant
(parent) was provided with an explanation of the study, both in
written and verbal forms, and requested to sign a consent form
prior to collection of data.

QUESTIONNAIRES

Children Sleep Habit Questionnaire (CSHQ)
CSHQ is a retrospective 34-item questionnaire, developed by
Owens et al. (35) that has been used to examine sleep behavior

in young children aged 4–12 years (35). It is not intended to
diagnose specific sleep problems but instead was designed to
screen for the most common sleep problems. It is based on
parental report and contains 8 subscales: bedtime resistance,
sleep onset delay, sleep duration, sleep anxiety, night waking,
parasomnias, sleep disordered breathing, and daytime sleepiness.
The answers are based on a Likert scale. Items are rated on a 3-
point scale; “usually” if the sleep behavior occurred 5–7 times per
week, “sometimes” for 2–4 times per week and “rarely” for 0–1
time per week. The response “usually” is scored as 3, “sometimes”
scored as 2, and “rarely” scored as 1. A total score of over 41
indicates a pediatric sleep disturbance. The questionnaire had
been translated into the Malay version by Firouzi et al. (36) and
was pretested on a sample of 17 children. The Cronbach’s alpha of
the questionnaire was 0.895, which indicates high reliability (36).

Physical Activity for Older Children
Questionnaire (PAQ-C)
The PAQ-C is a self-administered, 7-day recall questionnaire
developed by Kowalski et al. (37) to assess general levels of
physical activity of children aged ∼8–14 years old (37). It has
10 items, 9 of which are scored on a 5-point scale. The final
PAQ-C activity summary score is the mean value from 1 to 5
for each of 9 items. A score of 1 indicates low physical activity
whereas a score of 5 indicates high physical activity. Reliability
and validity data have been proven by Kowalski et al. (37). This
questionnaire has been translated into the Malay language and
validation performed by Mohd Zaki et al. on 73 children aged
10–17 years old, which showed that the Malay version has good
internal consistency with Cronbach alpha 0.75–0.77 (38). Based
on a study by Voss et al. (39) on 7,226 children aged 10–15 years
old to determine the cut-off point for PAQ-C score, it was found
that PAQ-C scores of more than 2.9 for boys and more than
2.7 for girls indicated “sufficiently active” group vs. “low active”
group (39).

Brief Autism Mealtime Behavior Inventory
(BAMBI)
BAMBI was developed by Lukens (40) to measure mealtime
behavioral problems seen in autistic children aged between 3 and
11 years old. It is a parental report and consists of 18 items that
are in three categories of eating behavior: limited variety of food,
food refusal, and features of autism. Items were rated on a 5-point
Likert scale, where “1” referred to never/rarely, “2” for seldom,
“3” for occasionally, “4” for often and “5” for almost every meal.
It has been validated by Lukens (40). DeMand et al. (41) explored
the psychometric properties of BAMBI in 273 children with

TABLE 1 | Body Mass Index (BMI) status of 151 children with ASD.

BMI status by percentiles N %

Underweight (BMI <5th percentile) 11 7.3

Normal (BMI ≥5th to <85th percentiles) 90 59.6

Overweight (BMI ≥ 85th to <95th percentiles) 17 11.3

Obese (BMI ≥ 95th percentiles) 33 21.9
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autism and derived a cut-off for BAMBI total score. The cut off
total score of more than 34 indicates problematic feeders (41).
Permission from Dr. Colleen Taylor Lukens to use and translate
BAMBI has been obtained for this study. BAMBI has been
translated into the Malay language using forward and backward
translation methods. The original BAMBI was translated into
the Malay language by a bilingual person. The Malay version
of BAMBI was then back-translated into English by another

translator who had not seen the original English version. The

two different translators were fluent in both the Malay language
and English. The two versions of translation were found to be

comparable after being checked by two pediatricians. A pilot
study was conducted using the Malay version of the BAMBI on
30 subjects for validation. The Cronbach’s alpha was found to be
0.83, which indicates good reliability.

The median age was 6.75 years old. One hundred and thirty
two were male (87.4%) and 19 were female (12.6%). Ethnic
distribution were 99 Malays (65.6%), 41 Chinese (27.2%), 8
Indians (5.3%), and 3 of “other” ethnicity (2%). Nine children
had a co-morbidity of attention deficit hyperactive disorder
(ADHD) (6%), 11 had global developmental delay (GDD) (7.3%),
4 had intellectual disability (ID) (2.6%), and 8 of the children
had other co-morbidities including dysmorphism, epilepsy, beta-
thalassemia, atopic eczema and speech language impairment
(SLI) (5.3%). One child was on a gluten-restriction diet.

Statistical Analysis
Data analysis was carried out using Statistical Package for
Social Sciences (SPSS) Version 23.0. To compare the median
difference or percentage difference of the variables between obese,

TABLE 2 | Comparison of characteristics of overweight and obese with normal and underweight groups.

Characteristics Normal + Underweight

BMI <85th percentiles (n = 101)

Overweight + Obese

BMI ≥ 85th percentiles (n = 50)

p-value

Median (IQR) or n (%) Median (IQR) or n (%)

Age (years) 6.33 (4.75–7.71) 8.54 (5.81–10.13) 0.001*

SEX

Female 12 (11.9%) 7 (14%) 0.712

Male 89 (88.1%) 43 (86%)

Birth weight (kg) 3.01 (2.73–3.32) 2.99 (2.70–3.20) 0.459

RACE

Malay 69 (68.3%) 30 (60%) 0.252

Chinese 26 (25.7%) 15 (30%)

Indian 4 (4%) 4 (8%)

Others 2 (2%) 1 (2%)

Paternal BMI 26.00 (23.6–29.00) 27.65 (24.43–31.25) 0.096

Maternal BMI 24.7 (21–27.9) 26.05 (23.35–32.25) 0.003*

Paternal age (years) 38 (35–42) 40 (37–44) 0.039*

Maternal age (years) 36 (34–39) 37 (34.75–40.25) 0.108

Monthly income (RM) 6,000 (4,000–10,000) 5,000 (3,000–10,000) 0.184

Number of siblings 2 (2–3) 2 (2–3) 0.393

CO-MORBIDITIES

None 77 (76.2%) 42 (84%) 0.247

ADHD 7 (6.9%) 2 (4%)

GDD 10 (9.9%) 1 (2%)

ID 3 (3%) 1 (2%)

Others 4 (4%) 4 (8%)

DIETARY RESTRICTION

None 97 (96%) 50 (100%) 0.514

Restriction 4 (4%) 0 (0%)

PATERNAL EDUCATION

Tertiary 73.5 (72.3%) 31 (62%) 0.644

Secondary 28 (27.7%) 19 (38%)

MATERNAL EDUCATION

Tertiary 75 (74.3) 31 (62%) 0.369

Secondary 26 (25.7%) 19 (38%)

*Significant median difference at p < 0.05 using Mann-Whitney U test/Significant number difference at p < 0.05 using Chi square test. ADHD, attention deficit hyperactive disorder;

GDD, global developmental delay; ID, intelectual disability. The bold values are statistically significant at p < 0.05.
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overweight, normal weight, and underweight groups, the Mann-
Whitney U test was used for continuous data and Chi squared
test for categorical data. The variables included age, ethnicity, co-
morbidities, number of siblings, socioeconomic status, parental
BMI, parental age, and parental education. The Spearman
Correlation was applied to determine the correlation between the
variables. Multiple Linear Regression analysis utilizing stepwise
method was performed for the association between sleep habits,
physical activity level and mealtime behavior and odds of being
overweight and obese.

The data was analyzed between two groups of ASD children
based on BMI, comparing those with BMI ≥85th percentile
(overweight+ obese, n= 50) to those with BMI<85th percentile
(underweight + normal, n = 101), to determine associations
between being overweight/obese and its risk factors. Normality
skewness and kurtosis test was performed, and it showed that the
data was skewed. Therefore, non-parametric tests were utilized.

RESULTS

Table 1 demonstrates the breakdown of ASD children by BMI
category. The prevalence of overweight individuals in ASD
children in this study was 11.3%, with 17 of the 151 children
having BMI≥85th to<95th percentile. The prevalence of obesity
was 21.9% with 33 of the 151 children having BMI ≥95th
percentile. The total prevalence of overweight and obesity in ASD
children in the study was therefore 33.2%, with 50 of the children
having BMI ≥85th percentile.

Table 2 shows the characteristics of the study sample,
comparing those categorized as overweight and obese to those
who were not. There was a significant difference in median
age between the two groups, whereby the overweight/obese
ASD children’s median age was 8.5 years (IQR 5.81–10.13), in

comparison to non-overweight/obese group which was 6.33 years
(IQR 4.75–7.7) with a p-value of 0.001. Figure 1 demonstrates
the association between BMI percentiles and mean age, whereby
increasing age is associated with higher BMI. The two groups
also differed significantly in terms of maternal BMI and paternal
age, whereby in the overweight/obese group, the maternal
median BMI was statistically significantly higher than the
non-overweight/obese group. The maternal median BMI in
overweight/obese was 26.05 (IQR 23.35–32.25) and maternal
BMI in non-overweight/obese was 24.7 (IQR 21–27.9).

Table 3 describes the frequency of sleep disturbance based
on Total Sleep Disturbance Index, physical activity level and
problematic feeders among the ASD children. All ASD children
in this study (except two) have pediatric sleep disturbance.
Parents of seven ASD children did not answer the PAQ-C
questionnaire relating to physical activity as the questions were
not applicable to their children, who at 3 years of age were too
young. From a total of 144 children, 41.7%were sufficiently active
whereas 53.6% had levels of activity that were low. From the

TABLE 3 | Frequency of sleep disturbance, physical activity level and problematic

feeder among 151 children with ASD.

Risk factors for Overweight/Obesity (Questionnaires) N %

Pediatric sleep disturbance (CSHQ) Yes 149 98.7

No 2 1.3

Physical activity level (PAQ-C) Sufficiently active 63 41.7

Low active 81 53.6

NA 7 4.6

Problematic feeder (BAMBI) Yes 138 91.4

No 13 8.6

FIGURE 1 | Weight status in relation to mean age (years).
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feeding questionnaire, a majority (91.4%) of the children were
problematic feeders.

In Table 4, obese and overweight ASD children were
compared to ASD children who were underweight and had
normal weight in relation to the studied risk factors. One
hundred and forty nine out of 151 ASD children were
identified as having disturbance with sleep based on Total Sleep
Disturbance Index of the Children Sleep Habit Questionnaire
(CSHQ). The median duration of sleep for the whole study
sample was 9 h. Median sleep hours for overweight/obese group
was 9 (IQR 8–10; n= 80) and for underweight/normal group the
median sleep hours was 8.5 (7.63–9.88; n = 40). No significant
difference was noted in Total Sleep Disturbance Index among
the two groups. Stratifying by gender did not reveal a significant
difference for Total Sleep Disturbance Index (p= 0.458). Thirty-
one parents did not answer the total duration of sleep in hours.

Based on gender stratification, there was a significant
difference in the Physical Activity Questionnaire for Older
Children (PAQ-C) score between the two groups amongst male
ASD children. The male overweight/obese children had a median
PAQ-C score of 2.44 (IQR 2.00–3.00) vs. 2.89 (IQR 2.35–3.53)
in the counterpart group with a p-value of 0.01. The lower
score indicates less physical activity. For the questionnaire on
physical activity, seven of the children were too young for the
questionnaire, resulting in assessment of 144 out of 151 children
for this part of the analysis.

Of the 151 children in the study, 138 were problematic
feeders based on BAMBI scoring. There was no significant
difference between the two groups in the BAMBI score: however,
one of the domains of BAMBI, the Food Refusal component,
showed a significant difference between the two groups. The
overweight/obese group had lower scores in the Food Refusal
domain as compared to non-overweight/obese. Themedian score
in overweight/obese group was 7 (IQR 5–9.25) and the median
score in non-overweight/obese group was 9 (IQR 7–11). Gender
stratification did not reveal a significant difference for total
BAMBI score (p= 0.986).

Using multiple linear regression stepwise method, three
predictors associated with BMI percentiles reached a statistical
level of significance. These were the PAQ-C score in males
(p < 0.001, beta coefficients −0.37) and the BAMBI domains of
Food Refusal (p = 0.001, beta coefficients −0.71) and Limited
Variety of Food (p = 0.001, beta coefficients 0.39). The beta
coefficients for PAQ-C score in males and Food Refusal score
showed a negative beta coefficients value, which indicates that
they contribute to higher weight in ASD children. Whereas,
Limited Variety of Food score has a positive beta coefficients
value, which indicates that it is protective against higher weight
status. Table 5 illustrates the strength of association between
PAQ-C score for male ASD, and the two BAMBI domains
mentioned previously. Based on the analysis, 74% of the change
in BMI percentiles was significantly affected by three factors:

TABLE 4 | Comparison between normal and underweight ASD children with overweight and obese ASD children based on CSHQ, PAQ-C and BAMBI scoring.

Normal & Underweight

(n = 101)

Overweight & Obese

(n = 50)

p-value

Median (IQR 25–75) Median (IQR 25–75)

i. CSHQ: TOTAL INDEX, TOTAL DURATION OF SLEEP AND EIGHT DOMAINS OF SLEEP HABIT

Total sleep disturbance index 54 (50.5–58) 55 (51–58) 0.909

Total duration of sleep (hours) 9 (8–10) (n = 80) 8.5 (7.63–9.88) (n = 40) 0.197

A. Bedtime resistance 12.5 (11–14) 12 (10–14) 0.414

B. Sleep onset delay 3 (2–3) 3 (2–3) 0.601

C. Sleep duration 3 (3–3) 3 (3–3) 1.000

D. Sleep anxiety 7 (5–8) 6 (5–8) 0.904

E. Night waking 4 (3–5) 3 (3–4) 0.081

F. Parasomnias 9 (7–10) 8 (7–10) 0.552

G. Sleep disordered breathing 3 (3–4) 3 (3–4.25) 0.124

H. Daytime sleepiness 14 (13–15.75) 14 (12.75–15) 0.608

ii. PAQ-C

PAQC score

Male 2.89 (2.35–3.53) (n = 84) 2.44 (2.00–3.00) (n = 42) 0.010*

Female 2.67 (2.14–3.27) (n = 12) 3.17 (2.81–3.75) (n = 6) 0.205

iii. BAMBI AND DOMAINS

BAMBI total score 44 (40–48) 45 (42–50.5) 0.257

A. Limited variety of food 25 (22–27) 26 (23–28) 0.052

B. Food refusal 9 (7–11) 7 (5–9.25) 0.005*

C. Features of autism 11 (10–13) 12 (9.75–13.25) 0.196

*Significant median difference at p < 0.05 using Mann-Whitney U test. CSHQ, children sleep habit questionnaire; PAQ-C, physical activity questionnaire for older children; BAMBI-brief

autism mealtime behavior inventory. The bold values are statistically significant at p < 0.05.
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TABLE 5 | Predictors of overweight/ obesity among children and adolescents with

ASD.

Risk factors B 95% CI p-value

PAQ-C score for male ASD −0.37 −2.95, −1.14 <0.001*

Total Food refusal score −0.71 −1.01, −0.41 0.001*

Total Limited Variety of Food score 0.39 0.22, 0.57 0.001*

R2 = 0.74 (adjusted R2 = 0.69), *significant p-value < 0.05.

Physical Activity Questionnaire for Older Children (PAQ-C)
score, total scores for BAMBI domains of Food Refusal and
Limited Variety of Food.

DISCUSSION

The prevalence of overweight and obesity in ASD children
in our study were 21.9 and 11.3%, respectively. Our results
for prevalence of obesity in ASD children are consistent with
previous studies of obesity prevalence in ASD, although our study
showed a lower prevalence of overweight individuals (10–18).
The prevalence of overweight individuals in ASD children in
our study was similar to that reported by Memari et al. (12).
A possible hypothesis for this lower prevalence in overweight
ASD children is that in our population, those who had difficulty
maintaining an ideal weight were more severe in phenotype and
thus more likely to present to a tertiary center such as ours.
However, we did not assess for severity in this study and were
not able to investigate this further. Similar to other published
studies, our findings showed a higher prevalence of obesity in
ASD children compared to what has been reported in children
from the general population (11, 14). A recent study of Malaysian
children from the general population found an obesity prevalence
of 15% (4). Our study is timely as obesity is becoming a greater
problem in children in general, especially in ASD children.

We found that the BMI status of ASD children change as
they age. The younger age group tend to be underweight and
the older age group tend to be obese. Hill et al. (17) found
that the prevalence of overweight and obesity were significantly
higher in the age groups of 2–5 years and 12–17 years (17).
Our findings showed similar results in the older age group,
although we did not find comparable results for the younger
children. However, the majority of the children in our study
were above 4 years of age and this may account for the
dissimilar findings. Must et al. (42) also demonstrated that
the prevalence of obesity in ASD children increased from the
age of 10–17 years, consistent with the trend observed in our
study. They also found that typically developing children who
were obese became less obese with increasing age, whereas
children with ASD did not (42). A study by MacDonald
et al. (43) found that there is a decline in physical activity
as children with ASD age, especially for moderate to vigorous
physical activities (43). One possible explanation for this is that
children with ASD may have challenges in engaging in physical
activity due to motor and social skills, and communication
difficulties, that result in more time spent sedentarily (44). A
higher BMI in older ASD children may be the result of less

physical activity as children with ASD age, which could be due
to increasing difficulty for parents to manage older children
with ASD.

We found that overweight and obesity among ASD children
were associated with higher maternal BMI. In our study, the
median maternal BMI in overweight/obese group was 26, which
is classified as overweight. Some probable causes may be an
unhealthy family diet and lack of family-centered exercise, both
of which could result in mother and child concurrently having a
higher weight. Paternal BMI in overweight/obese ASD children
also showed an increasing trend, but did not reach statistical
significance. A postulation for why maternal BMI was found
to be associated with obesity in ASD children is that children
are more likely to have a similar diet and activity level as their
mothers, since in our setting mothers are the most probable
primary caretaker. Overweight and obesity is also found to be
associated with older paternal age. It is possible that older fathers
may be less likely to engage children in physical activity, and thus
these children spendmore time sedentarily, potentially leading to
increased risk of obesity. However, we did not specifically explore
this in our study.

The majority (98.7%) of children in our study had sleep
disturbance when scored on the Total Sleep Disturbance Index.
Previous studies based on parental reports found that children
with ASD are more likely to have disturbed sleep as compared
to typically developing children, including short sleep duration,
frequent night waking and long sleep onset latency (27, 45).
ASD children with sensory over-responsivity may be particularly
predisposed to sleep disturbance and hyperarousal (46). The
median duration of sleep for all patients in this study was 9 h.
Based on a meta-analysis conducted by Chen et al. (25), the
recommended sleep duration for children age 5–10 years old is
at least 10 h (25). This shows that the majority of ASD children in
this study were not getting the recommended duration of sleep
for their age. However, there was no significant difference in
sleep habits and sleep duration between overweight/obese ASD
children and their non-overweight/non-obese counterpart. Sleep
disturbance is common in ASD, but our study did not show that
it was a risk factor for obesity.

Analysis for level of physical activity was stratified based
on gender. Stratification was done because the cut-off point
for males and females were different. Girls require a lower
score to be defined as sufficiently active compared to boys. Low
physical activity level was found in male ASD children who were
overweight and obese. This result is consistent with a previous
study by McCoy et al. (23) which reported that adolescents with
ASD were more likely to be overweight and obese and less likely
to engage in regular physical activity (23). Reduction in activity
has been recognized as a risk factor for obesity in children (47).
This suggests that ASD children who have low levels of physical
activity are at risk of overweight and obesity, and the mainstay of
intervention for obesity in these children is greater participation
in physical activity. In addition, healthcare practitioners should
advocate prevention of obesity in ASD children by routinely
enquiring about physical activity levels during clinical assessment
and advising more physical activity, in order to reduce the risk
of obesity. No significant difference was observed in physical
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activity level among girls with ASD, which may be due to the very
small number of female patients.

The majority (91.4%) of subjects have problems with feeding.
Previous studies have reported that ASD is associated with
feeding problems (22, 28–30). Reasons for feeding difficulties
may be related to core autistic features such as insistence on
sameness and rigidity as well as sensory issues. Gastrointestinal
disturbances have also been frequently reported among the ASD
population and this could potentially affect food intake and
food choice (32). There was no significant difference in the
BAMBI score between the two groups. However, food refusal
was observed more frequently in the non-overweight/non-obese
group. This may reduce the likelihood of them being obese
or overweight. There was less food refusal observed in those
with high BMI. In our study we also found that higher BMI
in ASD children was associated with food selectivity. Children
with high BMI are thus more likely to choose only specific foods,
but not refuse food in general. Some ASD children have been
noted to have a diet with a narrow repertoire of food types, for
example, a preference for crunchy foods, which is likely related
to sensory-seeking behavior. Children with ASD who have high
food selectivitymay choose foods that are high in calories, leading
to increased BMI. The results of our study are consistent with
previous studies in which it has been demonstrated that ASD
children are more likely to have feeding problems. However,
further research is required to assess the possible mechanisms
by which feeding problems may contribute to the development
of obesity.

LIMITATIONS

This study was only conducted on children with ASD. There
was no data from typically developing children from the general
population. As such, the prevalence rate in our study was
compared to existing prevalence of obesity in children from the
general population, based on studies conducted earlier.

The selection of subjects was not randomized. The 151
children in this study were taken as convenient sampling in
the CDC during the period of data collection. Ideally, a larger
sample size of 320, considering the effect size, is required to
accurately represent the Malaysian ASD population in studies
where subjects are not randomized. However, due to time
constraints, the sample size obtained for this study was less than
the calculated value to correct for precision. This may potentially
impact the precision of the results. The value of precision that we
obtained in our study using the sample size, was smaller, d= 0.02,
which means that the statistical cut-off level should be less than
p< 0.02. Having said that, almost all of our significant results had
a p-value of less than 0.02. Therefore, the results of our analysis
were still valid for most of our findings. The questionnaire used

for physical activity was designed for children aged 8–14 years,
but in this study, we utilized it to include younger children from
3 years and above, which is not ideal. PAQ-C questionnaire has
been previously used and validated in Malaysia.

This study combined normal and underweight children which
may affect analysis, however because the underweight group is
small, we feel it is unlikely to affect the overall result.

CSHQ is a screening tool for sleep disturbance in children
from the general population. As children with ASD have been
reported to have a greater likelihood of sleep difficulties, it is not
surprising that the vast majority of our children were found to
have sleep disturbance. However, no specific questionnaire has
been developed to ascertain sleep disturbance in ASD children.

CONCLUSION

From this study, the prevalence of overweight and obesity is
high among Malaysian ASD children and adolescents, at 21.9
and 11.3%, respectively. Older age group, high maternal BMI,
older paternal age, low physical activity, low likelihood of food
refusal and higher likelihood of food selectivity, were all found
to be risk factors for high BMI in these children. Clinicians who
manage children with ASD need to have a greater awareness of
the increased risk of overweight and obesity in ASD so that they
can provide meaningful preventive measures regarding obesity.
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Background: Recent studies have examined the association between autism spectrum

disorder and schizophrenia spectrum disorders, describing a number of cognitive

features common to both conditions (e.g., weak central coherence, difficulties

in set-shifting, impairment in theory of mind). Several studies have reported high

levels of autistic symptoms in population with schizophrenia spectrum disorders. Our

study systematically reviews and quantitatively synthetizes the current evidence on the

presence of autistic symptoms in individuals with schizophrenia spectrum disorders.

Methods: A comprehensive literature search of the PubMed/MEDLINE, Cochrane

Library, CINHAL, and Embase databases was performed from the date of their inceptions

until March 2018. The primary outcome measure was the Autism Spectrum Quotient

(AQ). As secondary outcome measures, we analyzed the AQ subscales. Data were

extracted and analyzed by using a conservative model and expressed by standardized

mean difference (SMD).

Results: Thirteen studies comprising a total of 1,958 individuals were included in

the analysis. Results showed that individuals with schizophrenia spectrum disorders

have higher levels of autistic symptoms compared to healthy controls [SMD: 1.39, 95%

confidence interval (CI): 1.11 to 1.68] and lower levels of autistic symptoms compared

to individuals with autism (SMD: −1.27, 95% CI: −1.77 to −0.76).

Conclusions: Current findings support that individuals with schizophrenia spectrum

disorders have higher autistic symptoms than healthy controls. Therefore, further studies

are needed in order to shed light on the association between these two conditions.

Keywords: schizophrenia, autism, development, comorbidity, meta-analysis
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INTRODUCTION

According to the current diagnostic classification systems,
Schizophrenia Spectrum Disorders (SSDs) include
schizophrenia, schizophreniform disorder, and other psychotic
disorders (1). These disorders are defined by abnormalities in one
or more of the following five domains: delusions, hallucinations,
disorganized thinking (speech), grossly disorganized or abnormal
motor behavior (including catatonia), and negative symptoms.
The onset of schizophrenia spectrum disorders is usually
between late teens and mid-30s. Onset prior to adolescence is
rare (2).

By contrast, Autism Spectrum Disorder (ASD) is an early
onset lifelong condition characterized by persistent deficits in
social communication, as well as restricted and repetitive patterns
of behavior (3). Until a century ago, autism was considered as
an early expression of schizophrenia. Later on, different studies
have demonstrated that these conditions are separate (3–5).
Despite their differences, SSDs and ASD appear to show several
similar symptoms and research into the possible link between
these disorders has grown considerably with studies showing
shared genetic risk factors as well as potential links in specific
clinical characteristics of these two disorders [for a systematic
review see Kincaid et al. (6)]. Recent studies have shown a
genetic overlap between ASD and SSDs (7). For example, studies
assessing copy number variation (CNV) in ASD and SSDs have
repeatedly observed heterozygous deletions eliminating exons of
the neurexin-1α gene (but not the neurexin-1β gene) in patients
with ASD and SSDs (8–10). Furthermore, several studies have
reported high number of shared CNV deletions and duplications,
including 1q21, 15q11.2, 15q13.3, 16p11.2, 22q12, and Neurexin
1 loci, in ASD and SSDs (8, 11).

Moreover, an overlap between early autistic symptoms and
psychotic experiences during adolescence was reported in
longitudinal studies reporting that 20–50% of individuals with
childhood-onset schizophrenia met criteria for premorbid ASD
(12–16). In addition, social difficulties and language impairment
are common to both conditions. Specifically, deficits in reciprocal
social interactions are considered part of the core clinical
symptoms of ASD. In fact, individuals with ASD exhibit deficits
in eye contact, non-verbal communication (e.g., descriptive,
conventional, and emphatic gestures), and difficulties to develop
age-appropriate relationships (17). Similarly, social withdrawal
is documented in individuals with SSDs. Indeed, impairment in
social functioning common to both conditions may be due to
underlying mechanisms (e.g., deficits in theory of mind) that are
common to both conditions (18–24). Studies investigating social
functioning deficits in these conditions have shown contrasting
findings. For example, Couture et al. (23) completed a battery of
social cognitive measures in 44 individuals with schizophrenia,
36 individuals with high functioning autism, and 41 non-clinical
controls and reported that individuals with schizophrenia and
individual with high functioning autism were both impaired on
a variety of social cognitive tasks. By contrast, Sasson et al. (24)
comparing the visual scanning patterns and emotion judgments
of individuals with autism, individuals with schizophrenia,
and controls, suggested that both individuals with autism and

individuals with schizophrenia fixate faces less than controls.
However, their results also found that only individuals with
autism fail to orient to faces more rapidly based on the presence
of facial information (24).

In clinical practice, distinguishing between these conditions
has proved to be challenging given the symptom overlap
between ASD and SSDs. For example, social communication
deficits and restricted and repetitive behaviors typical of ASD
can be misinterpreted as possible signs of a SSD (25). Some
perceptions reported by individuals with ASD are misinterpreted
as hallucinations (26). Deficits in emotion recognition leading
to misinterpretations of the actions of others is a core
symptom of ASD and is also common in SSDs (26). Moreover,
difficulties with emotional reciprocity or speech delay in ASD
can be misinterpreted as blunted affect or alogia (poverty
of speech) in SSDs (26). Furthermore, catatonic features are
present in both disorders (26, 27). Previous systematic reviews
suggested elevated rates of co-occurrence of ASD and SSDs
(28, 29). For example, Kincaid et al. (6) in a recent systematic
review reported a prevalence rate of ASD that ranged from
<1 to 52% across outpatient and inpatient populations with
a diagnosis of schizophrenia or other psychotic disorders.
However, considering ASD as dimensional disorder, separate
from the issue of ASD diagnosis is the matter of autistic traits.
Autistic traits refer to symptoms that are typical of ASD at the
time of the assessment; however, these symptoms are generally
not reported during childhood, which is essential for an ASD
diagnosis (6).

Studying autistic symptoms in individuals with SSDs can
give further insight to understand the overlap and distinction
between these conditions, which can have important diagnostic
and treatment implications (22). For example, previous studies
reported that individuals with SSDs with autistic features had
a longer duration of illness compared to individuals with SSDs
without autistic symptoms (30, 31). Moreover, these studies
also suggest that a longer duration of illness is associated with
poorer long-term outcomes and a higher symptom severity in
this clinical population (32). Therefore, an early screening of
autistic symptoms in individuals with SSDs might be able to
inform both psychological and pharmacological treatments, and
possibly modify the clinical outcome in this clinical population
(6). Kincaid et al. (6) systematic review reported prevalence rates
of autistic symptoms across outpatient and inpatient populations
with a diagnosis of schizophrenia or other psychotic disorders
ranging from 9.6 to 61%.However, to our knowledge, no previous
meta-analysis was conducted in order to quantify the presence
of autistic symptoms in SSD populations. Therefore, the aim of
this systematic review and meta-analysis was to systematically
review and quantitatively synthetize the current evidence on
the presence of autistic symptoms in individuals with SSDs
compared to healthy controls and individuals with autism.

METHODS

Literature Search
The electronic databases of PubMed, Medline, CINAHL, ISI
web of knowledge were searched up from the date of their
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FIGURE 1 | PRISMA flow diagram.

inceptions until March 2018. We used a search algorithm based
on a combination of the terms: autist∗, “autistic disorder,”
“autism,” “child development disorders, pervasive,” “Asperger
syndrome,” and “schizophrenia,” “schizophrenia spectrum
and other psychotic disorders,” “schizophrenia, paranoid,”
“schizophrenia, disorganized,” “schizophrenia, childhood,”
“schizotypal personality disorder.” Reference lists of eligible
papers were also screened for relevant studies. No language
limit was used. We followed the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guideline
(33) (Figure 1).

Study Selection
All studies using recognized assessment scales to measure
autistic symptoms in individuals with SSDs, compared to healthy
controls or autism, were eligible for inclusion. We included
study-defined diagnosis of first-episode psychosis or SSDs [i.e.,
schizophrenia, psychotic disorder not otherwise specified (NOS),
schizoaffective disorder, schizophreniform disorder, delusional
disorder]. The exclusion criteria were: (a) articles not within
the field of interest of this review; (b) review articles, editorials,
or letters, comments, conference proceedings; (c) case reports
or case series; (d) studies dated before 1990 if the system used
for the diagnosis of schizophrenia did not use operationalized

criteria, but only disease names with no diagnostic criteria
(i.e., ICD-9); (e) We excluded mood disorders with psychotic
features (e.g., major depression with psychotic symptoms, bipolar
disorder with psychotic symptoms). Two researchers (MS,
VP) independently identified potential titles from all databases
and screened the abstracts for relevance. Full-texts were then
retrieved and read to determine eligibility. Disagreements were
resolved by consensus.

Data Extraction
For each included study, the same two reviewers independently
documented information about the publication (i.e., author’s
names, journal, year of publication, setting), patients’ and
comparison’s characteristics (i.e., gender, age, diagnostic criteria,
outcomes). We assessed the quality and potential sources of
bias for each study by using the Newcastle Ottawa scale (NOS)
(34) (Table 1).

Outcome Measures
The Autism Questionnaire (AQ), expressed as continuous
variable was used as the primary outcome measure. AQ subscales
were used as secondary outcome measures. The AQ is a 50-
item questionnaire consisting of five different areas: social skill,
attention switching, attention to detail, communication, and
imagination (47). Whenever the AQ was not measured or
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reported, the following scales measuring symptoms of autism
were used: the Social Responsiveness Scale (SRS) (48), the Autism
Diagnostic Observation Schedule-Second Edition (ADOS-2) (49,
50), the Autism Spectrum Screening Questionnaire (ASSQ) (51),
and the Childhood Autism Rating Scale (CARS) (52, 53).

The SRS is a 65-item rating scale focusing on social awareness
and avoidance (54, 55).

The ADOS-2 is a semi-structured, standardized assessment
of communication, social interaction, play, and repetitive
behaviors. The ADOS-2 includes five modules, The choice
of the module is based on the level of expressive language
and chronological age of the individual being evaluated (i.e.,
Module Toddler: from 12 to 30 months of age who do
not consistently use phrase speech; Module 1: children 31
months and older who do not consistently use phrase speech;
Module 2: children of any age who use phrase speech, but
are not verbally fluent; Module 3: verbally fluent children or
adolescents; Module 4: verbally fluent older adolescents and
adults) (49, 50).

The ASSQ is a teacher’s or parent’s rating scale
that investigates four main fields: social difficulties,
tic/motor/obsessive-compulsive disorders, and autistic style (51).

The CARS is a clinician-rated observation scale evaluating
socialization, communication, emotional responses, and sensory
sensitivities. This scale has shown good reliability, a high
degree of correlation with the Diagnostic and Statistical Manual
of Mental Disorders (DSM)- Fourth Edition-Text Revised
criteria, and a good agreement with diagnoses made using
the ADOS-2 and the Autism Diagnostic Interview-Revised
(ADI-R) (56).

Data Analysis
We synthesized study included in the current review consistently
with meta-analytic recommendations (57). Data analysis
were performed using STATA (version 13.1). data analysis
involved the following steps: (a) calculating standardized
mean difference (SMD) for each comparison with confidence
intervals (CI) (95%); (b) determining an overall average
SMD; (c) estimating heterogeneity. We considered SMD
“small” if <0.40, “moderate” from 0.40 to 0.70, and “large”
if >0.7 (58). The combined use of slightly different scales
suggested application of the random effects model, which is
more conservative than the fixed-effects model. Qualitative
data were presented descriptively. The I2 statistic was
used to assess the heterogeneity of effect sizes (57). The I2

statistic rages from 0 to 100 and measures the percent of
variation across effect sizes due to heterogeneity compared
to chance. A high I2 index indicates greater heterogeneity
and greater variation in effect size across studies. We used I2

thresholds of 25, 50, and 75% to differentiate low, moderate and
high heterogeneity. We also undertook subgroup analyses
for studies on adults, =studies on children, studies on
adolescents, studies including only patients diagnosed with
schizophrenia, studies including also individuals diagnosed with
SSDs, and studies including also individuals with an unspecified
psychotic episode.

RESULTS

Selected Studies
The literature search generated 4,153 articles. 4,131 articles
were excluded due to the fact that they did not meet
the inclusion criteria. Twenty-two articles were screened for
eligibility by full-text review. Of these, seven did not have a
comparator group (32, 59–64) and two did not evaluate autistic
symptoms with standardized instruments (65, 66). A total of
13 studies comprising 1,958 individuals were included in the
current meta-analysis.

Study Characteristics
The characteristics of the included studies are presented in
Table 2. The study population mean age was 25.4 years. Three
studies included only children and adolescents (18, 38, 39). Four
studies were undertaken in Japan (36, 37, 42, 45), four in Europe
(35, 40, 41, 46), three in the U.S. (18, 39, 43), and two in China
(38, 44). Most of the studies included a high percentage of males,
with the exception of three studies (40, 42, 45).Most of the studies
included patients with a diagnosis of schizophrenia. Nine studies
included a healthy control group, one study included first degree
relatives as control group (41), and eight studies included a group
with a diagnosis of autism. Seven studies assessed the presence
of autistic symptoms in other clinical groups (i.e., psychopathy,
attention-deficit/hyperactivity disorder, ultra-high risk (UHR) to
develop psychosis, first episode psychosis, obsessive compulsive
disorder, major depressive disorder, bipolar disorder) (18, 38, 39,
41, 42, 44, 46). To support the diagnosis, one study used the
DSM-Third Edition-Text Revised criteria (35), one study used
the DSM-Fourth Edition criteria (38), four studies used the DSM-
Fourth Edition-Text Revised criteria (18, 36, 39, 44), and one
study used the DSM-Fifth Edition criteria in one study (45). The
quality assessment is described in Table 1. Of note, we used self-
reported scales which may introduce a bias for the assessment of
the outcome.

Meta-Analysis
The results of the pairwise meta-analysis for individuals with
SSDs vs. healthy controls and individuals with autism compared
for the presence of autistic symptoms in our study are presented
in Table 3 (See Forest Plot, Figure 2).

Individuals with SSDs have significantly higher autistic
symptoms than healthy controls (SMD: 1.39; 95% CI: 1.11
to 1.68) and lower autistic symptoms than individuals
with autism (SMD: −1.27; 95% CI: −1.77 to −0.76).
Individuals with SSDs have significantly higher autistic
symptoms than healthy controls on the AQ total (SMD:
1.68; 95% CI: 0.84 to 2.51), the AQ Social subscale (SMD:
1.24; 95% CI: 0.94 to 1.54), the AQ Attention Switching
subscale (SMD: 0.75; 95% CI: 0.03 to 1.47), the AQ
Communication subscale (SMD: 1.38; 95% CI: 0.99 to
1.77), and the AQ Imagination subscale (SMD: 0.96; 95%
CI: 0.67 to 1.25). However, no significant difference was
found between individuals with SSDs and healthy controls
on the AQ Attention to Details subscale (SMD: 0.27; 95%
CI:−0.01 to 0.54).
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TABLE 2 | Included studies.

Studies Year Setting Participants (n) Diagnostic

criteria

Mean

Age

(SD)

Gender

(%

males)

Outcomes Outcome

Measures

Total Score

Mean (SD)

Konstantareas

et al. (35)

2001 Continuing care

program of a

psychiatric research

institute

Autism (14)

Schizophrenia (14)

DSM-III-;

Leiter; SANS;

SAPS; SCID.

25.3 (4.4)

25.3 (4.4)

100

100

CARS 35.36 (4.4)

19.36 (2.1)

Naito et al.

(36)

2010 Kobe university

hospital

Kansai-Seishonen

Sanatorium

Autism (51)

Schizophrenia (46)

DSM-IV-TR;

S-scale;

WAIS-R;

WAIS-III.

28.8 (9.4)

34.1 (9.6)

78

50

AQ Adult

Japanese

Version

32.6 (6.8)

21.8 (7.4)

Sasamoto

et al. (37)

2011 Department of

Neuropsychiatry,

Kyoto University

Hospital

Schizophrenia (20)

Healthy controls

(25)

JART;

PANSS;

SCID-I/P

(version 2.0);

WAIS–R

(vocabulary

and block

design).

34.5 (8.8)

34.5 (9.4)

70

64

AQ Adult

Japanese

Version

25.35 (6.6)

14.48 (6.9)

Solomon

et al. (18)

2011 UC Davis EDAPT clinic Clinical High risk

for psychosis (met

criteria for the

attenuated

positive symptom

risk state) (15)

First episode

schizophrenia (16)

Autism (20)

Healthy controls

(20)

ADOS-G mod

3, 4; CCC-2;

DSM-IV-TR;

SCID-I/P;

SCQ; SIPS;

WASI.

14.1 (2.2)

17.0 (1.8)

15.1 (2.2)

14.8 (2.1)

66

75

80

65

SRS (13.9)

72.5 (20.7)

79.55 (11.8)

42.8 (9.3)

Guo et al. (38) 2011 Institute of mental

health Peking

University

Autism (94)

ADHD (45)

Childhood onset

schizophrenia (26)

Healthy controls

(120)

DSM-IV 6.7 (3.9)

8.8 (2.2)

13.8 (3)

6.0 (1.3)

Not

Reported

CH-

ASSQ

Mandarine

Chinese

Version

25.3 (9.2)

10.4 (7.1)

12.2 (10.6)

25.3 (9.2)

Jalbrzikowski

et al. (39)

2013 CAPPS or the

adolescent brain and

behavior reaserch

center

Youths at clinical

high risk (58)

Adolescents with a

psychotic disorder

(20)

Healthy controls

(36)

DSM-IV-TR;

K-SADS;

SCID-I/P;

SIPS; WASI.

15.5 (1.9)

15.7 (1.6)

15.0 (1.5)

64

45

50

GFS;

GFR;

aSRS

67.2 (15)

70.7 (12.2)

47.8 (11.4)

Lugnegard

et al. (40)

2014 Department of

Psychiatry Central

Hospital Karlstad

Sweden

Asperger

Syndrome (51)

Schizophrenic

psychosis

(schizophrenia,

schizoaffective

disorder,

schizophreniform

disorder) (36)

Healthy controls

(49)

DISCO-11;

SCID-I;

WAIS-III

(vocabulary)

27.1 (4.1)

29.1 (4.2)

28.6 (9.2)

47

63

38

AQ Adult

Version

26.7 (8.9)

22.7 (6.2)

13.4 (6.4)

de Bildt et al.

(41)

2015 University Medical

Center Groningen

ASD-high

functioning (38)

Schizophrenia (18)

Psychopathy (16)

Controls (first

degree relatives)

(21)

DSM-IV-TR 31.8

(11.2)

37.0

(10.7)

39.0

(10.6)

34.2 (9.1)

100

100

100

100

ADOS-2

module 4

revised

algorithm

(Hus and

Lord

2014)

10.37 (5.7)

7.28 (4.1)

3.31 (2)

2.67 (2.3)

(Continued)
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TABLE 2 | Continued

Studies Year Setting Participants (n) Diagnostic

criteria

Mean

Age

(SD)

Gender

(%

males)

Outcomes Outcome

Measures

Total Score

Mean (SD)

Matsuo et al.

(42)

2015 National Center of

Neurology and

Psychiatry Hospital,

Tokyo

Schizophrenia (44)

Major depressive

disorder (125)

Bipolar disorder

(56)

Healthy controls

(65)

DSM-IV-TR;

HDRS-17;

Japanese

version of

Mini

International

Neuropsychiatric

Interview;

PANSS;

WAIS-III;

YMRS.

36.9 (7.5)

41.5 (9.2)

40.4 (7.8)

42.2 (8.2)

46

56

46

28

SRS for

Adults

59.6 (25)

48.7 (25)

55.4 (25.8)

32.5 (19.1)

Martinez et al.

(43)

2016 Service

Hospitalo-Universitaire

in Sainte-Anne

Hospital, Paris

Schizophrenia (36)

Autism (19)

Healthy controls

(20)

ADI-R;

BPRS-24;

DIGS;

DSM-IV-TR;

MASC-FR;

PANSS; TLC;

WAIS III.

23.4 (3.5)

22.7 (4.1)

23.4 (3.6)

83

78

85

AQ 20.9 (7.5)

30.2 (8.3)

14.1 (10.1)

Zhang et al.

(44)

2016 Mental Health Center

of Anhui Province

Autism (32)

Schizophrenia (37)

Obsessive-

compulsive

disorder (38)

Healthy controls

(38)

DSM IV-TR;

Raven test.

19.4 (3.8)

20.9 (3.6)

21.2 (3.1)

21.3 (3.3)

81

81

81

78

AQ

Mandarin

Chinese

Version

133.4 (10.1)

120.5 (6.8)

118.3 (8.3)

103.5 (8.5)

Ota et al. (45) 2017 National Center of

Neurology and

Psychiatry Hospital,

Tokyo

Schizophrenia (37)

Healthy controls

(62)

DSM-5;

Japanese

Mini-

International

Neuropsychiatric

Interview;

PANSS.

36.2 (9.5)

40.6 (13.)

45

27

SRS for

Adults

60.6 (24)

32.2 (16)

Upthegrove

et al. (46)

2017 Birmingham Early

Intervention Services

First episode

psychosis (99)

Healthy controls

(381)

AQ; BHS;

CAPEp;

CESD-R;

PANSS;

SBQ-R.

25.6 (5.0)

20.6 (3.0)

67

21

AQ 20.76 (8)

15.32 (6)

ADOS-G, Autism Diagnostic Observation Schedule, Generic; ADOS-2, Autism Diagnostic Observation Schedule, Second Edition; ADI-R, Autism Diagnostic Interview – Revised; AQ,

Autism-Spectrum Quotient; BHS, Beck Hopelessness Scale; BPRS, Brief Psychiatric Rating Scale; CAPEp, Community Assessment of Psychotic Experiences; CARS, Childhood

Autism rating Scale; CCC-2, Children’s Communication Checklist-2; CESD-R, The Center for Epidemiologic Studies Depression Scale-Revised; CH-ASSQ, Autism Spectrum Screening

Questionnaire; DIGS, Diagnosis Interview for Genetic Studies ; DISCO 11, The diagnostic interview for Social and Communication Disorders version 11; DSM III-R, Diagnostic and

Statistical Manual of Mental Disorders, Third Edition, Revision; DSM-IV-TR, Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition, Text Revision; DSM-5, Diagnostic and

Statistical Manual of Mental Disorders, Fifth Edition; JART, Japanese version of the National Adult Reading Test; K-SADS, Kiddie Schedule for Affective Disorders and Schizophrenia;

HDRS-17, Hamilton Depression Rating Scale; LEITER, Leiter International Performance Scale; MASC-FR, Movie for the Assessment of Social Cognition; PANSS, Positive and Negative

Syndrome Scale; SANS, Scale for the Assessment of Negative Symptoms; SAPS, Scale for the Assessment of Positive Symptoms; SBQ-R, The Suicide Behaviours Questionnaire-

Revised; S-scale, Additional questions about psychotic symptoms; SCID-I/P, Structured Clinical Interview for DSM-IV-TR; SCQ, Social Communication Questionnaire; SIPS, Structured

Interview for Prodromal Symptoms; SRS, Social Responsiveness Scale; TLC, Thought Language and Communication Scale; WAIS, Wechsler Adult Intelligence Scale; WASI, Wechsler

Abbreviated Scale of Intelligence; YMRS, YoungMania Rating Scale.

Individuals with SSDs have significantly lower autistic
symptoms than individuals with autism on the AQ total (SMD:
−1.17; 95% CI: −1.69 to−0.65) and on all the AQ subscales
(see Table 3).

We undertook subgroup analyses on studies on children, on
studies on adolescents, and on studies reporting a diagnosis of
SSD, and we found that results did not substantially change
(see Table 3).

DISCUSSION

The aim of this meta-analysis was to provide a synthesis
of existing literature on the presence of autistic symptoms
in individuals with SSDs. The meta-analysis results show
that individuals with SSDs have significantly higher autistic
symptoms than healthy controls and lower autistic symptoms
than individuals with autism. The results of this meta-analysis
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TABLE 3 | Data analysis results.

Comparison Outcome Studies SMD 95% CI z-score p-value I2

Schizophrenia vs. healthy controls

all scales 11 1.39 1.11 to 1.68 9.50 0.000 72.9%

AQ total 5 1.68 0.84 to 2.51 3.93 0.000 93.0%

AQ social 3 1.24 0.94 to 1.54 8.08 0.000 0.0%

AQ switching 3 0.75 0.03 to 1.47 2.04 0.042 83.4%

AQ attention to details 3 0.27 −0.01 to 0.54 1.90 0.057 0.0%

AQ communication 3 1.38 0.99 to 1.77 7.01 0.000 35.2%

AQ immagination 3 0.96 0.67 to 1.25 6.45 0.000 0.0%

Schizophrenia vs. autism

all scales 8 −1.27 −1.77 to−0.76 4.95 0.000 84.0%

AQ total 4 −1.17 −1.69 to−0.65 4.43 0.000 76.9%

AQ social 3 −0.66 −1.09 to−0.23 3.05 0.002 64.2%

AQ switching 3 −0.87 −1.13 to−0.61 6.59 0.000 0.0%

AQ attention to details 3 −0.59 −0.84 to−0.34 4.59 0.000 0.0%

AQ communication 3 −0.70 −1.38 to−0.02 2.02 0.043 85.4%

AQ immagination 3 −0.56 −1.07 to−0.06 2.02 0.028 74.5%

SUBGROUP ANALYSES

Schizophrenia vs. healthy controls

Age > 18 y, all scales 8 1.35 1.02 to 1.68 8.05 0.000 74.3%

Age < 18 y, all scales 3 1.56 0.81 to 2.31 4.09 0.000 76.9%

Only schizophrenia, all scales 8 1.27 0.96 to 1.59 7.84 0.000 73.4%

Schizophrenia spectrum, all scales 3 1.70 1.35 to 2.05 9.48 0.000 0.0%

Schizophrenia vs. autism

Age > 18 y, all scales 5 −1.06 −1.52 to −0.60 4.54 0.000 75.1%

Age < 18 y, all scales 3 −1.96 −3.54 to −0.38 2.44 0.015 92.5%

Only schizophrenia, all scales 1 −2.80 −3.36 to −2.24 9.75 0.000 0.0%

Schizophrenia spectrum, all scales 2 −0.48 −0.85 to −0.12 2.61 0.009 0.0%

support a shared symptomatology between these conditions.
For example, language deficits often found in individuals with
autism are also frequently found in prodromal symptoms
of SSDs and were highlighted by the difference on the AQ
Communication subscale between individuals with SSDs and
healthy controls (SMD: 1.38) (67). Moreover, tangential thought,
formal language, and focus on favorite subjects are often present
in individuals with autism, and these language symptoms are
similar to formal thought disorder which is characterized by
disorganized speech (22). Furthermore, individuals with autism
may present with language deficits characterized by a lack of
verbal initiation and poverty of content similar to individuals
with schizophrenia and negative symptoms (22). Likewise,
social deficits seem to be present in both conditions (18, 22).
For example, social isolation and difficulties to maintain age-
appropriate peer relationships are observed in individuals with
autism as well as in individuals with schizophrenia. Therefore,
it is not surprising that the AQ Communication subscale, which
measure the communication skills, and the AQ Socialization
subscale, which measure the socialization ability, reported that
highest scores in this group. On the other hand, it has to be
noted that the level of autistic symptoms changes among the
AQ subscales. Indeed, the difference in the AQ sub-scale scores
between individuals with SSDs and healthy controls showed

higher levels of autistic symptoms in individuals with SSDs
on the AQ Communication subscale (SMD: 1.38), on the AQ
Social subscale (SMD: 1.24), the AQ Imagination subscale (SMD:
0.96), and the AQ Attention Switching subscale (SMD: 0.75).
Notably, no significant difference was found between individuals
with SSDs and healthy controls on the AQ Attention to Details
subscale (SMD: 0.27), thus suggesting that in this clinical
population the difficulties on some autistic symptoms are not
as severe. In general, in clinical practice it is difficult to discern
between positive symptoms of SSDs and autism symptoms. For
example, sensory issues present in individuals with autismmay be
misdiagnosed as hallucinations in schizophrenia with significant
treatment implications. Similarly, it can be also difficult to
discern between negative symptoms of schizophrenia and autism
symptoms. For example, the lack of emotional reciprocity that
is present in individuals with autism resemble the blunt affect
or alogia (i.e., poverty of speech) in schizophrenia. Therefore,
it is possible that individuals with SSDs develop autistic-like
symptoms as a result of their negative symptoms. Our results
are consistent with previous research in this area reporting that
autistic symptoms seem to be prevalent in SSDs, ranging from
9.6 to 61% (6).

However, the findings of this meta-analysis should be
interpreted with some caution. Limitations include the paucity of

Frontiers in Psychiatry | www.frontiersin.org 8 February 2019 | Volume 10 | Article 78191

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


De Crescenzo et al. Autistic Symptoms in Schizophrenia

FIGURE 2 | Forest plot.

studies analyzed, different diagnostic criteria and measures, and
differences in the age of the samples.

In our meta-analysis, we included only 13 studies. The pool
of 13 studies was small and did not allow meta-regression
analyses to examine how participants characteristics (e.g., gender,
age, illness duration) can predict autistic symptoms. However,
the total number of participants included in the current meta-
analysis is large (n = 1,958) and the results are strong, with high
SMDs, and precise 95%CIs.

Furthermore, we found studies with different diagnostic
criteria, which is a reason for increased heterogeneity. However,
it has to be noted that all the diagnostic criteria used by studies
included on the current meta-analysis were well-validated and
all studies used either a DSM based diagnosis, or the Structured
Interview for Prodromal Symptoms (SIPS), or the Positive and
Negative Syndrome Scale (PANSS) for the diagnosis of SSDs.
Indeed, the AQ is a self-report scale, which may introduce
reporting bias. Moreover, this measure was not always available,
and we needed to use other instruments measuring autistic
symptoms. Therefore, given the different scales used in the
current meta-analysis, we analyzed data by SMDs as opposed to
mean differences.

Three studies included only children and adolescents (18, 38,
39), which may differ from adults in terms of diagnosis stability
and autistic symptoms. Therefore, we decided to undertake
subgroup analyses taking into account the age. ASD by definition

is a disorder present from early childhood. It is important
to consider the individual’s developmental history in order
to distinguish between the presence of an ASD and autistic
symptoms. However, it is still unclear whether difficulties such
as those present in individuals with autism are present before
the onset of schizophrenia or whether they are dependent
by the schizophrenic state itself (e.g., resulting from thought
dysfunction), thus not truly autistic.

Further studies investigating the etiology of autism symptoms
in children and adolescents with SSDs are needed in order to
shed light on this issue. Furthermore, longitudinal studies
investigating autistic symptoms in high-ultra risk state
populations can clarify whether these symptoms are stable
features of this clinical population or are dependent by the
schizophrenic state of illness. Indeed, it has to be noted that in
the present meta-analysis only one study (41) used a diagnostic
tool for autism (i.e., ADOS-2). All other studies used instruments
that were designed as screening measures for autism. Therefore,
in order to distinguish between trait and state, future studies
would benefit by the use of diagnostic measures (e.g., ADOS-2)
along with developmental history in order to confirm whether
any deficit associated with autism was present before the onset
of SSDs. Indeed, it is well-known that individual with autism are
at an increased risk to develop other mental-health conditions
and a ASD diagnosis is particularly difficult in adults, especially
when knowledge of early developmental history is missing.
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Therefore, longitudinal studies investigating autistic symptoms
in individuals with SSDs in different psychopathological
phases could clarify whether these characteristics persist after
recovery from SSDs.

CONCLUSION

In conclusion, we found that individuals with SSDs have higher
autistic symptoms than healthy controls and lower autistic
symptoms than individuals with autism. To our knowledge,
this is the first systematic review and meta-analysis trying to
quantitatively pool all evidences on the topic. Our study has some

limitations, including the use of self-report scales, which may
introduce reporting bias. Therefore, further studies investigating
the etiology of autism symptoms are needed to shed light on the
association between these conditions.
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An increased prevalence of psychiatric comorbidity (PC) in individuals with Autism

Spectrum Disorders (ASD) is consistently reported. While several studies have examined

PC in school-aged children, adolescents and adults with ASD, investigations on PC in

preschoolers are less common. In this study, we explore the prevalence and the type

of PC in a sample of 989 preschoolers with ASD through the DSM-Oriented Scales

(DOS) of the Child Behavior Checklist (CBCL 1½-5) and their possible links with the core

features of ASD and cognitive functioning. Results indicated that 37.8% of the sample

had at least one PC in addition to ASD; these subjects displayed significantly higher

Total score (p= 0.02) and Social Affect score (p= 0.003) on the ADOS-based calibrated

severity scores (CSS), as well as lower (p ≤ 0.0001) performance IQ (pIQ) compared to

ASD individuals without PC. As far as the specific DOS, Affective Problems (AP) were

detected in 23.4% of the whole sample, ADHD Problems (ADHD) in 17.3%, Anxiety

Problems (AXP) in 16.7%, and Oppositional Problems (OP) in 7.9%. These different

comorbidities were isolated in 195 subjects (Mono-comorbid group: 19.7% of the whole

sample), while 179 subjects (18.1% of the whole sample) had two or more types of PC

(Multi-comorbid group). One-way ANOVA revealed that subjects with multi-comorbidity

have statistically significant lower pIQ and higher Total score and Social Affect score on

CSS-ADOS. Specific differences for each type of comorbidity and gender differences

were also discussed. Taken together, results indicate a considerable presence of PC

in preschoolers with ASD that should be accurately considered during the assessment

and diagnosis process in order to plan a tailored intervention based not only on core

symptoms of ASD, but also on comorbid psychiatric condition since preschool age.

Keywords: child behavior checklist 1.5–5, affective problems, anxiety problems, young children, oppositional

problems, ADHD problems, multicomorbidity, sleep problems
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INTRODUCTION

Autism Spectrum Disorders (ASD) are neurodevelopmental
disorders characterized by persistent social communication
difficulties as well as restricted interests, repetitive activities
and sensory abnormalities (1). Substantial heterogeneity
exists in ASD in terms of genetic susceptibility (2), neural
underpinnings (3), clinical presentation (4), medical and
psychiatric comorbidities (5), response to treatment (6),
and developmental trajectories (7). In particular, studies
consistently reported an increased prevalence of psychiatric
comorbidities (PC) in individuals with ASD compared with
typically developing (TD) controls (8–10). The type and the
prevalence rate of PC in ASD considerably vary across studies,
according to the demographic and clinical features of patients
(e.g., sex, age, core symptom severity, intellective functioning)
as well as the assessment modalities (11). PC of children with
ASD predicts poorer prognosis (12), and are associated with
psychological distress in their parents—see the recent systematic
review and meta-analysis (13). It is worth mentioning that the
presentation of PC in the ASD population could be different than
PC in the general population. Therefore, there is a considerable
risk for mis– or under–diagnosis of PC (and consequently
under–treatment) if symptoms are presumed to be part of ASD
(i.e., diagnostic overshadowing) (14). Vice versa, there is also
the possibility that the co–occurrence of psychiatric disorders
may mask or obscure the core symptoms of ASD and thus
contribute to difficulties of accurate and timely diagnosis of
ASD (15).

Moreover, developmental characteristics such as age,

intellectual functioning, and socio–communicative abilities may
interfere on the presentation and expression of PC in individuals

with ASD. In particular, difficulties in communication are

intrinsically part of the ASD features and could impact–
especially if there is an associated intellectual disability– on the

ability of patients to express their own emotional and behavioral
problems, and this is particularly true in the preschool years.

While several studies have examined PC in school–aged
children (16), adolescents (17), and adults (18–20) with ASD,
investigations on the presence of PC in preschoolers with ASD
are less common. Importantly, several studies demonstrated a
high presence of multiple PC in ASD children and adolescents.
For example, Simonoff et al. (21) used structured assessments in
a sample of 255 ASD children aged 10–14 years detecting that
41% had two or more co–occurring disorders and more than a
third had three ormore disorders in addition to ASD. Specifically,
Social Anxiety Disorder (29%), Attention–Deficit/Hyperactivity
Disorder (28%), and Oppositional Defiant Disorder (28%)
were the most common PC; while the prevalence of Major
Depressive Disorder (0.9%), Dysthymic Disorder (0.5%), and
Conduct Disorder (3%) appeared minimal. Also, Leyfer et al.
(9) implemented a modified version of the Kiddie Schedule for
Affective Disorders (K–SADS) in a sample of participants aged
5–17 years and found that the majority of their sample had at
least two PC in addition to ASD. However, the authors suggested
a likely underestimation of the diagnosis of multiple comorbidity
resulting from themethodology adopted. A highmultiple PC was

subsequently confirmed in other ASD samples of children and
adolescents with ASD (22–27).

The difficulty to find reliable and accurate diagnostic tools
to detect PC in preschoolers with ASD could contribute to the
relatively sparse studies in this area (27). Among instruments
used to measure comorbid psychopathology in young children
with ASD, the Child Behavior Checklist (CBCL) was considered
robust in their measurement properties –see Hanratty et al. (28)
for a recent systematic review on this topic. In fact, the CBCL’s
syndrome scales demonstrated good instrument quality and
validity (29, 30), and the CBCL’s DSM–Oriented Scales (DOS)
showed similitudes in psychometric properties with regard to
consistency, reliability and cross–informant agreement (31, 32).
In addition, previous studies have shown that DOS are valid
for discriminating related DSM–diagnoses in participants both
in the CBCL 6–18 (33–35) and in the CBCL 1.5–5 (36). The
use of checklist measures allowed the clinicians to highlight a
strong continuum between preschool behavioral and emotional
problems and psychopathology in later childhood (37–40) and
even adulthood (41). In addition, it has been shown similitudes
in psychopathology between preschoolers and older children and
adolescents with a high concordance between parental report
at early age and the following direct evaluations of the same
participants at an older age (42). The use of the same clinical
CBCL thresholds in both school children and preschoolers is
under discussion, since the applying of lower threshold scores
in preschoolers has proved useful (43). In fact, a tendency
of parents to underestimate affective and atypical reactions in
preschoolers as compared to older children emerges, in particular
for depressed symptoms (44) and disruptive behaviors (45).

Some previous studies used the CBCL 1½−5 to investigate
the PC of preschoolers with ASD. Hartley et al. (46) evaluated
169 young children with ASD and found that about one
third (34.3%) of the sample had a Total Problems score
in the clinically significant range, while the most frequent
clinically significant scores in syndrome scales were Withdrawn
(70.4%), Attention (38.5%) and Aggression (22.5%), with a
high degree of comorbidity. Hartley and Sikora (47) examined
coexisting emotional and behavior problems in a sample of
157 boys and 42 girls with ASD aged 1.5–3.9 years. Results
indicated that female toddlers exhibited more sleep and affective
problems than matched males. Tseng et al. (48) identified more
severe internalizing problems and higher scores in Withdrawn,
Social Problems, Thought Problems, and Attention Problems
scale in ASD toddlers than in typically developing children;
moreover, 73.1% of the patient sample—composed of 67 ASD
preschoolers—had at least one CBCL syndrome scale score
in the clinically significant range, while 47.7% had two or
more. Giovagnoli et al. (49) reported significantly higher
rates of behavioral and emotional problems in children with
ASD as compared to their TD peers: specifically, in all the
three broadband scales (total, internalizing, and externalizing
problems), and in all syndrome scales, with exception of
Somatic Complaints and Sleep Problems. Vaillancourt et al. (50)
conducted a longitudinal investigation across four time points
of children with ASD aged 3 to 6 years and detected that
internalizing and externalizing behaviors co–occurred at high
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rates across time, and, on average, declined slightly over time.
However, high/stable course of internalizing or externalizing
problems were found in a considerable part of the sample (23.2
and 13.5%, respectively).

While the abovementioned investigations used the broadband
and the syndrome scales of the CBCL 1½−5, in the present
paper we preferred the DOS to investigate PC in a more
precise way. The same method was applied in a recent study
on the prevalence of Anxiety Problems and Attention Deficit
Hyperactivity Disorder Problems in a sample of preschool and
early elementary aged children with ASD (51). Compared to this
study we widened the number of PC investigated, describing the
presence and the type of four PC (Affective Problems, Anxiety
Problems, Attention Deficit Hyperactivity Disorder Problems
and Oppositional Problems) through the DOS of the CBCL
1½−5–Parent Report Form in a much larger sample of ASD
preschoolers. Possible correlations with demographic and clinical
variables (gender, intellective functioning, core ASD features)
were also evaluated.

METHODS

Participants
The sample (Table 1) included 989 preschoolers with ASD
between 16 and 75 months of age (mean age: 44.0 months;
SD: 13.8 months) recruited by three different Italian care
centers for children: specifically, 498 children from IRCCS
Fondazione Stella Maris in Pisa, 323 children from Bambin
Gesù Children’s Hospital in Rome, and 168 children from
Stella Maris Mediterraneo Foundation in Matera. These children
were selected among individuals who received a diagnosis of
ASD according to DSM−5 criteria (52), or of autistic disorder,
Asperger disorder, and pervasive developmental disorder–
not otherwise specified according to DSM–IV criteria (53),
performed by a multidisciplinary team including a senior
child psychiatrist and an experienced clinically trained research
child psychologist.

Clinical diagnosis was confirmed by ADOS, the gold–standard
standardized interviewer–rated measure for child observation
and assessment of skills in communication, social interaction,
quality of play and imagination. In this study, ADOS–G (54) and
ADOS−2 (55) were applied. According to two already published
algorithms (56, 57), the Calibrated Severity Score (CSS) was
obtained for each participant based on ADOS Total score and
sub–scores Social Affect (SA) and Restricted Repetitive Behaviors
(RRB). CSS range is 1–10 and it allows comparing different
versions and modules of ADOS. Moreover, the CSS provides a
measure of autism symptoms that is independent of age and
language ability and thus is better suited than the ADOS scores
for assessing the severity of ASD (58). The scores of ADOS–
G were previously converted in ADOS−2 scores (SA, RRB and
Total score) on the basis of the new algorithm proposed by
Gotham et al. algorithm (59). The total and the CSS domains
were calculated for Toddler Module of ADOS−2 on the basis of
Esler et al. (60) to facilitate a direct comparison to other modules
of ADOS−2.

TABLE 1 | Demographic, clinical characteristics, CBCL broad–band, and DSM–IV

Oriented scales scores in the total sample (n = 989).

Total sample (n = 989)

Gender (Male/Female) 820 (83%):169 (17%)

Mean (SD);

Range

Age (months) 44.01 (13.76);

16–75.15

Performance IQ 79.21 (23.30);

30–138

ADOS Calibrated Severity

Score—Social Affect

6.11 (1.96);

1–10

ADOS Calibrated Severity

Score—RRB

6.95 (0.06);

1–10

ADOS Calibrated Severity

Score—Total score

6.26 (0.06);

3–10

CBCL T–Score

Mean (SD);

Range

Number (%) of

subjects with

CBCL score in

the borderline or

clinical range

CBCL—Total problems 58.40 (10.87);

50–94

363 (36.7)

CBCL—Internalizing problems 60.13 (10.27);

50–93

479 (48.4)

CBCL—Externalizing problems 54.90 (9.62);

50–97

220 (22.2)

CBCL—Pervasive

developmental problems

68.64 (9.71);

50–98

682 (69)

CBCL

DSM–IV oriented scales

T–Score

Mean

(SD); Range

Number (%) of

subjects with

CBCL score in

the borderline or

clinical range

CBCL—Affective problems 58.82 (8.78);

50–95

231 (23.4)

CBCL—Anxiety problems 56.74 (8.13);

50–100

165 (16.7)

CBCL—Attention

Deficit/Hyperactivity problems

57.80 (6.97);

50–76

171 (17.3)

CBCL—Oppositional problems 54.52 (6.09);

50–80

78 (7.9)

Number of subjects with CBCL score in the borderline or clinical range are reported.

As far as cognitive evaluation, a number of standardized tests
were used to assess intellectual abilities due to differences in the
verbal skills and functioning level of children. These included: the
Leiter International Performance Scale–Revised (LIPS– R) (61),
the Griffiths Mental Developmental Scales–Extended–Revised
(GMDS–ER) (62), and the Italian version of Wechsler Preschool
and Primary Scale of Intelligence (WPPSI) (63). When the tool
provides a mental age (MA), IQ was estimated dividing MA by
the child’s chronological age (CA): MA/CA× 100. For this study,
we have considered the non–verbal IQ scores (performance
IQ). Sixty-two patients were not evaluable with standardized
intelligence tests.
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Males and females were represented in a different percentage
in the total sample (83% vs. 17%; 820 males and 169 females)
with a ratio between ASD males and ASD females similar to that
reported in the literature (4.9:1). All cases of syndromic autism or
with a known cause for ASD were excluded. No participant used
psychotropic drugs in the last two months before the evaluation.

The current study was carried out according to the standards
for good ethical practice and in accordance with the guidelines
of the Declaration of Helsinki. Written informed consent from
a parent/guardian of each participant was obtained when filling
out the questionnaire.

Measures
CBCL 1½−5

The Italian version of the Child Behavior Checklist (CBCL
1½−5) (64, 65) is one of the most widely used checklists
consisting of 100 statements about the child’s behaviors. The
parents are asked to rate the frequency of each behavior
on a three–point Likert scale (0, not true; 1, somewhat
or sometimes true; 2, very true or often true). The CBCL
provides seven syndrome scales scores (i.e., Emotionally
Reactive, Anxious/Depressed, Somatic Complaints, Withdrawn,
Aggressive Behavior, Attention Problems and Sleep Problems)
and three summary scales scores (i.e., Internalizing, Externalizing
and Total Problems). A T–score between 60 and 63 for summary
scales, and a T–score between 65 and 69 for syndrome scales
is considered in the borderline or clinical range. For this
study we have in particular considered the DSM–Oriented
scales (DOS): Affective Problems (AP), Anxiety Problems
(AXP), Attention Deficit Hyperactivity Disorder Problems
(ADHD), and Oppositional Defiant Problems (OP); for these
four scales a T–score between 65 and 69 (borderline range)
or above 70 is indicative for a clinically significant score.
The items composing the syndromic scales and the DOS of
the CBCL are unique confronting them to each other and
also independent from the Pervasive Developmental Problems
(PDP) scale.

In this study, we adopted the borderline clinical elevation cut–
off score (T score ≥ 60 for summary scales and T score ≥ 65 for
DOS), according to previous studies on screening (66–68) and
comorbidity (16, 51) in young children with ASD.

Procedure
All participants received a clinical diagnosis of ASD, were
assessed with ADOS and were evaluated with psychometric
tests when it was possible. Parents completed the CBCL at the
beginning of the diagnostic process based on the behavior of their
child in the last 6 months. For this study, the CBCL completed by
mothers were preferred; when this was not possible, the CBCL
was completed by fathers or by another close caregiver. Firstly,
we examined the whole sample comparing different groups
identified on the basis of single or multiple PC. Then, we looked
for gender differences in PC. We also examined PC dividing the
whole group on the base of higher or lower autistic behaviors
measured by the PDP DOS on the CBCL.

TABLE 2 | ANCOVA (controlling for gender and age) on ADOS and Performance

IQ between ASD with or without Psychiatric Comorbidity.

ASD–only

(N = 615)

ASD+Psychiatric

comorbidity

(N = 374)

ANCOVA

F–

values

p–value Effect size

ADOS CSS—Social

Affect

5.98 (1.95) 6.33 (1.95) 9.12

(1,985)

0.003 η
2
= 0.01

ADOS CSS—RRB 6.93 (2.09) 6.98 (2.06) 0.73

(1,985)

0.40 –

ADOS CSS—Total

score

6.17 (1.95) 6.40 (1.95) 5.05

(1,985)

0.02 η
2
= 0.003

Performance IQ 81.20

(22.91)

75.93 (23.16) 13.15

(1,939)

<0.0001 η
2
= 0.014

Significant comparison are highlighted in bold.

Data Analysis
All the continuous variables were examined for normality
using skewness tests and Kolgomorov–Smirnov testing. The
descriptive analyses, chi–square analysis and t–test were used for
categorical and continuous independent variables, respectively.
One–way analysis of variance (ANOVA) with Scheffe post–
hoc test for multiple comparisons was performed to evaluate
differences in age and CBCL scales among all groups. Analysis
of covariance (ANCOVA) with Bonferroni post–hoc test for
multiple comparisons was used to assess differences among the
groups on CBCL scales, controlling for gender and age. In
order to evaluate effect size, we measured: Cohen’s d (d) for
independent sample t–test, eta squared (η2 that represent the
variance accounted for) for analysis of Variance, and Phi (φ)
for non–parametric statistics (Chi–square). In order to evaluate
the effect of PC on the severity of autism, we compared the
group composed by ASD children without PC with different
groups characterized by the presence of PC (Mono– or Multi–
Comorbidity). To understand in which way each single type of
PC (Affective Problems, Anxiety Problems, ADHD, Oppositive
Problems) could specifically be associated with ASD level or IQ
we compared the ADOS scores and the IQ scores among the
ASD–only group and groups with a specific PC (mono–comorbid
or multi–comorbid).

RESULTS

37.8% (374 participants) of our sample had a score over the
borderline cutoffs on one or more of the DOS of the CBCL. It
means that these participants had at least one PC in addition to
ASD. In order to evaluate the relationship of PC with the severity
of autism and cognitive level, we compared this PC group with
the group of ASD children without PC (615 participants; 62.2%
of the whole group). One–way ANCOVA (controlling for age
and gender) revealed significantly higher mean scores on CSS–
AS (p = 0.003) and on CSS–Total (p = 0.02) score in the PC
group vs. the ASD–only group. Significantly higher performance
IQmean scores were present in the ASD–only group (p≤ 0.0001)
compared to the PC group (Table 2).
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Preschoolers presented a full range of different types of DOS
(Table 1): Affective Problems were over the borderline cutoff in
23.4% of the whole sample; ADHD Problems in 17.3%; Anxiety
Problems in 16.7%; Oppositional Problems in 7.9%. They were
isolated (Mono–comorbid group) in 195 participants (52.1% of
the 374 PC group; 19.7% of whole sample); 105 participants
(28.1% of the 374 PC group; 10.6% of whole sample) had two
types of PC; 56 participants (15% of the 374 PC group; 5.7% of
whole sample) had three types of PC; 18 participants (4.8% of
the 374 PC group; 1.8% of whole sample) were over the cutoff
on all four DOS (Figure 1). One–way ANOVA revealed that
participants with one (n = 195) or more PC (n = 179) have no
statistically significant differences as far as IQ and ADOS scores
are regarded. However, Figure 1 shows that participants who
have four PC have also a significantly lower pIQ score (p= 0.002,
η
2
= 0.02). Post–hoc analyses using the Scheffe post–hoc criterion

for significance indicated that the average IQ is significantly
higher in the no PC group (M = 81.20, SD = 22.9) than in the
group with at least one PC (M = 75.25, SD= 22.5, p= 0.02).

Affective Problems
Two hundred and thirty-one participants had scores over the
borderline cutoff on the Affective Problems DOS (Table 3). We
found that this AP group (which has positive clinically significant
scores in AP not taking in account mono– ormulti–comorbidity)
compared to participants without any borderline/clinical score
on DOS (ASD–only group), had Higher CSS–AS (p = 0.001,
d = 0.25) and CSS–Total Score (p = 0.01, d = 0.11), and lower
pIQ (p = 0.001, d = 0.27). The AP group is composed of 81
participants with an isolated PC (mono–comorbid group) and of
150 multi–comorbid participants. ANCOVA with a Bonferroni
post hoc test revealed significantly higher scores on CSS–SA
(p = 0.004, η

2
= 0.017) and CSS–Total (p = 0.01, η

2
= 0.01)

and significant lower score on pIQ (p = 0.002, η2
= 0.02) when

the ASD–only group is compared to the mono–comorbid group;
these differences were not found for multi–comorbid group. No
significant difference was found for CSS–RRB scores within the
groups identified.

Anxiety Problems
One hundred sixty-five participants had scores over the
borderline cutoff on the Anxiety Problems DOS; this sample was
composed of 43 children with mono–comorbidity (positive only
on AXP scale) and of 122 multi–comorbid children (positive to
AXP scale and other DOS). ANCOVA revealed no significant
difference on CSS–SA scores, CSS–RRB scores, CSS–Total scores
and pIQ between AXP and ASD–only or for mono– and multi–
comorbid AXP children.

ADHD Problems Cluster
One hundred seventy-one children had scores over the
borderline cutoff on the ADHD problems of the DOS (Table 3).
Differences between this group (mono–comorbid and multi–
comorbid) and the ASD–only group showed that ADHD group
was associated with Higher CSS–SA (p = 0.04, d = 0.09)
and lower IQ (p = 0.006, d = 0.25) compared with the
ASD–only children. The ADHD sample was composed of 62

participants with an isolated PC (positive only on ADHD
scale) and 109 multi–comorbid participants (positive to ADHD
scale and other DOS). ANCOVA failed to reveal significant
differences on all CSS scores among groups, but multi–
comorbid ADHD group showed lower statistically significant
scores on pIQ (p = 0.003, η

2
= 0.012) compared to the

ASD–only group.

Oppositional Problems
Eighty children showed scores over the borderline cutoff on the
Oppositional Problems DOS (Table 3). This group, composed
of mono–comorbid and multi–comorbid participants, showed
lower pIQ (p < 0.0001, d = 0.46) compared to the group of
children without any comorbidity (ASD–only group). This OP
sample is composed of 9 children with an isolated PC (mono–
comorbid group) and 71 multi–comorbid children (positive to
OP scale and to other DOS). ANCOVAwith a Bonferroni post hoc
test revealed a significantly higher score on CSS–SA (p = 0.02,
η
2
= 0.006) and lower score on pIQ (p = 0.002, η

2
= 0.03)

when mono–comorbid group is compared to the ASD–only
group. In addition, by comparing CSS–RRB scores between
groups we found a significant interaction between group and age
[F(2, 689) = 4.03 p= 0.02, η2

= 0.01].
Moreover, we compared groups based on the type of

psychiatric mono–comorbidity and ANCOVA was not able
to detect differences on the clinical variables considered
(Table 4). In order to evaluate the effect of having different
clusters of multi–comorbidity we compared groups composed
of any type of different clustering (i.e., AP and AXP, AP,
and ADHD, ADHD and AXP, AP, and AXP and OP,
etc.); also in this case different ANCOVA did not reveal
any significant differences among groups on the considered
clinical variable.

Finally, we have considered the distribution of PC taking
into account the severity of autism and gender differences.
In order to investigate the effect of the severity of autism,
we have divided the whole group on the basis of having a
PDP score over (PDP+; 682 participants) or under (PDP–;
n = 307) the borderline cut–off on this scale. The PDP+
group show significantly higher mean scores on all DOS and
higher number of participants with PC compared to the group
of ASD preschoolers with the score under the borderline
cut–off (Table 5).

Regarding gender differences, we found a statistically
significant difference on RRB–CSS where males show a higher
score when compared to females with ASD. No significant
differences were found for age, pIQ, CSS Total score and CSS–
SA. Males and females did not show any difference on mean DOS
score over the borderline cut-off (Table 6).

Finally, in order to study possible differences between younger
(≤36 months) and older (>36 months) subjects on ASD
symptom severity and PC, the sample was dichotomized on
the basis of age in 333 children younger or equal than 36
months (33% of sample) and 656 older than 36 months (67%
of sample). The comparison between the two groups revealed
higher scores for the younger groups on CSS–SA [t(987) = 3.58,
p < 0.0001, d = 0.23], CSS–RRB [t(987) = 2.75, p = 0.006,
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Comorbidities ANOVA

0 1 2 3 4 F-values p-value Effect

(N = 615) (N = 195) (N = 105) (N = 56) (N = 18) size

ADOS CSS—Social Affect 5.98 (1.95) 6.34 (1.96) 6.20 (1.94) 6.57 (1.75) 6.17 (2.47) 2.16 (4,984) 0.07 –

ADOS CSS—RRB 6.93 (2.07) 6.89 (2.08) 7.08 (1.92) 6.84 (2.07) 7.83 (2.43) 1.00 (4,984) 0.40 –

ADOS CSS—Total score 6.17 (1.95) 6.35 (1.91) 6.38 (1.97) 6.55 (1.87) 6.56 (2.54) 0.97 (4,984) 0.42 –

Performance IQ 81.20 (22.9) 75.25 (22.5) 79.75 (24.82) 73.49 (25.17) 68.83 (21.50) 4.14 (4,938) 0.002 η2 = 0.02

FIGURE 1 | Distribution of mono– and multi–comorbidity across the whole sample and clinical comparisons. One–way ANOVA on ADOS scores and Performance IQ

(means and SD) for all comorbidities groups are reported. Significant comparison are highlighted in bold.

d = 0.17], and CSS–Total scores [t(987) = 4.22 p < 0.0001,
d = 0.27], but no difference as far as prevalence of PC
is regarded (Table 7).

DISCUSSION

This study aims to explore psychiatric comorbidity in a wide
sample of ASD preschoolers, searching for the impact of gender,
symptom severity and intelligence on PC. For this purpose, we
have used the DSM Oriented Scales (DOM) of the CBCL 1½−5
that have proven validity to identify PC in ASD preschoolers
(51). Nevertheless, their use is sparse in literature and, to our
knowledge, this is the first time that they are applied in a very
large sample of preschoolers with ASD.

Results revealed that 37.8% of the participants had at least
one PC in addition to ASD. This finding is not surprising
since significant genetic overlap between the diverse group of
neurodevelopmental disorders—for instance ASD and ADHD—
(69) and between different psychiatric diseases—e.g., ASD and
depression—has been identified (70). The relative low rate of
PC in our sample can be interpreted from a developmental
perspective. Specifically, it is plausible that in the toddler–age the
majority of the child’s emotional and behavioral problems could
be explained by a diagnosis of ASD, whereas, with increasing age

and consequently social, adaptive and cognitive demands, new
internalizing and externalizing disorders emerge. Accordingly,
71% of children (21), 74% of adolescents (23), and 73% of adults
with ASD (8) have been described as affected by at least one other
psychiatric diagnosis.

Our results indicated that children with ASD combined with
one or more PC had higher severity of autism symptoms and
lower IQs than ASD children without PC, in contrast to previous
findings where no relationship with these clinical features was
found (21, 71), even taking in account the effect of gender and
age, according to this we found a small to medium (η2

=0.014
to 0.02) effect size in our analysis. Of particular importance is
the detection of PC in individuals with ASD plus intellectual
disability in order to avoid the diagnostic overshadowing (14)
that is the attribution of all symptoms to intellectual impairment
instead of to specific PC.

Moreover, 18.1% of our whole sample had two or more PC
associated with ASD (multi–comorbid group). This percentage
is lower than that reported by Simonoff et al. (21); in this study
52% of participants had multiple PC and 38% had three or more
PC, while in our sample 10.6% participants had two types of PC,
5.7% participants had three types of PC, and only 1.8% satisfy
all the four PC we considered. Furthermore, the cumulative
percentage of our children with at least two PC in addition
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TABLE 3 | Clinical characteristics of ASD subjects grouped on the base of specific PC.

a b c

AP AP+

(N = 231)

ASD–only

(N = 615)

t p (ES) Mono–

Comorbidity

(N = 81)

Multi–

Comorbidity

(N = 150)

ASD–only

(N = 615)

F p–value Effect

Size

CSS–SA 6.48

(1.97)

5.98

(1.95)

3.25 0.001

(d = 0.25)

6.68

(1.88)

6.37

(2.02)

5.98

(1.95)

6.66

(2,841)

0.001 a>c η2 =

0.017

CSS–RRB 7.17

(1.97)

6.93

(2.09)

1.54 0.12

(–)

7.17

(1.79)

7.17

(2.06)

6.93

(2.09)

1.57

(2,841)

0.19 ns –

CSS–Total score 6.56

(1.95)

6.17

(1.95)

2.51 0.01

(d = 0.11)

6.65

(1.68)

6.51

(2.08)

6.17

(1.95)

4.19

(2,841)

0.01

a>c

η2 = 0.01

Performance IQ 74.87

(23.48)

81.20

(22.91)

−3.46 0.001

(d = 0.27)

72.96

(20.26)

75.93

(25.05)

81.20

(22.91)

7.09

(2,801)

0.001

c>a

c>b

η2 = 0.02

ADHD ADHD+

(N = 171)

ASD–only

(N = 615)

t p Mono–

Comorbidity

(N = 62)

Multi–

Comorbidity

(N = 109)

ASD–only

(N = 615)

CSS–SA 6.15

(1.87)

5.98

(1.95)

2.05 0.04

(d = 0.09)

6.21

(1.90)

6.39

(1.86)

5.98

(1.95)

2.74

(2,781)

0.06 ns –

CSS–RRB 6.91

(2.19)

6.93

(2.09)

−0.78 0.43

(–)

6.42

(2.30)

6.99

(2.11)

6.93

(2.09)

1.86

(2,781)

0.13 ns –

CSS–Total score 6.61

(1.95)

6.17

(1.95)

1.15 0.24

(–)

6.15

(2.10)

6.49

(1.86)

6.17

(1.95)

2.05

(2,781)

0.10 ns –

Performance IQ 75.05

(25.24)

81.20

(22.91)

−2.77 0.006

(d = 0.25)

76.88

(24.67)

74.57

(25.63)

81.20

(22.91)

4.58

(2,743)

0.003

c>b

η2 =

0.012

OP OP+

(N = 80)

ASD–only

(N = 615)

t p Mono–

Comorbidity

(N = 9)

Multi–

Comorbidity

(N = 71)

ASD–only

(N = 615)

CSS–SA 6.42

(1.99)

5.98

(1.95)

1.86 0.06

(–)

6.33

(2.73)

6.43

(1.89)

5.98

(1.95)

3.13

(2,690)

0.02

b>c

η2=0.006

CSS–RRB 7.13

(2.07)

6.93

(2.09)

0.80 0.42

(–)

7.78

(1.71)

7.04

(2.11)

6.93

(2.09)

0.74

(2,690)

0.52 ns –

CSS–Total score 6.56

(2.13)

6.17

(1.95)

1.66 0.09

(–)

6.89

(2.80)

6.52

(2.05)

6.17

(1.95)

1.98

(2,690)

0.11 ns –

Performance IQ 70.55

(22.48)

81.20

(22.91)

−3.79 0.0001

(d = 0.46)

68.33

(22.82)

70.85

(22.60)

81.20

(22.91)

6.17

(2,660)

<0.001

c>a

η2 = 0.03

Each specific PC is compared to ASD–only subjects without PC. AP, Affective Problems; ADHD, Attention Deficit/Hyperactivity problems; OP, Oppositional Problems. Significant

comparison after Bonferroni correction are highlighted in bold.

to autism was significantly lower (18.2 vs. 50% approximately)
than that reported in another study (9). The lower average
age of our sample as well as the exclusion of other types of
psychiatric disorders not detected by the CBCL (e.g., obsessive
compulsive disorder, specific phobias) could partly justify this
finding. However, some behaviors of ASD children could be
misinterpret by clinicians or parents; difficulties in disentangling
symptoms of PC from ASD symptoms (i.e., withdrawn) could
create an under–estimation—but also an over–estimation—of PC
in ASD subjects depending on setting or on the training of the
professionals (72).

As far as the specific PC, we confirm the considerable
additional presence of affective problems, ADHD, and anxiety
problems among our participants, as previously highlighted by
other studies (73, 74).

The overall rate of affective problems that we found (23.4%) is
similar to the one reported by Leyfer et al. (9) in a sample of 9–
years–old ASD subjects, using amodified version of the K–SADS.
Conversely, Salazar et al. (27) detected that only 14.6% of their
preschool and elementary–school aged children met criteria for
major depressive disorder, using the Preschool Age Psychiatric
Assessment (PAPA) interview (39). A significant lower rate of
major depression and dysthymic disorder (1.4%) was observed by
Simonoff et al. (21) in a sample of ASD children and adolescents
aged 10–14 years, using the Child and Adolescent Psychiatric
Assessment–parent version (CAPA) (75). The fact that in our
sample the affective symptoms have been evaluated through the
CBCL may have had an impact on results. In fact, it is worthy
of note that four out ten items that make up the Affective
Problems (AP) scale of the CBCL 1 ½−5 (i.e., 24: doesn’t eat
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TABLE 4 | Clinical differences among group of ASD subjects with specific psychiatric mono–comorbidity.

DSM–IV oriented scales ANCOVA

AP+ (N = 81) AXP+ (N = 43) ADHD+ (N = 62) OP+ (N = 9) F–values p–value Effect size

CSS–SA 6.58 (1.83) 5.91 (2.01) 6.11 (1.81) 6.33 (2.73) 1.49 (3,189) 0.21 –

CSS–RRB 7.18 (1.74) 6.84 (2.24) 6.30 (2.33) 7.78 (1.71) 1.86 (3,189) 0.13 –

CSS–Total score 6.58 (1.65) 5.98 (1.75) 6.02 (2.04) 6.89 (2.80) 1.53 (3,189) 0.20 –

Performance IQ 72.93 (20.26) 78.70 (23.57) 76.88 (24.67) 68.33 (22.82) 0.92 (3,182) 0.42 –

TABLE 5 | Clinical comparison of ASD subjects with high scores on CBCL–PDP scale and subjects with low score on CBCL–PDP scale.

PDP high (n = 682)

M (SD)

PDP low (n = 307)

M (SD)

t–test p–value Effect Size

Age (months) 44.00

(13.40)

44.05

(14.53)

−0.05 0.95 –

Performance IQ 76.68

(23.33)

84.82

(22.83)

−5.02 <0.001 d = 0.35

CSS–SA 6.36

(1.87)

5.57

(2.04)

5.98 <0.001 d = 0.40

CSS–RRB 7.09

(2.00)

6.64

(2.21)

3.13 <0.001 d = 0.21

CSS– Total score 6.49

(1.87)

5.73

(2.02)

5.72 <0.001 d = 0.39

Pervasive developmental problems 73.88

(6.21)

57.2

(4.6)

42.43 <0.0001 d = 3.05

Psychiatric Comorbidity t–test

or

X∧2

p–value Effect Size

Affective problems A 60.94

(9.06)

54.12

(5.84)

12.09 <0.001 d = 0.89

B 30.6 7.2 65.19 <0.0001 φ = 0.25

Anxiety problems A 58.61

(8.70)

52.59

(4.44)

11.45 <0.0001 d = 0.87

B 22.7 3.3 57.73 <0.0001 φ = 0.24

Attention deficit/Hyperactivity problems A 59.22

(7.04)

54.65

(5.67)

9.98 <0.0001 d = 0.71

B 22.6 5.5 43.11 <0.0001 φ = 0.20

Oppositional problems A 55.74

(6.62)

51.81

(3.43)

9.82 <0.0001 d = 0.74

B 11.1 0.7 32.08 <0.0001 φ = 0.18

A, mean and SD; B, number of subjects in the borderline/clinical range expressed as percentage of subjects with PDP high or low score.

Significant comparison are highlighted in bold.

well; 38: has trouble getting to sleep; 49: overeating; 74: sleeps
less thanmost kids during day and/or night) are strictly related to
neurovegetative symptoms, such as sleeping and eating problems:
these features, as well as being part of clinical depression are also
disturbances that occurred at a higher rate in ASD individuals
than in typically developing (TD) children, independently from
the associated PC (76, 77). For example, as far as sleep problems,
we found that 56% of our sample had at least one sleep problem
(i.e., scored 2 in at least one out of the seven sleep items in the
CBCL) and this percentage is close to 53% found by Krakowiak
et al. (78) who included in their “sleep problems group” children

with ASD and at least one frequent sleep problem. Therefore,
it is possible that the inclusion of eating and sleep problems in
the CBCL–AP scale has led to overestimate the rate of affective
problems in preschoolers with ASD. Similarly, other AP items,
such as the 43 (“looks unhappy without good reason”), the
89 (“underactive, slow moving, or lacks energy”), and the 71
(“shows little interest in things around him/her”) could be part
of the ASD early presentation in which troubles of affect are
frequently reported (79), besides being depressive symptoms.
However, previous investigation supports the use of the CBCL
1.5–5 to assess for emotional disorders in preschoolers with
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TABLE 6 | Gender differences: comparison of clinical characteristics and of PC in male vs. female.

Male M

(SD)

Female

M (SD)

t–test p–value Effect size

Age 44.08

(13.92)

43.67

(13.06)

0.32 0.74 –

Performance IQ 76.68

(23.17)

76.58

(23.82)

1.61 0.10 –

CSS–SA 6.11

(02.16)

6.15

(1.92)

−0.20 0.84 –

CSS–RRB 7.02

(2.04)

6.57

(2.16)

2.64 0.008 d = 0.21

CSS– Total score 6.27

(1.92)

6.20

(2.01)

0.48 0.62 –

Pervasive developmental problems 68.89

(9.80)

67.44

(9.15)

1.75 0.08 –

Psychiatric comorbidity t–test

or

X∧2

p–value Effect size

Affective problems A 58.95

(8.86)

58.21

(8.36)

0.99 0.32 –

B 23.5 22.5 0.08 0.76 –

Anxiety problems A 56.98

(8.30)

55.97

(7.13)

2.06 0.04 d = 0.09

B 17.6 12.4 2.65 0.10 –

Attention deficit/ Hyperactivity problems A 57.75

(6.89)

58.05

(7.33)

−0.50 0.61 –

B 17.0 18.9 0.37 0.53 –

Oppositional problems A 54.50

(6.11)

54.59

(6.02)

−0.14 0.88 –

B 7.9 7.7 0.01 0.91 –

A, mean and SD; B, number of subjects in the borderline/clinical range expressed as percentage of male or female. Significant comparison are highlighted in bold.

ASD (80) and replicated studies have demonstrated the construct
validity of the CBCL for evaluating PC in older ASD subjects
(29, 30); in particular the AP scale, despite including sleep and
eating problems, showed a statistically significant correlation
with Depression based on the K–SADS (81). More broadly, the
association between AP and ASD should be interpreted with
caution, since a considerable phenotypic overlap between these
two conditions exists (82): consequently, the accurate diagnosis
of depression in toddlers with ASD remains a challenge. Further,
our results show that children with Affective Problems had
notable association with lower pIQ and more severe autism,
in both case we found a small to medium effect size. Previous
studies on the relationship between intellectual disability and
affective comorbidities in young individuals with ASD have
been inconsistent. Some authors fail to find a relationship
between intellectual disability and depression in subjects with
ASD (83, 84), while others identified a decreased risk of
depression in children with ASD and intellectual disability (27,
85, 86). Thus, our clear results of an quite strong association
between the presence of AP and a more severe autism with
lower pIQ set the stage for a more careful consideration
of the relationship among intellectual disability, affective
problems and autism.

We detected that 17.3% of participants exceed the cutoff
in the ADHD scale, a percentage lower than that observed
in previous research (9, 10, 15, 21, 27). Also for this PC our
lower percentage may be partly explained by the lower ages
in our sample. In fact, symptoms of ADHD may emerge in
toddlerhood (87), but generally increase with age: for instance,
in a clinically referred sample of children with ASD, 40% of 3–
5-year old and over 50% of 6–12-year–old children met DSM-IV
criteria for ADHD (88). Nevertheless, our percentages of children
with ADHD are only slightly lower than that detected using
the CBCL in a recent investigation (51) where it was reported
that 22% of their preschoolers had ADHD. Thus, it is possible
to suggest that our lower percentage is due to the ADHD–
DOS which is more conservative than other instruments to
individuate ADHD. Our results show significantly lower pIQ in
ASD comorbid with ADHD, with an effect size ranging between
small and medium magnitude; while some investigations suggest
that rates of comorbid ADHD are high regardless the level of IQ
(85, 89), others reported a more severe ASD phenotype when
associated with ADHD, not only in terms of lower IQ, but
also of higher autistic symptoms and more behavioral problems
(90, 91). Our results support these latter findings, since the
ASD plus ADHD children had significant lower pIQ as well as
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TABLE 7 | Clinical differences between younger (≤36 months) and older (>36 months) subjects.

≤36m (n = 333)

M (SD)

>36m (n = 656)

M (SD)

t–test p–value Effect size

Age (months) 29.30

(4.90)

51.48

(10.36)

−36.97 <0.0001 d = 2.73

Performance IQ 78.94

(22.11)

79.34

(23.88)

−0.24

0.84

–

CSS–SA 6.43

(2.07)

5.96

(1.88)

3.58 <0.0001 d = 0.23

CSS–RRB 7.20

(2.24)

6.82

(1.98)

2.75 0.006 d = 0.17

CSS– Total score 6.62

(2.18)

6.07

(1.80)

4.22 <0.0001 d = 0.27

Pervasive developmental problems 68.29

(9.90)

68.82

(9.61)

−0.81 0.41 –

Psychiatric comorbidity t–test

or

X∧2

p–value Effect size

Affective problems A 58.69 (9.08) 58.89 (8.63) −0.32 0.74 –

B 22.9 24.3 1.08 0.60 –

Anxiety problems A 55.85 (7.69) 57.20 (8.31) −2.47 0.01 d = 0.16

B 17.7 14.7 1.40 0.23 –

Attention deficit/Hyperactivity problems A 57.21 (6.83) 58.10 (7.03) −1.91 0.06 –

B 18.8 14.4 2.93 0.08 –

Oppositional problems A 54.24 (6.20) 54.66 (6.04) −1.00 0.31 –

B 8.2 7.2 0.31 0.57 –

A, mean and SD; B, number of subjects in the borderline/clinical range expressed as percentage). Significant comparison are highlighted in bold.

considerable rate of multi–comorbidity; this finding indirectly
supports the evidence of a specific phenotype characterized
by ASD plus ADHD which may increase the risk of further
comorbidity (92).

Also the percentage of children affected by anxiety problems
(16.7% of the whole sample) is lower than that observed in
other researches (9, 21, 27, 92) and meta–analysis (93). The
lower ages of our large sample could partly explain this finding:
accordingly, a cross–sectional recent study compared the levels
of anxiety in different age–ranges and found an increase of
anxiety levels from toddlerhood to childhood (94). Similarly,
different studies detected a positive association between anxiety
levels and chronological age in toddlers (95), children (27) and
adolescents with ASD (96). However, higher rates of anxiety
problems were detected also in ASD samples with age similar
to ours: for example, Llanes et al. (51), using the CBCL in
their subgroup of preschoolers, identify an anxiety problem
in 31% of the sample that doubles up the percentage in our
sample. Crucially, all the enrolled subjects in that research
had an IQ on the WPPSI–III of 50 or above, and the mean
IQ score of the participants was within average levels, while
in our sample also subjects with a pIQ lower than 50 were
included. This difference on IQ scores could be the second reason
for the lower percentages of AXP, since literature frequently
reported that higher levels of anxiety are associated with

better cognitive skills (97, 98). A third factor, related to the
impairment in receptive and expressive language skills (94),
could be responsible for the low prevalence of anxiety problems
in our ASD sample: in fact, we could suppose that the low
mean chronological age and the below–average cognitive level
impacted on language and consequently on their ability to
express anxious symptoms.

A relative small percentage of our subjects, 7.9% of total
sample, exceed the cutoff for Oppositional Defiant Problems: this
rate is not significantly different from the prevalence estimates of
7% (99) and 10% (40) for preschoolers in the general population.
In previous studies higher rates of OP have been reported – 37%
in de Bruin et al. (22); 13% in Gadow et al. (100); 30% in Simonoff
et al. (21)–and these symptoms seem to increase over time: in
fact, samples composed of older ASD children (85, 88, 101)
exhibited a more elevated prevalence of these behavioral
problems. It was suggested that the increase in social stressors
(e.g., academic and peer demands) could have a role in this
behavioral modification with age of ASD individuals. Our results
show also that OP symptoms are more likely to be present in ASD
preschoolers with lower intellective functioning, in accordance
with some (101, 102), but not all literature (85, 103). Secondly,
it is important to consider that some behavior of ASD children
can be interpreted as oppositional by parents (for instance the
items “defiant,” “disobedient,” “stubborn,” “uncooperative”)
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instead of the consequence of the poor attention to
social stimuli and/or impairment in social understanding
e.g., (104–106) typical of ASD rather than symptoms of
a real OP.

It is important to highlight that 31% of our participants does
not reach the borderline scores on the PDP scale. Even if the PDP
scale showed an high accuracy in distinguishing preschoolers
with ASD from peers with typical development (66) and from
peers with other psychiatric disorders (67), the sensitivity of this
scale to detect ASD subjects is lower than the sensitivity of other
CBCL scales to detect the corresponding PC (72, 107). Subjects
positive to the PDP scale are, as expected, more impaired in terms
of ADOS severity and intellective functioning, but, interestingly,
they are also characterized by more frequent PC as highlighted
by significantly higher mean scores on all DOS in comparison to
subjects below the cut–off score at the PDP scale, with amoderate
to strong effect size (all d > 0.70), suggesting a significant
effect of having borderline scores on PDP scale. Therefore, in
accordance with previous studies (108, 109), we could speculate
that the PDP scale could be used as a measure not only of the
possible presence of an ASD disorder but also of likely different
functional impairments.

The comparison of the DOS scores between males and
females participants did not reveal any statistically significant
difference as far as scores within the borderline/clinical range
of these scales are concerned. Some previous studies suggest
a different phenotype in terms of PC in female than in
male children with ASD (27, 47, 50, 110, 111), whereas other
investigations failed to find clear gender differences (112,
113) or gender differences that reflect those found in typical
young children (114). Therefore, data are still limited and
inconclusive on this theme and further research is needed on this
under–explored issue.

Interestingly, the comparison between younger (≤36 months)
and older (>36 months) patients of our sample highlighted
significantly higher symptoms severity in the younger group,
with a small to moderate effect size (all d > 0.10). This result
is in line with previous investigations in which the severity
of ASD symptoms was negatively correlated with age at first
ASD diagnosis (115, 116). Nevertheless, the more severe ASD
symptoms at an earlier age is not linked to a more severe
PC, which seem stable across ages and not influenced by
autism per se.

CONCLUSIONS

Our findings should be considered in light of some
methodological limitations. First, it is important to highlight
that, in order to receive one or more specific DSM comorbid
diagnoses, ASD patients can be in–depth evaluated by trained
clinicians with expertise in childhood psychiatric disorders.
In fact, we relied only on the use of the CBCL 1.5–5 for
the evaluation of PC in young children with ASD, which
has however shown a good ability to assess for emotional
and behavioral disorders in preschoolers with ASD (80).

The absence of a subsequent clinical evaluation to confirm
a diagnosis of PC may have caused a certain percentage of
false positives. On the other hand, the presence of some false
negatives cases should be considered. Since the preschoolers
of the current study are referred for a diagnostic evaluation
to three tertiary centers specific for ASD, it is possible that
parents are more focused on ASD–Specific concerns (e.g.,
communication/language delays, social deficits) than on non–
ASD–Specific concerns (e.g., inattention and hyperactivity,
eating/feeding, sleep difficulties, tantrums or inappropriate
behaviors) (117).

More broadly, parent ratings inevitably involve the risk
of several parental bias, including difficulty in interpreting
the questions and quantifying the behaviors, reluctance to
acknowledge the child’s problems, and lack of motivation
to complete the instrument accurately. However, literature
indicates that parents are generally reliable informants about
the behavioral and emotional problems of their child (118),
aside from providing valuable and unique information about
the child’s behaviors in the home environment and in specific
situations (e.g., eating and sleeping habits). The lack of
parents’ history of psychiatric disorders is another limitation
of this study. This information is important not only to
increase comprehension of PC in ASD children Wiggins
et al. (119), but also to accurately interpreting parent–
report. For example, the possible negative bias of anxious or
depressed parents can lead them to overestimate the amount
of symptoms of their own kid (120). On the other hand,
parents with externalizing psychopathology, but without insight
into their own condition, could underestimate this type of
symptoms in their child, considering them as part of a
typical behavior.

The cross–sectional design of this study precluded us to draw
inferences about the stability of CBCL profiles and their impact
on the developmental trajectories of preschoolers with ASD. The
few longitudinal studies on this topic detected a low/declining
trajectory for internalizing problems in 70% of the sample
(50), or an association between low scores on ADHD related
traits over time and positive outcome (121). Future longitudinal
investigations are therefore necessary and could also help to
clarify whether the treatment of PC had a positive impact on
adaptive function and core features of ASD patients. Moreover,
we do not have a longitudinal evaluation of subjects diagnosed
before or at 36 months of chronological age confirming the
clinical diagnosis of ASD. However, diagnoses of ASD in toddlers
have been found to be accurate and stable across time in studies
of high–risk siblings (122), community–based settings (123) and
clinic–referred samples (124). Moreover, the high symptoms
severity in our younger ASD subjects supports the stability of
their diagnosis, since the severity of ASD symptoms has been
indicated as a factor contributing to the diagnostic stability of
ASD (116).

Finally, the information about the sibling status could be of
valuable relevance, since the presence of typical or atypical older
siblings can impact on the parents’ sensitivity to reliably rate
symptoms of their younger child (125, 126).
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In conclusion, this study suggests that in persons with
ASD, PC occur early in life necessitating the need for their
early detection that could improve our capacity for a more
tailored intervention.
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Over the last few years, new studies focused their attention on the gender-related features

in high-functioning autism spectrum disorder (HFA), often leading to controversial results.

Another interesting aspect of these subtype of patients is linked to the complexity of

clinical presentation, where besides core symptoms, other co-occurrence disorders

may complicate the diagnostic evaluation. Therefore, we retrospectively studied 159

HFA patients, male and female, investigating their comorbidities and to find any

gender difference. For each patient, were evaluated the presence/absence, type and

gender distribution of psychopathological comorbidities, according to DSM-5 diagnostic

criteria. The total sample was divided in 100 male and 59 female patients, age and

intelligence quotient matched. In our sample, the psychiatric comorbidities observed

were Attention Deficit Hyperactivity Disorder, Anxiety Disorders, Depressive Disorders,

Bipolar Disorder, Obsessive-Compulsive Disorder, and Anorexia Nervosa. No statistical

significant differences were found between male and female HFA patients comorbidities

except for Anorexia Nervosa. In both male and female patients, attention deficit and

hyperactivity disorder and anxiety disorders were found in high percentage. In conclusion,

our investigation showed that a statistical significant difference of comorbidity between

male and female HFA patients was found only for AN diagnosis. However, the question

about the distinction between female and male HFA patients remains quite interesting

and an open area of research for future studies.

Keywords: high-functioning, autism spectrum disorder, psychopathological comorbidities, gender distribution,

anorexia nervosa, ADHD, anxiety disorders, mood disorders

INTRODUCTION

It is well-known that in Autism SpectrumDisorder (ASD),males are over-represented than females,
with an average gender ratio of 4.3 males to 1 female (1). Many theories have emerged in order to
explain this difference in gender distribution but no one explanation appears to be conclusive (2–5).
Females are different from males both in core symptoms and in comorbidity; this probably causes
the difficulty in their detection. Data show that the gender ratio M:F is intelligence quotient (IQ)-
related, varying from 5.75:1 in cognitively high-functioning children (HF; full-scale IQ higher than
70) to 1.9:1 in low-functioning children (LF; full-scale IQ lower than 70) (5–9).
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The definition of High Functioning Autism Spectrum
Disorder (HFA) refers to the category of ASD “without cognitive
impairment” specified by the Diagnostic and Statistical Manual
of Mental Disorders—Fifth Edition (10).

This variance shows that HF females have been the most
difficult to detect, probably because of milder symptom
presentation (11–13) or methodological bias (ex. lack of specific
diagnostic tools) (14–16). With increased agreement on the
definition of ASD and improvement in case detection, recent
studies are identifying more HF females (17). Beyond the sex
differences in phenotype, males and females could differ in
coexisting psychopathology (5) so there has been an emergence
of research focusing on gender differences in ASD regarding
comorbidity. The most common practice to date for identifying
comorbid psychopathologies had been the use of the Diagnostic
and Statistical Manual of Mental Disorders (DSM) criteria.
Literature on comorbid psychopathologies, based on the new
edition of DSM criteria (DSM-5), is beginning to develop, even if
with mixed findings, probably caused by different methodologies
(related to stratification for IQ and age) and by small samples.

A report described that boys with ASD are more likely
to experience externalizing disorders such as ADHD and
oppositional defiant disorder (18), above all in childhood, while
it is reported that girls with ASDmay be at especially high risk for
internalizing psychopathology (8).

Moreover, studies have shown more hyperactive behaviors in
HF boys than girls with ASD (19), while no gender differences in
LF children (20–23) were found.

Nevertheless, differences also emerged with respect to
internalizing disorders as HF girls with ASD evidenced
significant anxiety symptoms compared to boys, mainly in
adolescence (8), suggesting that the typical gender developmental
trajectory of anxiety may be present. However, it might be
quite difficult to distinguish if anxiety symptoms or repetitive
behaviors would belong to the core ASD symptoms or might
be signs of a comorbid condition with an anxiety and/or an
obsessive-compulsive disorder (24). In the same way as for
anxiety symptoms, other affective disorders, such as depressive
disorders, are reported in childhood and at levels dramatically
higher in adolescent girls (16, 19, 25). Lastly, in ASD patients are
largely reported abnormal eating behaviors and/or conducts (26).

However, sex differences in HFA comorbidities is still poorly
understood. Therefore, the aim of this retrospective study was to
investigate whether male and female HFA patients might develop
specific comorbidities phenotype, using well-defined samples
regarding factors like age and IQ.

MATERIALS AND METHODS

This retrospective study included children and adolescents
admitted to the Child and Adolescent Neuropsychiatry
Unit between April 2016 and May 2018 and diagnosed
with HF ASD, according to DSM-5 diagnostic criteria. For
each patient, were evaluated the presence/absence, type and
gender distribution of psychopathological comorbidities. All
participants were drug-naïve.

All demographic and clinical variables were subjected to
statistical analysis. Descriptive analysis was conducted for
sociodemographic and clinical features. Quantitative variables
(IQ and age) were presented as mean± standard deviation (SD);
qualitative variables (psychopathological comorbidities and ASD
severity level) were expressed as percentages. The chi-square test
(χ2) was used to compare qualitative variables between male
and female with ASD. The χ2 enabled us to compare observed
and expected frequencies of dichotomous variables objectively.
Statistical significance, in this case, is due to the difference
between observed and expected frequencies. Both groups were
compared with the independent sample t test for comparison
of age and IQ mean score. All the statistical analyses were
considered significant with a p-value equal or lower than 0.05. For
statistical processing, we used the Statistical Package for Social
Science version 20.0.

RESULTS

The sample included 159 patients with HF ASD diagnosis.
Table 1 summarizes patients demographic and clinical data. The
total sample included 100 males (mean age: 9.91 ± 4 DS) and
59 females (mean age: 10.97 ± 4.7 DS). No significant statistical
differences for age and Intelligent Quotient were found between
male and female patients. In 44% of male patients at least one
comorbidity was diagnosed, while, in female patients, 72.8%
presented at least one comorbidity.

In both male and female patients, ADHD and Anxiety
Disorders were the most frequent diagnoses. Anorexia Nervosa
diagnosis resulted more frequent among female patients, with a
statistical significant difference (p= 0.04) (Table 2).

DISCUSSION

It is well-established that the most difficult challenge in ASD
diagnostic process is based on the recognition and discrimination
of the frequent co-occurrence of this disorder with other
conditions, such as other neurodevelopment and/or psychiatric
disorders. In fact, core symptoms of ASD often mask psychiatric
comorbid symptoms and viceversa (27–29). Furthermore, there
are potential similarities of how the symptoms of these disorders
appear (24).

The purpose of this study was to investigate HF ASD
psychopathological comorbidities between male and female
patients. In our sample, high rates of comorbidities were found.

TABLE 1 | Demographic and clinical characteristics of ASD patients.

ASD male (n = 100) ASD female (n = 59) p

Age (mean ± SD) 9.91 ± 4 10.97 ± 4.7 0.140

IQ (mean ± SD) 108 ± 16 104 ± 18 0.137

ASD SEVERITY LEVEL

Level 1 84 46 0.341

Level 2 16 13 0.341

ASD, autism spectrum disorder; IQ, intelligence quotient; SD, standard deviation.
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TABLE 2 | Comparison of ASD psychopathological comorbidities in male and

female patients.

Neuropsychiatric diagnosis ASD male (%) ASD female (%) p

Attention deficit hyperactivity disorder 32 42.7 0.156

Anxiety disorders 18 25.4 0.265

Depressive disorders 6 13.5 0.104

Bipolar disorder 4 3.4 0.845

Obsessive-Compulsive disorder 5 0 0.081

Anorexia nervosa 1 6.8 0.004

ASD, autism spectrum disorder. Bold values indicate statistical significant p-value.

Moreover, 55% of the total sample presented at least one
comorbidity, with a higher rate in females (72.8%) than males
(44%). This finding about the high prevalence of comorbidities
in ASD is in accordance with literature data (28). The difference
between the comorbidities rates between male and female
patients in our sample may be a statistical bias due to the
disproportion of the sample sizes. Eventually larger sample
studies would contribute to clarify if this percentage difference
of comorbidity exists or not. Moreover, in female HFA patients,
it is more difficult to recognize psychiatric comorbidities for
several reasons. First, diagnostic criteria and/or tools are mainly
male-targeted complicating their detection; moreover, females
less refer to clinical attention since their impairment is even less
clear than in male patients.

In our sample, the psychiatric comorbidities observed
(Table 2) were ADHD, Anxiety Disorders (AD), Depressive
Disorders (DD), Bipolar Disorder (BD), Obsessive-Compulsive
Disorder (OCD), and Anorexia Nervosa (AN). No statistical
significant differences were found between male and female HFA
patients comorbidities except for AN.

The most frequent comorbidity was ADHD with no
statistical significant difference between male and female
subjects. Over the years, and lastly after the publication of
DSM-5, the overlap between ASD and ADHD has been
supported by an increasing number of studies (28, 30–35).
A recent study estimated that the prevalence of the co-
occurring of ASD and ADHD is about 37–85% of children
with ASD (35), supporting the hypothesis of a common
neurobiological pathogenesis (35, 36). Moreover, comparing
male with female, we found that ADHD with “Predominantly
inattention presentation” prevails on female subgroup; while
in male subgroup “Combined presentation” is the most
frequent clinical presentation. Potentially, associated difficulties
commonly occurring in HFA, like externalizing/disruptive
behaviors, could differ between boys and girls prompting gender
differences in the clinical referral. Girls without externalizing
behaviors/hyperactivity could be overlooked for assessment and
educational support despite largely similar cognitive, academic
and behavioral profiles to boys (37, 38).

In our sample, Anxiety Disorders was found in high
percentage of both male and female patients, without any
statistical significant difference. In a recent review, Tarazi et al.
(39) found that people with HFA experience more anxiety
symptoms (such as tension, apprehension, panic, attention

deficits) compared to other ASD patients. It is suggested that,
in this subtype of patients, anxiety is more likely related to their
inability to face social interactions, changing in daily routines or
modulation of their emotional experiences.

In our sample, Depressive and Bipolar Disorders appeared
to be less frequent than other comorbidities. This finding is
probably due to the typical adolescent onset of these mood
disorders in ASD, and the mean age of our sample was about 10
years old (8, 16).

In our total sample, OCD diagnosis was found in 3%; this
finding probably is understandable considering that OCD could
appear particularly difficult to identify in the context of an ASD
because of their potential similarities only in five male patients.
Moreover, OCD was diagnosed only in five male patients; this
may be probably explained by the fact that restrictive interests
and ritualistic behaviors in female HFA patients appear to be
more socially acceptable (40).

Anorexia Nervosa was more frequent among female subjects
with a statistical significant difference. This result reflects
the epidemiology of AN, considering that this disorder
predominantly affects female patients in early adolescence (41).
It is suggested that both genetic and psychosocial risk factors
may contribute to this gender difference of AN prevalence.
Firstly, during puberty, ovarian hormones are directly involved in
genetic effects as transcriptional mediators of neural expression
of transmission systems disrupted in eating disorder (e.g.,
serotoninergic system) (42, 43). Secondly, young girls are more
exposed than males to sociocultural factors that may contribute
to increase the risk of AN (e.g., pressure about weight and
body image, thinness and cultural model) (43, 44). Moreover,
it is well-known how early testosterone exposure has a huge
impact on brain plasticity and organization, and this effect may
contribute to protect male subjects from developing an eating
disorder (45–48). The association between AN and ASD was
firstly described in 1980s when Gillberg observed that three
male autistic patients had a familiar history for AN (49, 50).
The author hypothesized that common factors may contribute
to develop autism in young boys and AN in female relatives.
On the other hand, dysfunctional eating behaviors (such as
restrictive and/or limited food intake or repertoire) represents
one of the main clinical aspects of ASD (51). Moreover, it is
reported that abnormal eating features may be precursors of
AN in patients with ASD (52). Nevertheless, patients affected by
AN share clinical similarity with ASD (e.g., set-shifting deficits,
reduced cognitive flexibility, deficits in emotion recognition,
and social cognition) and some of these features might be
potential risk factors to develop AN (41). It is suggested that
these aspects may be explained by a possible neuropsychological
overlap between the two disorders (deficit in central coherence,
theory of mind and executive functions theories) (53). A recent
study investigated gray matter volumetric aspects in female
patients affected by AN and autistic traits. The results showed
that higher autistic traits correlate with volumetric alterations
of brain regions involved in the social cognition, supporting
a valuable link of the association between the two disorders
(54). In addition, the overlap between ASD and AN may be
supported by other common neurobiological basis, including the
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involvement of the dopaminergic system. Variations in dopamine
transporters and dopamine receptors gene (e.g., DAT1 and
DRD4) are strongly linked to ASD (55–58). Nevertheless, it is
known that dopamine is one the crucial neuromediator involved
in feeding behavior, distortion of body image perception (59, 60).
In fact, mesolimbic dopamine pathways play a crucial role in food
reward, anticipation of food and social recognition mechanisms
(61, 62). Moreover, specific genotype of DRD4 (DRD4 7R/R),
leading to a reduced expression of the receptor, appears to be
strongly linked to the risk of AN (59, 63). However, the complete
neurobiological basis of the overlap between AN and ASD are
quite uncertain and still not defined.

In conclusion, our investigation showed that a statistical
significant difference of comorbidity between male and female
HFA patients was found only for AN diagnosis. However,
the question about the distinction between female and male
HFA patients remains quite interesting and open. Furthermore,
female HFA patients are often overlooked, misdiagnosed and
underestimated; therefore, this retrospective study might be

preliminary for future and larger-sampled research on this
category of patients.
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Background: Many individuals with autism spectrum disorder (ASD) have co-occurring

gastrointestinal (GI) symptoms, but the etiology is poorly understood. These GI

symptoms often coincide with problem behaviors and internalizing symptoms, which

reduces the quality of life for these individuals.

Methods: This study examined the relationships among GI problems, problem

behaviors, and internalizing symptoms in a sample of 340 children and adolescents

with ASD who are patients at the University of Missouri Thompson Center for Autism

& Neurodevelopmental Disorders.

Results: The majority of patients experienced constipation (65%), about half

experienced stomachaches or stomach pain (47.9%), and others experienced nausea

(23.2%) or diarrhea (29.7%). Young children with aggressive problem behaviors were

11.2% more likely to have co-occurring nausea; whereas, older children showed more

complex relationships between internalizing symptoms and GI symptoms. Older children

with greater anxiety symptoms were 11% more likely to experience constipation, but 9%

less likely to experience stomachaches. Older children with greater withdrawn behavior

were 10.9% more likely to experience stomachaches, but 8.7% less likely to experience

constipation. Older children with greater somatic complaints were 11.4% more likely to

experience nausea and 11.5% more likely to experience stomachaches.

Conclusions: Results suggest that the presentation of externalizing problem behavior

and internalizing symptoms associated with GI problems differs between young children

and older children with ASD. Therefore, behavior may have different relationships with GI

symptoms at different ages, which may have implications for the treatment of and clinical

approach to GI disturbances in ASD.

Keywords: autism spectrum disorder, gastrointestinal disorders, problem behavior, internalizing symptoms,

anxiety, depression
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INTRODUCTION

Autism spectrum disorder (ASD) is characterized by persistent
deficits in social communication and social interaction across
multiple contexts, as well as restricted and repetitive patterns
of behavior, interests, and activities that occur early in life
and cause clinically significant impairment (1). A variety of
gastrointestinal (GI) issues commonly occur in ASD, including
lower GI symptoms (i.e., constipation, diarrhea) and upper GI
symptoms (i.e., nausea and vomiting, stomach aches and pains)
(2–10), but the etiology is poorly understood.

Children with ASD have been shown to experience a range
of GI symptoms, with the prevalence shown to be anywhere
from 9 to 91% (2), which is likely due differences in assessment
and context. However, it appears that many individuals with
ASD suffer from constipation (2, 3, 11, 12). One association
with GI issues in ASD may be the response to stress, since
some individuals with ASD show an altered stress response (13)
and recent research has shown connections between lower GI
symptoms, sensory over-responsivity, and anxiety (14), as well as
altered psychophysiological (11) and endocrine (12) responses to
stress-inducing stimuli. These associations suggest that activation
of the sympathetic nervous system and the hypothalamic-
pituitary axis may be associated with GI disorders in ASD.

Consistent with the theory that stress is linked to GI symptoms
in ASD, co-occurring internalizing symptoms, such as anxiety
and depression, are common in ASD (15) and associated with
GI symptoms as well. Heightened stress and anxiety, rigid-
compulsive behavior, and sleep problems, have been shown to be
associated with GI symptoms in ASD, especially constipation (6,
11, 12, 16–19). Children with ASD who experience GI symptoms
also have co-occurring externalizing problems, as studies have
shown that children with ASD with co-occurring GI symptoms
had increased irritability when compared to those with ASD and
no GI symptoms (5, 6).

The present study aimed to examine relationships among
GI symptoms, externalizing problem behavior, and internalizing
symptoms in a large sample of young children and older children
and adolescents with ASD. We expected that the associations
between GI symptoms and co-occurring conditions would be
different across age groups. This study also aimed to determine
which internalizing or externalizing problem behaviors would
be associated with which GI symptoms. We hypothesized
that regardless of age, anxiety would be associated with more
constipation and diarrhea but less stomachaches and nausea
due to the heightened stress responses association with lower
GI symptoms.

METHODS

Participants
This study included 340 children and adolescents with ASD
ranging in age from 2 to 18 years old (M = 5.56, SD
= 3.67) that are clinic patients at University of Missouri
Thompson Center for Autism & Neurodevelopmental Disorders
in Columbia, Missouri. All participants provided written

informed consent in accordance with the Declaration of Helsinki,
and the study was approved and carried out in accordance
with the recommendations of the University of Missouri Health
Sciences Institutional Review Board. Written informed consent
was obtained from the parents/caregivers for all participants
under the age of 18. Diagnosis of ASD was confirmed using
the Autism Diagnostic Observation Schedule (20) or the Autism
Diagnostic Interview—Revised (21). The sample included only
participants from the database who had at least one GI symptom
reported at the most recent clinic visit.

The sample was parsed into two age groups based on
which version of the Child Behavior Checklist (CBCL) (22) the
caregivers had completed for their child: younger (completed the
CBCL for ages 2–5) or older (completed the CBCL for ages 6–
18). The younger group consisted of 200 children (80% male),
ranging in age from 2 to 5 (M= 3.03; SD= 1.07). The older group
consisted of 140 children (77.1% male), ranging in age from 6 to
18 (M = 9.19; SD= 2.94).

Measures
At each clinic visit, caregivers completed questionnaires about
their child’s developmental history andmilestones. The responses
to the questionnaires from the most recent clinic visit
were obtained from the Thompson Center database, and
the following variables were extracted and analyzed: dietary
problems, nutrition problems, GI symptoms, and internalizing
and externalizing symptoms.

Dietary Problems
Dietary problems were examined with the sum of 12
dichotomous caregiver-endorsed symptoms, with a total
range from 0 to 12. The individual items included whether
or not the child experienced the following: feeding issues in
infancy, current feeding issues, picky eating, milk aversion,
nonfood item cravings, food group aversion, food reactions,
special diet, difficulty with solids, difficulty with liquids, lethargy,
or dehydration.

Nutrition Problems
Nutrition problems were determined by the caregiver’s response
to the question, “Is the child’s nutrition adequate?.” This variable
was dummy coded, such that 0= adequate nutrition and 1= the
child’s nutrition was not adequate.

GI Symptoms
Caregivers completed a questionnaire about their concerns now
or in the past about the following GI symptoms in their child:
constipation, diarrhea, nausea or vomiting, and stomachaches
or stomach pain. These were dichotomous variables, dummy
coded such that 0 = no concerns, and 1 = concern. A total
GI symptoms score was created by summing the four types of
concerns, for a range of 1–4. In addition to the score for total GI
problems, each individual GI symptomwas considered separately
in a subsequent analysis.

Internalizing and Externalizing Symptoms
Measures of internalizing and externalizing symptoms were
derived from caregiver responses on the CBCL (22). The CBCL
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is a parent-report measure assessing behavioral and emotional
symptoms in children. Items are rated on a 3-point Likert scale
(0 = not true, 1 = somewhat or sometimes true, and 2 = very
true or often true). Two versions of the CBCL are available
based on the child’s age. The CBCL has strong psychometric
properties, including test-retest reliability, inter-rater agreement,
and internal consistency (23–25).

Covariates
Demographic covariates included age, gender, and household
income, which were provided by caregivers at the time of
assessment. Intelligence was assessed using a range of different
assessments, each normalized to a mean of 100 and standard
deviation of 15 (See Table 1).

Statistical Analyses
First, a simple bivariate correlation matrix among our variables
was produced to determine which demographic or descriptive
child and family covariates to include in our main analyses. Then,
to evaluate the relationship between internalizing symptoms and
externalizing problem behaviors for children with certain GI
symptoms, we performed separate logistic regressions with the
four GI symptoms as outcome variables for each age group.
The primary predictors of interest were the internalizing and
externalizing symptom subscales on the CBCL.

RESULTS

The majority of the sample experienced constipation (65%).
About half of the children experienced stomachaches or stomach
pain (47.9%), and others experienced nausea (23.2%) or diarrhea
(29.7%). The average number of total GI symptoms was 1.66
(SD = 0.880), with a range from 1 to 4. The vast majority
of the sample was not taking medications for GI symptoms
(92.9%). However, over half of the children (53.2%) were taking at
least one medication for other reasons (e.g., ADHD, aggression,
anxiety symptoms, seizures, or sleep problems).

The two age groups did not differ significantly in gender
composition [χ2(1) = 0.403, p = 0.308], nonverbal IQ [t(182)
= 0.578, p = 0.564], verbal IQ [t(153) = −0.989, p = 0.324], or
full scale IQ [t(168) = 0.869, p = 0.386]. Families with younger
children did have less household income [χ2(4) = 9.985, p =

0.041]. Younger and older children took similar amounts of GI
medications [χ2(1) = 0.830, p = 0.242] and had similar rates of
the four types of GI symptoms (p’s > 0.05). Older children were
taking more total medications than younger children [t(178.05)
= −4.401, p < 0.001]. Younger children had significant more
dietary problems [t(224) = 3.182, p = 0.002], but similarly
adequate nutrition as compared to older children [χ2 (1)= 0.007,
p= 0.524]. See Table 1 for descriptive statistics by age group.

Covariates were determined by identifying any significant
bivariate correlations for each age group. Therefore, in the
younger age group, we controlled for dietary problems,
total number of medications, GI medications, and nutrition
problems. In the older age group, we controlled for gender and
dietary problems.

Do Internalizing or Externalizing

Symptoms Predict GI Problems?
In younger children, aggressive problem behavior was a
significant predictor of nausea, (B = 0.106, SE = 0.052, p <

0.05). Children with more aggression were 11.2% more likely to
experience nausea problems.

In older children, several internalizing and externalizing
symptoms were predictive of different GI problems. Older
children with greater anxiety were 11% more likely to experience
constipation problems (B= 0.094, SE = 0.048, p < 0.05), but 9%
less likely to experience stomachaches (B = −0.099, SE = 0.050,
p < 0.01.) Older children with greater withdrawn behavior were
10.9% more likely to experience stomachaches (B = 0.086, SE =

0.042, p < 0.05), but 8.7% less likely to experience constipation
(B = −0.131, SE = 0.046, p < 0.01). Finally, older children with
greater somatic complaints were 11.4% more likely to experience
nausea (B = 0.130, SE = 0.050, p < 0.01) and 11.5% more likely
to experience stomachaches (B = 0.138, SE = 0.049, p < 0.01).
See Table 2 for logistic regression results.

DISCUSSION

In the current study, constipation accounted for 65% of the GI
symptoms in a sample of 340 children and adolescents with
ASD. This finding corroborates previous reports in the literature
showing that constipation accounts for a significant amount of GI
complaints in ASD (2, 11, 12). Regarding externalizing problem
behavior, presence of aggressive behavior was associated with
nausea in children aged 2–5, suggesting that aggression may be
an indicator of nausea in young children in this this population.
However, no other GI problems were significantly associated with
problem behavior and internalizing symptoms in young children
with ASD. One explanation for this relationship may be that
young children with ASD who are non-verbal use aggression as
a means of communicating somatic complaints, such as internal
abdominal pain and GI discomfort (2).

Children and adolescents aged 6–18 revealed associations
between internalizing symptoms but not externalizing problem
behaviors, and GI symptoms. In the older group, presence of
anxiety conferred an 11% increase in the presence of constipation
symptoms, which corroborates recent reports on an association
between anxiety and lower GI tract symptoms (11, 12). Given
these findings, future research may wish to examine the effects of
behavioral and/or pharmacological stress and anxiety reductions
on GI symptoms in ASD. Interestingly, withdrawn and depressed
behavior was associated with an 11% increase in stomachaches,
but a 9% decrease in constipation. Previous research has
also shown a relationship between upper GI tract symptoms,
including stomachaches, and depression in ASD, suggesting that
depression and anxiety may place an individual with ASD at
heightened risk for GI disturbance, but in different manners.
Taken together, it is possible that GI disorders and behavioral
problems are related in ASD as a means of communicating
their discomfort given the core language deficits in those with
ASD. Further research is needed to disentangle the relationship
between GI symptoms, anxiety, and depression to determine how
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TABLE 1 | Statistical comparison of age groups on descriptive statistics.

Younger group (N = 200) Older group (N = 140) Statistical comparison

Range M SD Range M SD

Age in years 2–5 3.03 1.07 6–18 9.19 2.94

IQ#

Verbal 57–128 90.02 15.25 50–136 92.71 17.78 t(153) = −0.989

Nonverbal 43–127 94.20 15.11 56–137 92.83 16.90 t(182) = 0.578

Full scale 71–121 92.34 12.96 49–127 90.30 16.40 t(168) = 0.869

Dietary problems 0–12 3.72 2.30 0–10 2.75 2.12 t(224) = 3.182**

n % n % Statistical comparison

Male 160 80 108 77.1 χ2(1) =0.403

Race χ2(6) = 8.168

Caucasian 165 82.5 111 79.3

African 15 7.5 9 6.4

Native 5 2.5 5 3.6

Asian 4 2.0 1 0.7

Unknown 11 5.5 14 10.0

Household Income χ2(4) = 9.985*

0–24,999 99 49.5 51 36.4

25,000–49,999 50 25.0 29 20.7

50,000–74,999 30 15.0 31 22.1

75,000–99,999 8 4.0 11 7.9

100,000+ 10 5.0 12 8.6

Missing 3 1.5 6 4.3

Nutrition χ2 (1) = 0.007

Adequate 121 60.5 89 63.6

Not adequate 39 19.5 28 20

Missing 40 20 23 16.4

Taking GI meds χ2(1) = 0.830

Yes 12 6 12 8.6

No 188 94 128 91.4

GI symptoms t(338) = 0.551

Constipation 129 64.5 92 65.7

Diarrhea 65 32.5 36 25.7

Nausea/vomiting 43 21.5 36 25.7

Stomachache/pain 90 45 73 52.1

#The following intellectual assessments were used in the study, followed by the percentage that each assessment was used: Differential Ability Scales–Second Edition (26) (20.2%,

General Conceptual Ability score), Wechsler Abbreviated Scale of Intelligence–Second Edition (27) (18.0%, Full Scale IQ score), Wechsler Intelligence Scale for Children–Fourth Edition

(28) (5.9%, Full Scale IQ score), Wechsler Intelligence Scale for Children–Fifth Edition (29) (2.4%, Full Scale IQ score), Wechsler Preschool and Primary Scale of Intelligence–Third Edition

(30) (0.3%, Full Scale IQ score), Wechsler Preschool and Primary Scale of Intelligence–Fourth Edition (31) (1.2%, Full Scale IQ score). A small group (11.7%) was administered a measure

of nonverbal intelligence, the Leiter International Performance Scale–Third Edition (32); therefore, a Full-Scale IQ score was not available for this subsample. Intellectual testing could not

be completed for many participants (40.3%) due to difficulties participating or understanding task demands.

*p < 0.05; **p < 0.01.

these disorders cluster with upper or lower GI tract disorders
in ASD.

This study has a number of limitations that should be
considered alongside of the results. First, the sample is
largely male and Caucasian in both age groups, making
it difficult to generalize the findings to females and non-
Caucasian individuals with ASD. Second, the GI symptoms were
from caregiver reports and were not further assessed with a
gastroenterological evaluation. Future studies of GI disorders in

ASD should aim to utilize standardized measurements to assess
GI symptoms, especially those which are ASD-specific (33, 34).
Last, participants included in this study were selected based
on having at least one GI symptom, so the results may not
be representative of the general population of those with ASD.
Furthermore, the sample of participants was from one clinic in
the Midwestern United States, and so data from other clinics in
other regions are needed in order to generalize these findings to
the larger ASD population. In sum, this study provides further
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TABLE 2 | Logistic regression results for internalizing and externalizing symptoms predicting GI symptoms in younger (aged 2–5) and older (aged 6–18) children with ASD.

Younger group (N = 200) Older group (N = 140)

Predictor B SE B eB B SE B eB

CONSTIPATION

Withdrawn/depressed – – – −0.131** 0.046 0.877

Social problems – – – −0.070 0.050 0.932

Thought problems – – – 0.007 0.016 1.007

Rule breaking – – – 0.009 0.057 1.009

Emotionally reactive 0.042 0.065 1.043 – – –

Anxious/depressed −0.030 0.083 0.971 0.094* 0.048 1.098

Somatic complaints 0.105 0.063 1.111 0.030 0.047 1.031

Withdrawn −0.093 0.050 0.911 – – –

Sleep problems −0.009 0.035 0.991 – – –

Attention −0.003 0.056 0.997 0.076 0.041 1.079

Aggressive −0.004 0.041 0.996 −0.068 0.048 0.935

DIARRHEA

Withdrawn/depressed – – – 0.033 0.036 1.034

Social problems – – – 0.049 0.044 1.050

Thought problems – – – −0.003 0.007 0.997

Emotionally reactive 0.025 0.056 1.026 – – –

Anxious/depressed −0.047 0.076 0.954 −0.074 0.042 0.928

Somatic complaints −0.035 0.053 0.966 −0.001 0.043 0.999

Withdrawn 0.020 0.044 1.020 – – –

Sleep problems 0.012 0.032 1.012 – – –

Attention −0.027 0.055 0.973 −0.019 0.033 0.982

Aggressive 0.039 0.036 1.040 0.059 0.041 1.061

NAUSEA

Withdrawn/depressed – – – 0.033 0.039 1.034

Social problems – – – −0.036 0.045 0.964

Thought problems – – – −0.005 0.012 0.995

Emotionally reactive 0.006 0.067 1.006 – – –

Anxious/depressed −0.167 0.110 0.846 −0.005 0.044 0.995

Somatic complaints 0.084 0.062 1.087 0.130** 0.050 1.139

Withdrawn −0.009 0.054 0.991 – – –

Sleep Problems −0.065 0.048 0.937 – – –

Attention −0.045 0.063 0.956 0.028 0.037 1.029

Aggressive 0.106* 0.052 1.112 −0.051 0.045 0.950

STOMACHACHES

Withdrawn/depressed – – – 0.086* 0.042 1.090

Social problems – – – −0.009 0.050 0.991

Thought problems – – – 0.005 0.011 1.005

Rule breaking – – – 0.094 0.058 1.098

Emotionally reactive 0.053 0.057 1.054 – – –

Anxious/depressed 0.011 0.072 1.011 −0.099* 0.050 0.906

Somatic Complaints 0.020 0.048 1.020 0.138** 0.049 1.148

Withdrawn −0.018 0.040 0.982 – – –

Sleep problems 0.011 0.031 1.012 – – –

Attention −0.033 0.047 0.967 −0.009 0.035 0.991

Aggressive −0.007 0.033 0.993 −0.028 0.047 0.973

Controls for the younger group are GI medications, total medications, dietary problems, and nutrition problems (omitted from the table). Controls for the older group are gender and

dietary problems (omitted from the table).

B= The unstandardized beta value represents the slope of the line between the predictor variable and the dependent variable. For example, for older children, for every one unit increase

in the Withdrawn/Depressed subscale, Constipation problems decrease by 0.131 units.

SE B = The standard error for the unstandardized beta describes the dispersion of the distribution around the regression line. For example, a larger number indicates the scores are

more spread out from the regression line and there is more error in prediction.

eB = The exponential B is the odds ratio for the predictor. For example, for older children, for every one unit increase in the Withdrawn/Depressed subscale, an individual is 0.877 times

more likely to have Constipation than not have Constipation.

*p < 0.05; **p < 0.01.
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evidence of the relationship between co-occurring conditions
and GI symptoms in ASD, and highlights the need to evaluate
age-related developmental differences in the associations among
these symptoms, which may prove to be important when
developing GI treatments for those with ASD across the lifespan.
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Introduction: Autism spectrum disorder (ASD) is a heterogeneous group of

neurodevelopmental disorders with complex multifactorial etiologies. Medical

comorbidities are common in ASD and include functional gastrointestinal disorders

(fGID), which are reported in 30–70% of patients. In this research study, we aimed to

systematically assess the prevalence of gastrointestinal problems in ASD and describe

their clinical correlates.

Methods: In this retrospective study, we reviewed the medical records of all patients

admitted to the Comprehensive Medical Program for ASD (AMITEA) at Gregorio Marañón

University General Hospital from January 2012 to December 2015. All patients fulfilled

the clinical criteria for ASD (DSM-IV-TR). In addition to fGID, epidemiological and clinical

variables were collected at intake. Clinical and demographic features were compared

among subjects with and without comorbid gastrointestinal problems.

Results: The analyses included all patients with documented information about

presence/absence of fGID (n = 845; 95% of patients). Ages ranged from 1 to 53

years (mean = 10.52; SD = 8.92; 80.4% males). At least one fGID was present in

30.5% of patients, constipation being the most prevalent (47.4% of fGID patients); fGID

were significantly associated with intellectual disability (ID) (p = 0.017), sleep disorders

(p = 0.012), and prescription of psychopharmacological treatment (p = 0.019).

Conclusions: Almost one-third of ASD patients in our sample had at least one fGID.

The presence of fGID was associated with ID, sleep problems and with behavioral

problems (as measured by the prescription of psychotropic drugs). This subsample

of ASD patients with fGID deserves particular attention in future research projects,

focusing on specific phenotypic characteristics and overlapping biological markers that

may underlie both pathologies.

Keywords: functional gastrointestinal disease, autism spectrum disorder, clinical comorbidity, prevalence,

retrospective study
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INTRODUCTION

Autism spectrum disorder (ASD) is a pervasive
neurodevelopmental disorder characterized by impairments
in social communication and restricted, repetitive patterns of
behavior, interests, or activities (1). The neurobiological basis of

ASD seems incontrovertible (2) even though the neurobiological
mechanisms that result in the clinical phenotype remain to be
fully elucidated. These include genetic factors, neuropathology,
neurostructure, and brain networks (2). According to previous
studies, more than 70% of individuals with ASD have other
concurrent medical, developmental, or psychiatric conditions,
which are frequently multiple (3–6).

It is widely reported that children with ASD are more likely
to experience unmet medical needs compared with typically

developing children (7). According to data from a US national
survey, among children and adolescents with special health care
needs, those with ASD are more likely to require specific health
care services. This also holds true when compared with children
who have special health care needs and behavioral, emotional,
and developmental problems other than autism (8).

After years of debate about the presence of gastrointestinal
(GI) symptoms in autism, there is currently a consensus to
describe GI symptoms as a common comorbidity in patients
with ASD even though the underlying mechanisms are largely
unknown (9). A review published in Pediatrics reported that
prevalence rates vary widely among studies and range from
9 to 91% in different samples, with great differences between
retrospective and prospective studies (10, 11).

The GI problems, most commonly reported in autism,
are chronic constipation, abdominal pain with or without
diarrhea, and encopresis as a consequence of constipation (12).
Furthermore, greater autism symptom severity is associated with
increased odds of having GI problems (11, 13). Gastrointestinal
symptoms are more likely to be reported by mothers in children
with autism early in infancy than in children with typical
development or developmental delay (14). Diagnosis of GI
problems can be challenging in children with ASD because of
their communication difficulties and complex behaviors (15),
and therefore may be delayed (16), and problems frequently go
undetected. GI symptoms in ASD may contribute to behavioral
impairment, complicating clinical management. Gastrointestinal
problems have been found to be associated with other behavioral
and anxiety problems (17, 18).

Based on Roma Foundation working team, functional
gastrointestinal disorders (fGIDs) are described as gut-brain
interaction disorders, defined as a resulting on combination of
symptoms affecting motility, hypersensitivity, immunity, and
other alterations in mucose, causing an illness experience in
patient’s body; which are not caused by a anatomic or motility
disorder (19).

A high prevalence of sleeping problems has been found in
children with ASD (20–22), with longer sleep latencies and more
difficulty going to bed and falling asleep (23). Co-occurrence
of GI and sleep disturbances have been widely described
in ASD, suggesting potential common pathophysiological
pathways (24).

There are common pathophysiological mechanisms that
account for both autism and epilepsy (25). ASD and epilepsy co-
occur in approximately 30% of individuals with either condition
(26). An epidemiological study detected an association between
GID and epilepsy, identifying an increased risk for seizures
co-occurring with GI symptoms in ASD patients (27).

It has been suggested that high medical comorbidity in
ASD subjects may be due to common etiopathological factors
or shared intermediate mechanisms, such as inflammation,
immunity, redox status, etc. (16). However, an association of
medical comorbidities with fGID in a sample of ASD subjects
representative of the ASD general population has not yet been
sufficiently explored.

Against this background, the purpose of this work was to
explore fGID and associated conditions in a large sample of
patients consecutively seen in a medical program for ASD
subjects over a representative period of time.

In this study, we specifically evaluated (1) the prevalence
of fGID in a large sample of individuals with ASD quasi-
representative of the population of ASD patients in the
Community of Madrid and (2) the sociodemographic and
clinical characteristics and comorbidities in the subgroup of ASD
patients with fGID.

MATERIALS AND METHODS

We conducted a retrospective study reviewing clinical records of
all patients admitted to the Comprehensive Medical Program for
ASD (AMITEA) (28) at Gregorio Marañón University General
Hospital during the first four full years after implementing an
electronic medical records system: from January 1, 2012 to
December 31, 2015. The AMITEA program was founded in
2009 as a specialty care service for ASD patients with specific
objectives: (1) to perform routine and symptom- or sign-driven
medical assessments, (2) to facilitate access to the appropriate
medical care using an individualized case management approach,
(3) to centralize all possible medical and nursing procedures,
and (4) to assess and treat comorbid psychiatric symptomatology
(28). The only criteria for admission to the program are: (1)
diagnosis of an ASD (all ages); (2) referral by a physician in
the public sector; and (3) residing in the Community of Madrid
(thus serving a population of 6,000,000). AMITEA is located in
a tertiary hospital with all adult and pediatric specialties and
more than 2,000 inpatient beds. Spain has a national health
system that covers around 95% of the population. Given that the
AMITEA program is open to all residents in the Community of
Madrid Community with an ASD diagnosis (the only program
of its kind) and admission is not restricted to individuals with
health problems, the characteristics of program participants may
be considered representative of the ASD general population
in Madrid.

All participants fulfilled DSM-IV-TR criteria for ASD.
Diagnoses weremade by Child andAdolescent Psychiatrists, after
a full psychiatric and developmental history, previous reports’
review and observation of the child/adolescent. The Autistic
Diagnostic Interview-Revised (ADI-R) and Autism Diagnostic
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Observation Schedule-Generic ADOS-G were used to support
the diagnosis when clinicians deemed it necessary.When needed,
ADI-R clinically trained and ADOS research trained child
psychiatrists or psychologists did conduct these evaluations. All
data was introduced in the electronic medical history of the
Hospital at the time of intake, and electronically signed. In order
to organize the information from the hospital medical history and
report the data herein presented, we built a database in which
patients’ data were de-identified.

All data were collected as part of routine care, according
to a protocol completed for every new participant registered
in AMITEA. Sociodemographic and clinical variables were
collected systematically by attending physicians (Child and
Adolescent Psychiatrists). Data collected included age, sex, ASD
diagnosis, type of ASD, and presence of fGID (gastrointestinal
reflux, aerophagia, functional diarrhea, functional constipation,
functional abdominal pain, cyclic vomiting). Specifics of
the fGID, if present, were manually extracted from the
electronic medical record and entered verbatim in the study
database. Within variables deemed interesting with respect
to gastrointestinal comorbidity, we only analyzed data that
was included in the initial intake clinical history template.
In this way, the data we report herein were available for
all patients. GI information was categorized according to
the domains in the ROME-III-R questionnaire for fGID
(Appendix. Rome Foundation, 2006). Other comorbidities
such as epilepsy, estimated intellectual disability (ID), and
sleep disorders were also compiled. Behavioral and emotional
problems were recorded as part of the psychiatric history,
with no standard questionnaire; therefore, prescription of
psychotropic treatment was gathered as a proxy for the behavioral
problems (with clinical impact). Estimated ID was recorded as
a dichotomous (yes/no) clinical variable after reviewing all the
information in the medical record including psychometric tests,
adaptive functioning questionnaires, and school placement and
performance. The Institutional Review Board (IRB) of Gregorio
Marañón University General Hospital approved the study.

ANALYSES

We used descriptive statistics to characterize the study
population including demographic variables and clinical
characteristics. These were compared between patients groups
with and without comorbid GI problems. A logistic regression
model was then used to estimate odds ratios (ORs) and explore
how factors differentially distributed between patients with
and without fGID in the bivariate analyses contributed to
the association with fGID. Therefore, we included age, sex,
intellectual disability and sleep disorder as covariates in the
multivariate analysis. Statistical analyses were performed with
SPSS 21 for Windows software (IBM).

RESULTS

Our analyses included all patients with available information
about presence/absence of fGID (n = 845; 95.6%) of a total

sample of 879 persons admitted in the AMITEA program during
4 years; therefore, 34 patients were excluded from analysis since
data of interest were not fully completed in clinical records. Ages
ranged from 1 to 53 years, with a mean age of 10.52 (SD 8.92),
and 19.6% were female. Children under 5 years of age comprised
25.2% of the sample (n = 213), 43% (n = 363) were ages 5–12,
15.9% (n = 134) were adolescents ages 13–17, and 16% (n =

135) were 18 or older. Four children aged 21–23 months were
included in the program (following criteria as in the moderate-
to-severe concern in Toddler module of the ADOS). Per DSM-IV
criteria, all patients had a diagnosis of Pervasive Developmental
Disorder; most patients (n = 476; 56.3%) had a diagnosis of
Autistic Disorder, 210 (24.9%) had a diagnosis of Pervasive
Developmental Disorder Not Otherwise Specified, 116 (13.7%)
Asperger’s Disorder, 2 patients (0.2%) had Rett’s Disorder; and a
small group (n = 41; 4.9%) did not had an specified subtype in
the clinical record.

Thirty percent of subjects (n = 258, 30.5%) had an fGID,
constipation being the most prevalent, occurring in almost
half (n = 121; 47.6%) of the sub-sample with fGID; other
symptoms identified were functional diarrhea (n = 29; 11.4%),
gastrointestinal reflux (n= 20; 7.9%), functional abdominal pain
(n = 16; 6.3%), aerophagia (n = 16; 6.3%), cyclic vomiting
(n = 12; 4.7%), and other fGID not specifically reported (n
= 40; 15.7%). Eighty-four patients (9.9%) of total sample were
referred to a gastroenterologist for assessment, in this subgroup
75% presented fGID (χ2

= 87.609, p < 0.001).
With respect to the other comorbidities explored, 34.9% of

the patients had a sleep disorder, 9.2% epilepsy, and 44.3%
intellectual disability. More than half of the patients in the
sample (55%) were prescribed psychopharmacological treatment.
Psychotropic medication was more frequently used in patients
over 12 years of age (χ2

= 79.184 p = 0.015), with a similar
frequency in adolescents (79.9%) and adults (79.5%).

In contrast to the 30.5% of fGID in total sample, within the
subsample of patients with ID, fGID was present in 34.8%, while
in patients without ID, fGID was present in 65.2% (p= 0.017).

With respect to the differential sociodemographic and clinical
characteristics of patients with and without fGID (see Table 1).
The percentage of patients with ID was greater in the group
with fGID (p = 0.017), as was in the sleep disorder group
(p = 0.012), and the group with prescription of psychotropic
drugs (p = 0.019). Other clinical variables did not differ in both
groups. No differences concerning age and gender were found
between groups with and without fGID.

Most patients with sleep disorders (71.8%) were on
psychopharmacological treatment, while only 28.2% of patients
with sleep disorders were receiving no psychotropic medication
(χ2

= 31.732, p < 0.001).
Exploring eventual predictors of fGID, we examined the

variables associated with functional Gastrointestinal Disorders
(see Table 2), logistic regression analysis showed that intellectual
disability was significantly associated with fGID (OR = 1.490,
95% CI: 1.081–2.055; p= 0.015) and sleep disorder (OR= 1.502,
95% CI:1.107–1.2036; p = 0.009) were significantly associated
with fGID. Result remained significant in the multivariate
analysis when OR was adjusted for age, sex, and sleep problems;
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and also whenOR for sleep problems when covariated by age, sex,
and intellectual disability. Due to the high association between
sleep disorder and psychopharmacological treatment, this last
variable was not included in the regression.

DISCUSSION

In this sample of 845 patients with ASD seen in a specialty
care program for ASD patients in a tertiary hospital, almost
a third had an fGID, constipation being the most prevalent
(47%). The presence of fGID was associated with ID, sleep
problems and with behavioral problems (as measured by the

TABLE 1 | Sociodemographic and clinical characteristics in the groups with and

without fGID.

fGID No fGID X2 test p-value

N = 258 N = 587

Age groups 0.043 0.998

Age ≤ 5 (infants/toddlers) 24.8% 25.4%

Age 5–12 (children) 43.4% 42.8%

Age 13–18 (adolescents) 15.9% 15.8%

Age ≥18 (adults) 15.9% 16.0%

Sex (female) 20.9% 19.1% 0.389 0.573

ASD diagnostic category 3.634 0.603

Autistic Disorder 63% 57.5%

Rett’s Disorder 0% 0.4%

Asperger’s Disorder 12.2% 15.4%

PDD NOS 24.8% 26.7%

Known medical etiology 19.4% 18.5% 0.099 0.753

Epilepsy 11.8% 9.1% 1.457 0.247

Intellectual disability 51.2% 41.3% 5.946 0.017*

Sleep disorder 42.7% 33.2% 6.878 0.009*

Pharmacological treatment 65.3% 56.4 % 5.563 0.019*

PDD-NOS, Pervasive Developmental Disorder-Not otherwise specified.
*Bold values indicate statistically significant difference (p < 0.05).

higher percentage of children in the ASD groupwith fGID treated
with psychotropic drugs), but it was intellectual disability and
sleep problems that stood out as the most significant associations
with fGID once other variables were considered. No differences
were detected in the prevalence of fGID among age groups or
ASD diagnosis category.

In this large ASD sample, relatively representative of
ASD subjects in a general population of around 6,000,000,
there emerges a subgroup of patients (around 25% of the
sample) characterized by GID and ID. This group of patients
has concomitant associated health problems such as sleep
and behavioral problems. Although parents with ID report
fGID only a bit more frequently than parents of children
without ID (34.8 vs. 30.5%, p = 0.017), the percentage
could well be higher, taking into account the difficulties
that ASD+ID patients may have communicating symptoms,
especially if those include subjective perceptions such as pain
or discomfort.

Our finding of nearly one-third of ASD patients presenting
with fGID adds to the previous literature. A recent large
population-based study (17) showed that 7.5% of ASD
participants had a gastrointestinal problem, the most common
being constipation. One-third of ASD patients presenting
with fGID in a tertiary hospital is a higher figure than the
11.7% found in a recent study that automatically searched a
large sample of medical records from four general hospitals
(29) for comorbidities. Our data is likely more accurate,
as the presence of fGID is systematically recorded at the
intake visit in a program specifically designed to meet the
medical needs of patients with ASD (2) referred by general
practitioners. The nature of this program, designed to
improve access to specialist care via a case manager, and
the nature of the healthcare system in Spain, which is publicly
funded and available to all citizens, results in a case load of
patients either seen for any medical (including psychiatric)
comorbidity or simply registered in the program should they
need any specialty.

TABLE 2 | Functional Gastrointestinal Disorder.

Unadjusted OR (95% CI) p-value Adjusted ORa/b (95% CI) p-value

Age 1.002 0.986–1.019 0.801 – – –

Sex (male) 0.891 0.619–1.082 0.533 – – –

ASD diagnostic category 1 0.457–1.142 0.164 – – –

Autistic disorder 0.722 0.361 – – –

Asperger’s Disorder 0.848 0.595–1.208 – – –

PPD NOS – – –

Known medical etiology 0.942 0.649–1.367 0.753 – – –

Epilepsy 1.348 0.829–2.192 0.229 – – –

Intellectual disability 1.490 1.081–2.055 0.015* 1.402a 1.001–1.962 0.049*

Sleep disorder 1.502 1.107–2.036 0.009* 1.551b 1.112–2.164 0.010*

Pharmacological treatment 1.455 1.065–1.988 0.019* – – –

aAdjusting for age, sex, and sleep disorder.
bAdjusting for age, sex, and intellectual disability.

PDD-NOS, Pervasive Developmental Disorder-Not otherwise specified.
*Bold values indicate statistically significant difference (p < 0.05).
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In our sample, functional gastrointestinal disorders were
frequently associated with sleep disorders. According to the
literature, GID and sleep problems are prevalent in pediatric
samples without autism (around 45%) (30). In samples with
autism, sleep problems are more prevalent than in general
population; two-thirds of children with ASD have chronic
insomnia (21), which may cause daytime behavior, memory, and
learning problems in patients, and significant stress in caretakers
(20). Medical conditions more frequently overlapped in autism
samples; some authors have even suggested that patients with
GI and/or sleep problems may represent a differential subtype
of ASD with potential common pathophysiological pathways
(22, 24, 27). GIDs have been described as a risk factor for sleep
problems in children and adolescents with idiopathic autism (31).

Although the direction of the causal relationship between
sleep problems and fGID is not known in many of the cases,
early identification and treatment of GI disorders could improve
sleep and help increase functionality and well-being in patients
with ASD. In some cases, sleep problems clearly seem to arise
from abdominal discomfort. As an example, a high percentage
(40%) of some monogenic forms of autism, such as Phelan-
McDermid syndrome, present a specific gastrointestinal disorder,
namely gastroesophageal reflux (32). This is frequently associated
with sleep problems. Understanding the origin and associations
of sleep problems in specific cases may help put them in
the appropriate place and determine the specific treatment
intervention (in this case, antacid treatment), preventing children
taking ineffective and potentially damaging treatments (e.g.,
psychotropics for sleep disturbances).

GI problems have been described in the literature in
association with behavioral problems in patients with ASD (6, 22)
and also with autism severity (17, 18, 33). Although our data
focused only on the use of psychopharmacological treatment, it
could be considered an approximation of the presence of this
problem in our sample.

Identifying clinical phenotypes in ASD via medical
comorbidities may be a promising approach for improving
our understanding of the pathophysiology of subgroups
of patients and optimizing therapeutic interventions (34).
Wasilewska and Klukowsky suggest comorbidity of GI disorders
and ASD as a new endophenotype and propose treating it
as an “overlap syndrome” through different mechanisms.
These mechanisms include multilevel pathways in the
gut-brain axis contributing to alterations in behavior and
cognition (16).

There is considerable evidence that the gut-brain axis is
involved in the etiology of autism. This is based on a number
of studies focusing on permeability of the intestinal mucosa,
abnormal gut development, leaky gut, and others, with different
mechanisms involving different systemic processes and the
intermediate mechanism, many of those pointing toward a
systemic chronic pro-inflammatory status. Furthermore, for
the last several years, there has been an escalating number
of studies showing changes of gut microbiota in patients
with ASD (35).

LIMITATIONS

We are aware that this study is subject to some limitations. Above
all, it is a retrospective study, based on data recorded in medical
records with only part of the clinical data potentially relevant to
the topic of this study and systematically gathered. Since this is a
transversal study, no data is available concerning how treatment
of functional gastrointestinal symptoms could change patients’
behavior. In addition, some clinical data potentially relevant
for interpreting our results was not systematically recorded and
could not therefore be analyzed.

Despite the above limitation, our study has important
strengths. The major strength is the large sample size and its
particularities, making it a sample quite representative of a
population of children and adults with ASD.

In conclusion, a large sample of ASD patients from a tertiary
hospital shows a subgroup of patients with fGID, half of them
with intellectual disability and frequently with comorbid sleep
problems and/or behavioral problems. This is a subgroup of
patients with greater medical needs that need to be addressed,
on top of their autistic core symptoms, in order to improve their
well-being and consequently their adjustment.
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The most replicated neuroanatomical finding in autism is the tendency toward brain

overgrowth, especially in younger children. Research shows that both gray and white

matter are enlarged. Proposed mechanisms underlying brain enlargement include

abnormal inflammatory and neurotrophic signals that lead to excessive, aberrant

dendritic connectivity via disrupted pruning and cell adhesion, and enlargement of

white matter due to excessive gliogenesis and increased myelination. Amyloid-β protein

precursor (βAPP) and its metabolites, more commonly associated with Alzheimer’s

disease (AD), are also dysregulated in autism plasma and brain tissue samples.

This review highlights findings that demonstrate how one βAPP metabolite, secreted

APPα, and the ADAM family α-secretases, may lead to increased brain matter, with

emphasis on increased white matter as seen in autism. sAPPα and the ADAM

family α-secretases contribute to the anabolic, non-amyloidogenic pathway, which

is in contrast to the amyloid (catabolic) pathway known to contribute to Alzheimer

disease. The non-amyloidogenic pathway could produce brain enlargement via genetic

mechanisms affecting mRNA translation and polygenic factors that converge on

molecular pathways (mitogen-activated protein kinase/MAPK and mechanistic target

of rapamycin/mTOR), promoting neuroinflammation. A novel mechanism linking the

non-amyloidogenic pathway to white matter enlargement is proposed: α-secretase

and/or sAPPα, activated by ERK receptor signaling activates P13K/AKt/mTOR and then

Rho GTPases favoring myelination via oligodendrocyte progenitor cell (OPC) activation

of cofilin. Applying known pathways in AD to autism should allow further understanding

and provide options for new drug targets.

Keywords: amyloid, anabolic, brain overgrowth, biomarker, comorbidity, metabolites, neurodevelopmental,

secretase
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INTRODUCTION

Autism or Autistic Syndrome Disorder (ASD) is characterized
by lack in social communication and interaction and by
restricted/repetitive patterns of interests, behaviors or
activities (DSM-5) (1). It is considered the fastest growing
neurodevelopmental disability. ASD prevalence estimates
from the Centers for Disease Control (CDC) in 2014 were
1 in 68 children, which was up 30% from that reported in
2008, and more than double the frequency from 2000 (2).
Autism affects more boys than girls. There is no agreed
upon biomarker for ASD, however, the most replicated
neuroanatomical finding is the tendency for heads and brains
to be large, especially in young ASD subjects (3–7). Both
macrocephaly—enlarged heads, as measured by occipital-frontal
circumference (OFC), and megalencephaly, or enlarged brains,
as measured post mortem or by MRI, are reported in autism.
It is possible to have macrocephaly without megalencephaly.
Unfortunately, the two are at times confused in the literature.
Megalencephaly is increased growth of cerebral structures
related to anomalies during brain development or because
of postnatal abnormal events that cause excessive cerebral
growth. On the other hand, macrocephaly, or simple increased
head circumference, is linked to various events that are not
necessarily neurological, including anomalies of bone skull
structures, subdural fluid collections, hydrocephalus, intracranial
masses, and arteriovenous malformations (8). However, only
20% of individuals with autism have enlarged brains (9), and
the association between macrocephaly and core features of
autism remains weak. This opens the door to entertain novel
associations or apply knowledge from better-developed fields
such as Alzheimer Disease (AD) to the study of autism.

AD comprises up to 80% of all dementias, affects 1 in
10 individuals over the age of 65, and affects more women
than men (10). The amyloid hypothesis predicts clinical disease
associated with amyloid-β loaded plaques resulting in brain
atrophy in individuals with AD. Amyloid-β protein precursor
(βAPP) and its metabolites are dysregulated in autism (11–
15). βAPP is a large membrane spanning glycoprotein with a
long extracellular N-terminus, a transmembrane region and an
intracellular C-terminus, the βAPP intracellular domain [AICD;
(16)]. After translation in the endoplasmic reticulum, APP
undergoes post-translational modification in the Golgi complex
before it travels to the cell membrane (17). The mature protein
undergoes proteolytic cleavage by a combination of secretase
enzymes. β- and γ-secretases generate amyloid-β (Aβ) peptides,
primarily Aβ-40 and 42, found in the cerebral amyloid plaques
of AD along with secreted APPβ (sAPPβ). α- and γ-secretase
produce sAPPα, which is generally considered neurotrophic
and neuroprotective, as well as AICD and p3 peptide. Under
normal conditions, a small fraction of secreted βAPP is sAPPβ,
produced via the amyloidogenic pathway. The majority of
secreted product consists of sAPPα, produced constitutively via
the non-amyloidogenic pathway. In AD, Aβ peptide is secreted
at high levels and accumulates as neurotoxic extracellular
aggregates. βAPP localizes to somatodendritic, axonal and the
presynaptic active zones (18). βAPP expression is upregulated

during inflammation (19) and is activated by proinflammatory
cytokines and astrocytes (17, 20), so that APP may be involved in
the acute phase protein response to immune stress. In synopsis,
the localization of βAPP at dendritic synapses, its role in cell
adhesion, its interaction with post-translational pathways and in
transcription suggests that βAPP metabolites may play a pivotal
role in the development of autism, and its single gene model kin,
Fragile X Syndrome (FXS) (21, 22).

In this article we demonstrate how βAPP, particularly
the non-amyloidogeneic pathway involving sAPPα contributes
to the following mechanisms underlying excessive brain
growth in autism: neuroinflammation, including cytokine
activation, translational pathways, and increased myelination.
These mechanisms were chosen as they are important to βAPP
processing in AD, and serve to demonstrate catabolic vs. anabolic
forces underlying these disorders.

In two independent studies (11, 21), our group has reported
higher sAPPα levels and lower Aβ peptide levels in plasma of
children with autism (n = 26). The same pattern was seen
in autism temporal lobe brain tissue (n = 7) (21) of children
with autism. The sAPPα results have been replicated by an
independent laboratory in autism serum (15) and brain tissue
(23). The finding of increased sAPPα also has been reported
via confocal microscopy of brain tissue from groups of children
with duplication 15q11.2-q13 and idiopathic autism (24). We
have found increased levels of sAPPα, βAPP, and Aβ plasma
markers in children with FXS (n = 12) compared to those
with autism (n = 11) and typical development (n = 18),
and in brain tissue from individuals with FXS [n = 3; (21)].
One of the purported α-secretase enzymes that cleaves βAPP
and generates sAPPα (25), A Disintegrin and Metalloproteinase
Domain 17 (ADAM17) also known as tumor necrosis factor-
α converting enzyme (TACE), increases in autism brain tissue
(21). ADAM17 is a member of the adamalysin family sheddases,
and together with ADAMs 9 and 10, cleaves APP at the
alpha-secretase site (26). Further, ADAM17 is pro-inflammatory,
as it releases the cytokine tumor necrosis factor-α (TNF-α)
during inflammation (27). ADAM17 and ADAM10 are essential
for development of oligodendrocytes (28, 29), which produce
myelin within the CNS. Several studies in the field point
to a connection between differences in βAPP processing and
autism (Table 1).

In total, these findings support the “Anabolic Hypothesis
of βAPP in Autism” (14, 32), which postulates that sAPPα

contributes to neuronal and glial overgrowth in the brain
resulting in neuronal interference contributing to autism
symptoms. One direct mechanism has been reported by
Westmark and Malter (33) who found that βAPP is regulated
via Fragile X Mental Retardation Protein (FMRP) via mGluR-5
in mouse models of FXS. When the FMRP “brake” is removed
in translation, βAPP mRNA is increased. Of note, children with
FXS often display macrocephaly, with a predominance of white
matter (34). βAPP and metabolites play an anabolic role in other
translation regulating pathways such as Mammalian target of
rapamycin [mTOR; (35)], Ras small GTPase/Extracellular signal
regulated kinase [Ras/ERK; (36, 37)] and phosphoinositol 3
kinase/mammalian target of rapamycin [P13k/mTOR; (37, 38)].
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TABLE 1 | Studies linking βAPP with autism.

Study Subjects/materials Finding

Lahiri et al. (30) Brain samples from TD, AD, ASD, and

FXS human subjects

Elevated βAPP and Aβ in FXS and AD, reduced Aβ and elevated sAPPα

in ASD subjects, all vs. age-matched controls.

Ray et al. (21) Plasma from TD, ASD, and FXS human

subjects

Aβ and sAPPβ levels reduced and sAPPα elevated in ASD while Aβ and

βAPP elevated in FXS, all vs. controls.

Ray et al. (13) Plasma from TD, mild/moderate ASD,

severe ASD human subjects

Aβ and sAPPβ levels reduced and sAPPα elevated in severe but not

mild/moderate ASD vs. controls

Sokol et al. (11) Plasma from TD, mild/moderate ASD,

severe ASD human subjects

Aβ40 and Aβ42 levels diminished according to severity of autism (more

severe → lower levels). Secreted APP increased alongside autism

severity.

Bailey (15) Whole blood samples from autism

subjects and age-matched TD controls,

human umbilical cord blood

sAPPα elevated in whole blood and plasma of autistic children. 7% of

undiagnosed cord blood samples had elevated sAPPα

Wegiel et al. (24) Brain samples from TD, ASD, and dup(15)

human subjects

dup(15) subjects accumulated high levels of p3 peptide. ASD subjects

had intermediate accumulation of P3, while controls had lowest levels of

accumulated p3.

Bailey et al. (31) Blood from human sAPPα overexpressing

mice

sAPPα elevation corresponded to elevated CD8+ T cells and decreased

effector memory T cells. Multiple signal and cytokine levels were also

perturbed.

This sets the stage for the discussion of gray and white matter
enlargement in autism, with the potential contribution from
βAPP metabolites.

NORMAL BRAIN GROWTH

Mammalian brain cells include neurons and glia. Neuron cell
bodies and dendrites form the outer gray matter, with axons
projecting downward into the subcortical white matter. Brain
size depends both on the size of the cerebral cortex or gray
matter and the underlying white matter (39). The volume of
gray cortex is determined by cortical thickness, and cortical
surface area, believed to be genetically independent (40). One
model to explain cortical thickness and surface area pertains to
radial cortical columns (41). Radial cortical columns depend on
the number of neural stem cells that symmetrically divide in
the ventricular zone before neurogenesis (39). The growth of
progenitor cells predicts the number of neurons within the radial
columns (42). Cortical thickness is predicted by the number
of cells within the columns, whereas surface area is predicted
by the number of cortical columns (41). The white matter
comprises over half the human brain, in greater proportion than
other animals (43). Intensely studied in demyelinating conditions
such as multiple sclerosis, myelin, and white matter structure is
dynamic, regulated by impulse activity, and essential to cognitive
function (5, 43–45). Besides neuronal axons, white matter is
composed of glia. Glia are of three types including: (1) astrocytes,
which outnumber neurons five to one (46), contribute to synaptic
transmission, neuronal processing (46) and form the blood brain
barrier; (2) microglia, which act as innate immune cells providing
host defense and tissue repair-these release cytokines, nitric
oxide and various neurotrophic factors; and (3) oligodendrocytes
which manufacture myelin sheaths for axonal insulation. The
precursor to oligodendrocytes are oligodendrocyte precursor
cells (OPCs), which are the only type of glia to receive

synaptic input from neurons (44). OPCs produce neuron/glia
antigen 2-NG2, which communicate directly with neurons and
demonstrate the newly appreciated importance of glia, which
seem to “talk back to neurons” (46). Glia are found in both gray
and white matter, but there are more oligodendrocytes in white
matter (47).

MACROCEPHALY IN AUTISM

Anatomical Findings
In 1943, Leo Kanner (48) observed that some autistic children
have large heads. Subsequent observations showed a strong trend
toward enlarged OFC in autism, particularly in younger subjects
(3, 49–51). However, individual reports must be evaluated
carefully, since evaluations based on standard growth curves
can give drastically different results depending on the specific
curve. For example, a survey of over 75,000 neonatal OFC
from infants in a single US-based primary care network (PCN)
found macrocephaly in 8.6% according to CDC curves, in
14% according to the World Health Organization (WHO)
curves, and in 5.1% according to National Center of Health
Statistics (NCHS) curves. If the norm was the PCN’s own
distribution, only 4.4% had OFC > 95th percentile (52). Studies
that compare autistic and non-autistic groups directly should
be considered more reliable than other studies (51, 53, 54).
Indeed, use of population norms may have introduced systematic
age-dependent bias into nearly 83% of the field’s studies on
head circumference (HC) vs. autism (54). The effect of autism
vs. other known influences on head size also may have been
chronically over-stated. A systematic review of ∼400,000 HC
measures on ∼75,000 children found that when models also
included covariates known to strongly influence HC regardless of
autism, such as parental height and parental HC, the covariates
played a large role in child HC even when the parents were
not themselves autistic. In addition, the best-replicated aspects
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of early brain overgrowth across studies were more reflective of
biases in HC norms than specific ASD traits or biomarkers (54).
In a specific study, once gender, age, height, weight, and parental
contribution were taken into account, the contribution of autism
came to an overall effect of+2 millimeters. This small effect was,
however, significant (53).

Nevertheless, in properly designed, control-matched studies,
autism still associates with macrocephaly, even though most
autistic children are not macrocephalic. Compared to typical
development, autistic brains show a growth spurt shortly after
birth, continuing in the first year of life, suggesting postnatal
pathology. Neuropathological evidence of brain overgrowth
include increased brain size and weight (55–57) and the early
migration of pyramidal cells with more numerous, smaller,
and less compact minicolumns (58–60). Minicolumns, described
as vertical groups of large neurons flanked by cell-sparse
surroundings, would require the growing support of short-
range fibers that make up the white matter without affecting
neuron density, as the brain grows larger (61). Large brains
have been noted in autism, particularly in children <4 years
of age, in cross sectional MR brain volumetry studies (3, 4,
62–64). Autism investigators have reported increases in total
cerebral volume (64–66), cortical thickness (54), cortical surface
area (39, 67), regional gray (60, 65, 68), and white matter
(44, 69). A recent volumetric MRI longitudinal study of 200
children with autism identified 15% of this sample as boys
with large heads disproportionate to height or “disproportionate
megalencephaly” (70). Further study of this megalencephalic
cohort revealed increased surface area but not increased cortical
thickness (39), as well as increased white matter of the
brain (70).

At young ages (2–6 years), brain enlargement occurs
seemingly coincidental with the display of autistic symptoms
(62, 69). This is followed by abnormal decline in brain growth
by 12–16 years (71). This raises the question if genetic growth
factors/neuroinflammation can cause early brain enlargement
resulting in later destruction. Further, brain enlargement appears
to be greatest in the frontal and temporal cortices and
amygdala and least in the occipital regions. This corresponds
to known deficits in autism in social skills (frontal lobes),
language and communication (temporal lobes), and emotional
control (amygdala) with sparing of the visual spatial abilities
(occipital lobe) (71).

Few studies to date have undertaken cellular analysis
to determine the neural underpinnings of brain overgrowth
in autism. For example, an increased number of neurons
in autism prefrontal gray matter could contribute to brain
overgrowth (71). This study raises the possibility that a
prenatal cause of autism as neurogenesis is complete before
birth in prefrontal cortex and all of cerebral cortex (72)
However, no similar studies have been performed on white
matter. Myelin and white matter continue to develop until the
third decade, which involves processes other than increased
number of neurons, such as gliogenesis and myelination, as
shown by mutations of the phosphatase and tensin homolog
(PTEN) gene associated with autism and macrocephaly (73), as
discussed below.

Functional Correlations of Increased Brain
Growth in Autism
The functional correlates of enlarged brains in autism have
eluded researchers. Early autism studies showed no association
between macrocephaly and clinical function such as IQ or
seizure frequency (9, 74), whereas in others, macrocephaly was
associated with higher function (50, 75). However, IQ and
seizure frequency are not core traits of autism. Instead, it may
be that macrocephaly associates more strongly with specific
endophenotypes within the autism spectrum, rather than autism in
general. For example, within autistic boys (but not girls), greater
HC associated with higher (more dysfunctional) scores in the
Autism Diagnostic Interview-Revised (ADI-R) social algorithm
scale (9). Further evidence that HC may correspond to different
autism subtypes is that the HC of boys with regressive autism
was significantly greater than non-autistic boys or boys with non-
regressive autism. No HC differences were found for girls vs.
regression (64).

Regional brain enlargement also is associated with higher
function: enlarged amygdala in young children with autism, ages
2–4, was associated with joint attention ability, a core clinical
feature of autism (76), and the larger volume of corpus callosum
in younger preschool children was associated with lower severity
of autism core symptoms (77). However, enlarged amygdala
in autism does not necessarily entail macrocephaly (78). In a
more comprehensive study of adults with autism with average
intelligence (68), both cortical thickness and voxel based volume
measurements identified enlarged gray matter regions that are
associated with autism core features including the inferior
frontal cortex, superior temporal sulcus, cingulate gyrus, middle
occipital gyrus, fusiform gyrus, and inferior parietal lobule, which
are associated with social abilities; superior temporal sulcus and
inferior frontal gyrus, which are associated with communication;
and orbital frontal gyrus and anterior cingulate gyrus, which
are associated with repetitive behaviors. In particular, boys with
disproportionate megalencephaly and autism had more severe
disabilities, and a poorer prognosis (65), language deficits (79),
and showed more regression (64). Large brains in autism may
be responsible for more global deficits such as weak coherence
theory, the ability to understand context or the “big picture,”
instead of more discrete autism core features (44).

MECHANISMS OF BRAIN OVERGROWTH
IN AUTISM

Mechanisms of Increased Cortical Gray
Matter in Autism
As stated above, cortical thickness is predicted by the number of
neurons within the radial cortical columns, whereas surface area
is predicted by the number of cortical columns (41). Casanova
et al. (58, 60) have reported reduction in minicolumn width
and neuropil spacing in layer III neocortex reflecting an increase
in minicolumns in autism. β-catenin and caspase 3/9 proteins
have been implicated in cortical surface area. Transgenic mice
expressing β-catenin develop an increased number of progenitor
cells in the ventricular zone which leads to more cortical radial
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columns and increased surface area (80). Caspase 3/9 mutations
result in decreased apoptosis of progenitor and radial glial
cells, which increase surface area (81). Although this paper
proposes a relationship between anabolic βAPP and increased
white matter in autism, there are mechanisms potentially linking
βAPP to increased gray matter as well. For example, βAPP shows
reciprocal regulation of the anabolic Wnt/β-catenin signaling
pathway, and βAPP physically interacts with β-catenin (82).
Furthermore, βAPP decreases apoptosis in part by decreasing
Caspase 3/9 by means of the phosphoinositide 3-kinase and
Protein kinase B (PI3K/AKT) pathway in AML1-ETO positive
(AE) leukemia (83). As described below, the contribution of
βAPP to the PI3K/AKT pathwaymay be involved in white matter
growth in autism.

Mechanisms of Increased Cortical White
Matter in Autism
Autism has been described as a disorder of brain connectivity
(84) and therefore the white matter, subjacent to gray matter
cortex, which connects discreet cortical regions, is a region
of interest. Increased white matter in autism exists in whole
brain and cerebellum (62), in radiate outer zones (6), and in
specific brain regions (85–88). Herbert (44) observed larger
cerebral white matter volume in children with autism as well
as in children with developmental language disorders. This was
replicated in a larger sample of children with autism compared
to control groups of children with benign macrocephaly and
reading disability (89). Newer imaging techniques such as
diffusion tensor imaging (DTI) have uncovered differences in
white matter tract microstructure in autism (90–92). A review of
cross sectional DTI in autism showed results consistent with an
abundance of local, short white matter connections within lobes
(e.g., temporal lobes) and reduced long distance connections
(corpus callosum) between lobes (93, 94). Although white matter
tracts appear disrupted in autism, the neuropathology underlying
the disruption is not clear fromDTI studies (93). Recent review of
DTI longitudinal studies showed increased fractional anisotropy,
ameasure of whitematter integrity, at 6months of age, remaining
atypical until 24 months of age and a reduced rate of white matter
growth in late childhood-early adolescence in the left parietal, left
occipital and bilateral temporal lobes (88). Hypermetabolism, as
measured by fluorodeoxyglucose positron emission tomography
(PET), was found for white matter within the internal capsule,
corpus callosum, frontal, and temporal lobes of young adult
subjects with autism, similar to patients with schizophrenia (95).
This was explained by disruption of myelination (95). Altogether
these results suggest at least a transient increase in white matter
volume that may recede over time.

We propose that βAPP metabolites may contribute to
mechanisms of increased white matter in autism. Thus, we
discuss neuroinflammation, cytokine release, translation
pathways and increased myelination. In contrast to increased
neurons found in autism gray matter (71), neuroinflammation
[including astrogliosis and microgliosis; (96, 97)], along with
increased myelination, may contribute more to the white
matter enlargement in autism (43, 44, 94). Genetic mechanisms

proposed to cause macrocephaly and autistic traits include
genes affecting mRNA translation pathways (98). Many factors,
including neuroinflammation and polygenic factors may
converge on molecular pathways (mitogen-activated protein
kinase -MAPK and mechanistic target of rapamycin- mTOR),
which could explain significant features of ASD, including
white matter enlargement. In this review, we propose that
secreted amyloid precursor protein metabolites, particularly
sAPPα, contribute to ASD white matter enlargement, ultimately
through MAPK and protein translation pathways that may
stimulate increased gliosis and/or myelination This is a novel
application of pathways developed for AD which may invite new
understanding and treatment for autism.

NEUROINFLAMMATORY EFFECTS

Neuroinflammation in Autism
How can neuroinflammation contribute to brain overgrowth in
autism? Up until 2005, it had been assumed that autism did
not involve an inflammatory process, as there were no reports
of gliosis or replicable inflammation in neuropathologic studies
or brain MRI (44). By using immunochemistry and cytokine
protein arrays, Vargas first showed an increase in CSF level
cytokines (macrophage chemoattractant protein-1 and tumor
growth factor β1) and microglia-astroglial activation (increased
glial fibrillary acidic protein-GFAP) in the medial frontal gyrus
and cerebellum in children and adults with autism (96). Further
studies showed microglial pathology in autism (60, 99, 100).
Specific decrease in ramifiedmicroglia (said to underlie deficits in
synaptic pruning) and increase in primed microglia (associated
with chronic inflammation) were found in autistic gray and
white matter (97). Neuroinflammation in autism appears to be
similar to AD (44) showing microscopic but not MRI signs
of inflammation. Confocal microscopy study of children with
idiopathic autism and dup15q11.2-q13 revealed that p3 peptide
(a neurotrophic, non-amyloidogenic βAPP processing product)
aggregates in astrocytes and microglia (24). Using confocal
microscopy, specific antibodies identified higher equivalents of
sAPPα in gray and white matter structures for dup15q11.2-q13,
followed by idiopathic autism, followed by typical controls.

Reports exist of peripheral blood abnormalities involving
T-cell, B-cell, autoantibody production, and increased pro-
inflammatory cytokines (101), but these studies were limited
by cross sectional design, small sample size, subjects of
different ages, and lack of standardized diagnosis. A recent
longitudinal study of serum (with typically developing controls)
and cerebrospinal fluid (no controls) from young children
with autism (ages 2–8) surprisingly found no evidence of
immunemediators supportive of active systemic inflammation in
autism (102). Only “modulators of immune function,” Epidermal
Growth Factor (EGF) and soluble CD40 ligand were increased
in autism serum (102). The authors concluded that this was
due to a “genetically determined growth or immune-modulatory
dysregulation” rather than an active systemic inflammatory
response (102). The following CSF immune mediators were
elevated: FLT3L, IL-15, CX3CL1, CXCL8, and CCL2, and
their role interpreted as homeostatic in support of microglia
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rather than an adaptive neuroinflammatory response. The
biggest finding was the lack of overlap between peripheral
and cerebrospinal markers and of serum markers over time,
demonstrating no reliable peripheral biomarker (102).

Given the possibility of a genetically upregulated immunity
in autism, how would this produce brain overgrowth? Herbert
(44) suggests that white matter volume increase is due to cell
swelling/tissue volume increase as a result of activated microglia
and astroglia, or via a compensatory increase in vascularization.
Neuroinflammation could trigger cytokine or chemokine
release (44), as identified by Pardo (102), or other secondary
signaling pathways such as mTor-PI3-Akt. Alternatively,
neuroinflammation could lead to increased excitotoxicity with
increased oligodendrocyte activity leading to an increase in
myelination. Persistent, chronic neuroinflammation over time
could then lead to cell death. This would explain the longitudinal
changes of overgrowth followed by decrease in growth in autism
brain MRI studies. Altogether, this sets the stage for the role
βAPP metabolites may play in neuroinflammation, cytokine
activation, and excessive myelination in autism.

Neuroinflammation and βAPP
AD is a neurodegenerative disorder characterized by ongoing,
permanent memory impairment and dementia. It is construed
as a multifactorial disease affected by genetic and environmental
factors. Neuroinflammation, vascular compromise and free
radical damage lead to the abnormal accumulation of cerebral
Aβ peptide and ultimately death (103). Alpha secretase, now
believed to be ADAM10 or ADAM17, constitutively cleaves
βAPP to produce sAPPα, p3 peptide, and AICD along the
non-amyloidogenic (neurotrophic) pathway. The β-amyloid
hypothesis states that improper cleavage yields Aβ peptides found
in the cerebral amyloid plaques of AD. Early in the disease,
microglia are protective, increasing the phagocytic clearance
of Aβ peptides. However, overtime, microglia become more
catabolic producing proinflammatory cytokines IL-1 and TNF-
α with the latter being more detrimental, eventually leading to
brain atrophy seen in AD. Inflammatorymediators, in turn, cause
more Aβ production (104). Evidence supports sAPPα activity on
microglial cells, activating release of IL-1 (105), glutamate and
inflammatory markers (106, 107). Treatment of neural stem cells
with recombinant sAPPα led to increased astrogliogenesis (108).
Treatment with sAPPα differentiates neuronal progenitor cells
into astroglia (109).

ADAM17is one of the alpha secretases that is active in AD.
It is found in higher levels in the CSF of patients with AD and
its precursor Mild Cognitive Impairment (MCI) (110). ADAM-
17 positive neurons are often found together with amyloid
plaques in AD brains, suggestive that ADAM17 is involved in
AD pathogenesis (111). ADAM17 produces neurotrophic sAPPα

following the non-amyloidogenic pathway, but also contributes
to the neuroinflammation in AD microglial activation (112).
ADAM17, therefore, has the unique role of contributing to or
preventing AD (113).

ADAM17 promotes cellular growth and acts as an
extracellular physiological convertase, shedding proteins
other than APP, including the EGF family of growth factors.
These include TGF-α and its receptor EGF (114). ADAM17

contributes to generation and maturation of TNF-α, EGR, and
some cell adhesion molecules [CAMS; (115)]. ADAM17 and
ADAM10 cleave Notch proteins to induce Notch signaling (116).
Further, acting anabolically, ADAM17 (and its kin, ADAM10)
(mal) function in the pathogenesis of cancers, rheumatoid
arthritis (117), and spinal cord injury (118). Besides converting
EGF (114), the peripheral immune mediator found in the Pardo
2017 study of children with autism (102), ADAM17 converts the
other cytokine mediators of autism found in the Pardo study:
IL-15 (119), FLT3 (120), CX3CL1(121), and CXCL8 (122).

Key Translation Signaling Pathways in
Inflammation
Key biochemical pathways involved in the immune response
are of great interest as they also play a central role in growth
and metabolism and may be involved in brain overgrowth in
autism. mTOR and MAPK pathways regulate immune function
(123). mTOR is composed of two structures, mTOR complex 1
(mTORC1) and mTOR complex 2 (mTORC2). More is known
about mTORC1 and its immediately upstream regulator Ras
homolog enriched in brain (RHEB). RHEB is controlled by
GTPase-activating protein (GAP), which involves the tuberous
sclerosis complex 1 (TSC1 and TSC2). When this complex is
phosphorylated by Akt or ERK1/2 (through phosphatidylinositol
3 kinase), this inhibits GAP activity so that RHEB is active,
which in turn activates mTORC1. Several cytokine and growth
factors activate mTOR including CD28, IL-1, IL-2, IL-4, and IL-
12. mTOR is involved in T-cell trafficking as upon recognition
of their antigen, CD8+ T cells activate mTOR and switch
to anabolism. Upon resolution of the infection, the antigen-
specific CD8+ cells contract and mTOR activity is decreased.
mTOR promotes differentiation, activation, and function in T-
cells, B-cells, and antigen presenting cells (123). The mTOR
anabolic biochemical pathway is of great interest in autism (124)
and in macrocephaly and autism (125). mTOR deregulation
also exists in AD (35). Evidence supports βAPP’s role in
activating T-lymphocytes. For example, transcription, translation
and secretion of βAPP have been induced via T-cell mitogen
stimulation of blood leukocytes (126). sAPPα modulation of the
immune system has been studied in an overproducing sAPPα

mouse model (31). These mice showed increased levels of CD8
T-cells and decreased memory T-cells suggesting that sAPPα

activates immunity.
The MAP kinase cascade is composed of three major groups:

the p38MAP kinases, the c-Jun NH2-terminal kinases (JNK) and
the extracellular signal-regulated protein kinases (ERK). MAP
kinases are important in lymphocyte development. Activation
of MAP kinases p38 and JNK produces inflammatory cytokines
including TNFα, IL-1, and IL-12. In turn, TNFα and IL-1
activate p38 and JNK MAP kinases. It has been shown that
JNK and p38 activation acts catabolically, leading to apoptosis
in AD (127). ERK regulates T cell activation and differentiation
(128). The growth factor signaling properties of the MAPK
pathways act anabolically, and are of interest in autism (124,
129, 130), with convergence of the MAPK pathway with calcium
signaling pathways reported as major contributors to autism
pathophysiology in a large gene set enrichment analysis (131).
We speculate that TNFα, elevated in autism, favors increased
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p38 and JNK resulting in increased brain matter, while decreased
TNFα promotes apoptosis via p38 and JNK in AD.

REGULATORY FACTORS

Purported mTOR Regulation in Autism and
AD
Neurotrophins, including nerve growth factor (NGF) and
brain-derived neurotrophic factor (BDNF) bind to and activate
tropomyosin-related kinases (TrkA, TrkB, or Trk C) which in
turn activate PI3K, phospholipase C (PLC), ERK1/2, and mTOR
(132). Neurotrophin signaling at multiple levels (epigenetic,
transcriptional, post-transcriptional, and post-translational)
determines cell fate, axonal and dendritic growth and pruning,
and the connection of neural networks (124). Abnormalities in
neurotrophins likewise exist in autism and AD (132).

mTOR is involved in promoting growth by means of protein
synthesis, actin cytoskeletal dynamics, energy homeostasis and
metabolism (124). Gene defects associated with upstream
regulators of mTOR (TSC1, TSC2, and PTEN), are associated
with autism and in many cases, macrocephaly. Constitutive
activation of upstream PI3K, Akt, and Ras, is anabolic, and
associates with macrocephaly, neuronal hypertrophy, increased
soma size and dendritic complexity of neurons (133). Products
of mTOR that contribute to translation such as p70 ribosomal S6
kinase 1 (Sgk1) and eukaryotic translation initiation factor 4 E-
binding proteins (4E-BPs) may play a role in autism (98, 134).
Over expression of eIF4E associates with an increase in complex
formation, long-term synaptic plasticity, increased dendritic
spine density, and behaviors similar to autism (135, 136). 4E-
BPs provide a brake on eukaryotic translation initiative factor
4E (EIF4E) which is a primary effector through which proteins
are synthesized. Phosphorylation of 4EBP by mTORC1 stops
this inhibition favoring EIF4E, and anabolic protein synthesis
(135). Huber’s view, based on research with FXS, supports
a model where FMRP represses a PI3K enhancer (PIKE) so
that mTOR is inhibited under basal conditions (137). Lack of
FMRP in FXS (and in some individuals with autism), would
also favor PIKE activation of mTOR and downstream Rho
GTPases including Rac1 and cofilin that in turn would cause actin
disassembly andmyelination (138). Recently, several studies have
identified a catabolic role of mTOR, and the upstream and
downstream components of its signaling, in the pathogenesis and
progression of AD (35). In some models, activation of mTOR
is interpreted as preventing autophagy of Aβ in the lysosomes.
However, treatment of AD with mTOR inhibitor rapamycin
was not recommended, as rapamycin decreases ADAM10, an
alpha secretase that may promote the protective, anabolic, non-
amyloidogenic pathway.

Myelination is metabolically demanding, and therefore, the
mTOR pathway, particularly the mTORC1 hub coordinating cell
metabolism, is a key signal for myelination (139). Besides its main
function as a regulator of mRNA translation, mTORC1 activates
lipid synthesis. Lipid is a major component of myelin. Further,
mTORC1 appears to coordinate protein and lipid synthesis
to make the membrane. It differentiates oligodendrocytes
from OCPs. Interestingly, hyperactivation of oligodendrocytes

after disruption of the TSC complex by deletion of TSC1
effects hypomyelination in the CNS and PNS (140, 141).
Hypomyelination and decreased oligodendrocytes were also
reported after deletion of TSC2 (142). These changes were
unexpected and not in keeping with the clinical picture of
macrocephaly and often megalencephaly with white matter
increases and tubers seen in tuberous sclerosis caused by TSC1
or TSC2 deletions, a single gene kin to autism. Therefore,
other factors besides overactivation of mTOR must lead to
excessive white matter in autism. Upstream from mTOR, Akt-1
is phosphorylated by PI3K in response to growth factors such as
Neuregulin 1, insulin growth factors and steroids that promote
myelination (143) The insulin growth factor 1 (IGF-1), when
phosphorylated, stimulates the P13K/Akt and MAPK pathways
and has been implicated in AD (144). IGF-1 acts anabolically,
stimulating α-secretase and reducing β secretase that has been
shown to decrease Aβ formation (145). In contrast, Aβ acts
catabolically, resulting in over-expression of PTEN which leads
to deactivation of P13K/Akt (146). Deletion of PTEN activates
the P13K/Akt pathway which results in increased myelination,
especially within the corpus callosum. Individuals with PTEN
syndrome show macrocephaly and autism (73). It appears that
there are several pathways that lead to myelination, perhaps
via activation of the Rho family proteins that in turn activate
myelination through sAPPα/α-secretases.

Purported MAPK Regulation in Autism and
AD
ERK 1/2, among the MAPK family members are involved with
cellular growth, chemokines, oxidative stress, and cytokines.
Single gene mutations associated with autistic-like syndromes
can also cause ERK1/2 activation including Tuberous sclerosis,
FXS, 16p11.2 and Neurofibromatosis. Macrocephaly and
increased white matter are often seen in these conditions (98).
However, of far greater interest to investigating the much larger
proportion of idiopathic autism, this pathway can be activated
by multiple stimuli, both internal and environmental. These
include interleukin-1β (IL-1β), TNF-α, and EGF (147), and
EGF receptor [EGFR; (148)], all which are elevated in autism.
The ADAM proteins play critical roles in EGFR signaling
(115, 122, 149). Several studies have found an association
between MAPK signaling and autistic traits. Indeed, genes
from the MAPK pathway were among the most frequent
represented in a large gene set analysis in autism (131). This
pathway has also been intensely researched in cancer studies,
as derangement in MAPK signaling may be important in the
development of cancer (150, 151). ERK and MAP kinase p38,
which are activated in response to inflammation or stress signals,
directly activates ADAM17 (152, 153). Sources of inflammatory
stimulation of MAPK include infection by Gram-negative
bacteria, and ensuing lipopolysaccharide (LPS) exposure. Several
mechanistic studies of LPS exposure in model animals showed
that LPS exposure induced both behavioral and neurological
autism-like symptoms, and that this induction was stronger
in male than female offspring (154–158). The MAPK pathway
is less implicated in pathogenesis of AD, although JNK and
P38 activation leads to apoptosis in AD (159). The neurogenic
properties of this pathway in association with those of the
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non-amyloidogenic pathway have been studied and will be
discussed below.

ERK1 and ERK2, downstream mediators of MAPK appear
to control CNS myelin thickness after oligodendrocyte
differentiation and initiation of myelin (160), as demonstrated by
in vivo loss of function studies (160) and in vivo gain of ERK1/2
function studies (161). In the latter, two lines of transgenic mice
with sustained activation of OPCs during early development
produced transient over-proliferation of OPCs, but resulted
in normal numbers of myelinating oligodendrocytes. This
was interpreted as ERK 1/2 effecting a biphasic response-first
an early expansion of OPC and a later promotion of myelin
growth. Another MAPK regulator, P38, directs oligodendrocyte
differentiation and myelination by way of gene transcription
(162). BDNF increases OPC proliferation and development
though the TrkB and MAPK pathway (163).

HYPERMYELINATION—A SOURCE OF
INCREASED WHITE MATTER IN AUTISM?

Having discussed how neuroinflammation, potentially causes
brain tissue edema and increased perfusion and how activated
signaling pathways associated with growth factors could
contribute to activation of white matter, we will now turn to the
potential contribution of myelination to increased white matter
in autism.

Oligodendrocytes ensheath multiple neuronal axons with
a lipid-rich myelin membrane. Myelin allows rapid synaptic
transmission, provides metabolic support and reduces the cost
of neuronal energy (164). There has been much effort to
understand myelin formation in the hopes of promoting myelin
repair for conditions such as multiple sclerosis. The belief
that remyelination “depends on signals that are similar to
those occurring in developmental myelination” (143), provides a
window into the origins of myelination and allows speculation
as to what myelinating processes may be in overdrive in
autism. During development, myelinating oligodendrocytes are
produced by OPCs within the subventricular zone (SVZ) of the
germinal matrix in the cortex. OPCs then undergo migration
and proliferation and extend through the entire nervous system.
OPCs retain the ability to migrate and to travel within the
CNS into adulthood where they continue to generate new
oligodendrocytes routinely (165), and after demyelinating injury
(166). In recent years it has been discovered that OPCs do
more than just give rise to oligodendrocytes, as “they are
found throughout the brain in numbers far greater than would
be needed for that role” (46). OPCs are the only glia that
receive synaptic input from neurons by way of an NG2 protein
(28). ADAM10, one of the purported alpha secretases, cleaves
this protein in response to neuronal network activity (28). It
appears that NG2 cleavage functions to strengthen long-term
potentiation (LTP) in the mouse somatosensory cortex, so, if
not a growth factor, overexpression of ADAM10 may yield
LTP aberration through OPC NG2 cleavage. OPC polarity and
directional migration also appears to be under the control of
NG2 glia (167), which features RhoA and Rac signaling. It is

worth noting here that mTOR regulates cofilin through Rho
family member Rac1, important in myelination (see below) and
implicated in autism (137). OPC embryonic development is
guided along endothelial cells by the powerful anabolic Wnt
signaling (168), a pathway associated with autism (169), and
regulated by the NOTCH canonical pathway (170) and βAPP
(171). There appear to be several paths to increased myelination,
and perhaps autism, should OPC N2 glial cells get excited.

Another view is that the consistent, abundant supply of
OPCs in the brain may be required for developing novel
motor skills (172). Myelination is a developmental process and
can continue into the third decade of life (173). Myelination
can change according to environmental experience (43). Early
studies reported oligodendroctyes increase by 27–33% in the
visual cortex of rats raise in enriched environments (174),
and the number of myelinated axons within the corpus
callosum increases in rats (175) and rhesus monkeys raised
in enriched environments (176). Myelination of specific areas
of the brain correlate with children’s cognitive ability (177)
and learning new tasks (178, 179). Indeed, activity dependent
communication between axon and oligodendrocytes may cause
increased oligodendrocyte production, and thicker and longer
myelin on axons (164). However, too much stimulation may
be deleterious. In rats, stress during late pregnancy causes
hypermyelination in the offspring (180). Maternal IgG antibodies
directed against fetal brain, considered immunologic stress, are
elevated inmothers of and children with autism (181–183). These
human maternal antibodies were injected into pregnant rhesus
monkeys and their offspring followed for 2 years (184, 185).
Their offspring showed subtle autistic behaviors; neuropathology
revealed enlarged brains notable for increased frontal lobe white
matter (184).

During OPC differentiation and myelination, OPC processes
change from thin membrane extensions to multi-layered, lipid
rich tubes ensheathing axons (164). The myelin sheath growth
occurs in two steps. First, an actin network supports the
leading edge clamping it between the axon and overlying
oligodendrocyte. Second, actin disassembly allows the myelin
membrane to spread around and along the axon (138). Actin
is disassembled by cofilin and gelsolin family proteins. Myelin
Basic Protein (MBP), an important component of CNS myelin,
is necessary for myelin wrapping. MBP promotes myelination
by releasing cofilin and gelsolin from the membrane and
deactivating actin. The Rho1/Rac polarity of the OCP NG2
demonstrates how oligodendrocyte differentiation might be
paired with axon wrapping (164). Pertinent to APP, MBP is a
potent inhibitor of Aβ fibrillary assembly (186). Similar to how
MBP functionally disassembles actin, the C-terminal of MBP1−64

binds to Aβ40 and Aβ42 peptides to inhibit fibril assembly. This
would deter developing AD. These authors Kotarba et al. note
that in human brain and in APP transgenic mice, Aβ peptides
usually are not seen in MBP rich white matter. Several studies
show increased levels of autoantibodies to MBP in the sera of
children with autism (187, 188), implying that cerebral MBP
levels may be high, although MBP has not been extensively
studied in autism brain tissue. In AD brain tissue, MBD was
degraded, suggesting destruction of white matter in AD (189).
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There is in vitro evidence that ADAM8 (not an alpha-secretase)
cleaves MBP (190, 191), which may indicate an inflammatory
reaction in AD (191). Therefore, reduction of MBP may lead
to increased Aβ peptides and brain atrophy in AD, whereas
increased MBP favors myelination and brain growth in autism.
Could these mechanisms in autism confer protection from AD?
This question recently has been discussed (32).

ADAM FAMILY α-SECRETASES

ADAM secretases perform many duties and play a role in CNS
myelination. For many years, it was known that ADAM family
members, particularly ADAM22, were important in peripheral
system myelination (192), although, ADAM17 inhibited
Schwann cell myelination (193). However, recently ADAM17
turned out to be “essential for oligodendrocyte development and
CNS myelination” (29). ADAM17 modulated OPC cell cycle
exit and oligodendrocyte lineage cell survival during subcortical
white matter development in transgenic mice. ADAM17
accomplished this by shedding EGFR ligands and performed
activation of oligodendrocytes during white matter development
by EGFR signaling. EGFR overexpression in ADAM17-deficient
OCPs restored cell survival and proliferation and subsequent
myelination. Unlike other reports of diseased states, this study
was distinguished by the analysis of oligodendrocytes during

FIGURE 1 | Multiple pathway stimulation of ADAM activity, leading to sAPPα

proliferation and notch stimulation. The contribution of white matter

overgrowth to autistic symptoms could begin with aberrant signaling of the

ERK/MAPK pathway. Multiple extracellular signal molecules have disrupted

levels in autism. This includes IL1β, EGF, and TNFα, which are elevated; and

TGFβ, which is depressed. In addition, the receptor for EGF (EGFR) is elevated

in autism. External stressors, such as LPS and reactive oxidizing species

(ROS) produced by oxidative stress, have been implicated in autism. Activity of

specific environmental toxins may exist but is still controversial. Once the

ERK/MAPK pathway has, by whatever means, been perturbed, this can

stimulate the ADAM proteins. The ADAMs not only cleave APP at the anabolic

cleavage site, producing sAPPα, but are also necessary for EGFR signaling

and stimulate NOTCH enzyme activity.

postnatal CNS myelination. The authors noted a divergence of
ADAM17 function between the CNS and PNS (29).

NOTCH

Notch signaling is essential for glial development and
CNS myelination (164, 170). Notch receptors are cleaved
intracellularly by secretases. In the CNS, Notch 1 receptor is
expressed by oligodendrocytes. Studies show that Notch 1 is
important for correct OPC temporal and spatial differentiation
(164). Contactin-1, a ligand of Notch, may promote OPC
differentiation within the expression of CNS myelin genes. The
contactin family of Ig cell adhesion molecules harbor several
members that have a genetic association with autism (194).
Following the canonical pathway, ADAM10 cleaves NOTCH
at the membrane which activates a piece that participates in
transcription. Activation of NOTCH within the non-canonical
pathway leads to OPC maturation and myelination. APP
interacts with Notch receptors and the APP gamma secretase
that produces the Aβ peptide is a Notch family member (195).

THE CASE FOR sAPPα DIRECTING
INCREASED WHITE MATTER IN AUTISM

Typical processing of βAPP greatly favors production of
sAPPα over Aβ peptide. Could an increase in α-secretase
activation overproduce myelin to the extent of inducing

FIGURE 2 | Stimulation of white matter overgrowth by elevated sAPPα (and

Notch). Elevated sAPPα enhances PI3K/Act/mTOR pathway activity, which

includes rho GTPase. The GTPase stimulates oligodendrocyte progenitors,

which require NOTCH activity to mature into oligodendrocytes. Elevated

oligodendrocytes would then contribute to hypermyelination, which would lead

to white matter overgrowth. The white matter overgrowth would contribute to

exacerbation of ASD endophenotypes, such as poor social functioning or

regression. Incidentally, this would also be reflected by macrocephaly and

megalocephaly.
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or exacerbating autism? As previously described, ADAM17
appears to act directly on oligodendrocyte development and
CNS myelination and in oligodendrocyte regeneration (29,
149). In vitro α-secretase activation produces an increased
number of mature oligodendrocytes and increased percentage
of myelinated axons with short internodes (196). One clinical
study of whole-exome sequencing in children with macrocephaly
and/or autism showed a surprising 10/21 patients with likely
pathogenic mutations along the PI3K/AKT-mTOR pathway
(125). It is possible that similar underlying, closely related
genetic mutations could push sAPPα into overdrive, resulting
in autism.

Increased sAPPα in autism could be a neuroinflammatory
response with resultant upregulation of the non-amyloidogenic
pathway. Bailey et al. (23) demonstrated increased sAPPα,
neuroinflammatory GFAP and gliosis in transgenic mice
designed to overexpress sAPPα in brain tissue. Upregulation
of GFAP was correlated with elevations in Interleukin 6 (IL-
6), gp130, and Notch1. The IL-6/gp130 pathway is considered
anabolic and promotes axonal sprouting of neurons and
activated astrocytes after entorhinal cortex lesion in rats
(197). Furthermore, ADAM17 participates in the cleavage of
inflammatory factors related to microglial activation (113) and in
reaction to injury (118). A prenatal insult would also increase the
expression of NMDA and glutamate receptors in the offspring.
High glutamate receptors activate the ERK signaling cascade.
Zeidan-Chulia et al. (198) proposed this model for autism after
performing a focused microarray analysis of genes belonging to
NOTCH, WNT and AD. They found upregulation of glutamate
ionotropic receptor NMDA type subunit 1 (GRIN1), and
MAP3K1, which activates the JNK and ERK pathways. Among
their conclusions, they proposed that epigenetic stress could
lead to increased NMDA receptors and increased calcium that
would stimulate ERK-dependent α-secretase activity. Activation
of ADAM17 by ERK (and P38 MAP kinase), for example,
can activate EGF receptor signaling which leads to enhanced
cell proliferation (152, 153). Higher levels of sAPPα would
then activate the PI3K/Akt/mTOR pathway also resulting in
aberrant brain growth. This model applies to brain cells in
general, not just white matter. However, as described above,
mTOR pathways favors myelination, except for the findings that
disruption of upper mTOR pathways result in hypomyelination
instead of hypermyelination (123). Therefore, other pathways
such as activation of ERK1/2 may be needed to explain increased
white matter in autism (Figure 1).

The intersection of sAPPα, its ADAM family secretases and

white matter expansion may be most convincingly proposed
by merging the above mentioned models (137, 198) with the
recent finding that the abundant OPC N2G is regulated by Rho

GTPases (164). α-secretase, activated by ERK receptor signaling,
in turn may activate PI3K/Akt/mTOR, and then Rho GTPases,
which would favor OPC stimulation (Figure 2). Subsequent
activation of cofilin with the disassembly of actin also favors
myelination, again stimulated by α-secretase. Recent findings

that netrin-1 appears to underlie OPC density and turnover
(199), and that OPCmigration along blood vessels is mediated by
WNT signaling (168), further opens the door to APP regulation
of myelination. APP regulates Netrin-1 mediated commissural
axon outgrowth (200), and Wnt signaling is protective against
Aβ peptide akin to the non-amyloidogenic pathway (201). Future
study of α-secretase in relation to autism may enable novel
treatments and avoid pitfalls in tested treatments for AD. One
example would be to determine if ADAM17 antibody could
reduce excessive brain growth and autistic symptoms, similarly to
the recent success of the drug BAN2401 (202), an antibody that
targets Aβ peptide.

CONCLUSION

Brain overgrowth is a consistent endophenotype in 20%
of individuals with autism. MRI volumetric studies showed
overgrowth for both gray and white matter for young
children (ages 2–6) with autism, coincidental to presentation
of autistic symptoms. The trajectory of brain growth slows
in adolescence and may show decreased growth at older
ages. Enlargement of brain matter in autism may be due to
a combination of elevated metabolic processes, migrational
abnormality, and/or neuroinflammation. Recognizing potential
contribution of the non-amyloidogenic pathway of βAPP
processing to brain enlargement in autism enables novel
adaptation of long-known AD pathway analyses to autism.
Increased sAPPα and the ADAM family α-secretases may directly
increase oligodendrocyte myelination or the neuroinflammatory
response that promotes axonal sprouting of neurons and
astrocyte activation. Consequently sAPPα and the ADAM
family α-secretases, activated ERK receptor signaling, can
activate P13K/AKt/mTOR. Resulting activation of Rho GTPases
would favor OPC stimulation, thus enhancing myelination
by activation of cofilin. Identification of new roles for AD
pathways in autism may lead to new treatments for this
enigmatic disorder.
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Objective: Autism spectrum disorder (ASD), attention-deficit/hyperactivity disorder

(ADHD), and anxiety are three of the most common childhood psychiatric disorders.

Early trajectories of social avoidance have been linked with these psychiatric disorders

in previous studies, but it remains unclear how social avoidance differentially predicts

comorbid disorders in a high-risk genetic subgroup. Here, we delineate the association

between trajectories of social avoidance from infancy and subsequent ASD, ADHD,

and anxiety outcomes at preschool in children with fragile X syndrome (FXS), a

well-characterized single-gene disorder highly associated with social avoidance as well

as elevated rates of ASD, ADHD, and anxiety.

Method: Males with FXS (n = 78) aged 4–62 months participated in a longitudinal

study resulting in 201 assessments. The Social Avoidance Scale (SAS) documented

socially avoidant behaviors from infancy in three domains—physical movement, facial

expression, and eye contact during both the first minute and the last hour of an

interaction. ASD, ADHD, and anxiety symptom outcomes at preschool were measured

via parent-report questionnaires.

Results: Increased social avoidance across infancy and preschool predicted elevated

ASD symptom severity but reduced ADHD and anxiety symptom severity in males

with FXS.

Conclusion: ASD, ADHD, and anxiety symptoms relate inconsistently to social

avoidance behaviors, providing new insight toward the debate of independence or

overlap among these disorders in FXS and other disorders (i.e., ASD). The results suggest

that the nuanced profile of the developmental and temporal aspects of social avoidance

may inform more the accuracy of differential diagnoses of comorbid psychiatric disorders

in FXS.
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INTRODUCTION

Psychiatric disorders are debilitating and common, affecting
more than one in five children (1). Autism spectrum disorder
(ASD) is one of the most common and impairing disorders
affecting nearly 2% of the general population (2). The
diagnosis of ASD is complicated, however, given the common
co-occurrence of other disorders. Attention-deficit/hyperactivity
disorder (ADHD) and anxiety are two psychiatric disorders that
often present in children with ASD. Differential diagnosis of
ASD, ADHD, and anxiety in young children is challenging given
the subtlety of behavioral features in early development coupled
with the presence of features that represent typical variation
or overlap across multiple disorders. Adopting a developmental
trajectory approach to capture variation linked to the emergence
of psychiatric disorders will increase understanding of the timing
and targets for both prevention and intervention (3). As such,
studies that identify precursors or symptoms of ASD, ADHD,
and anxiety in infancy and track these symptoms over time until
the age of diagnosis hold great promise to advance psychiatric
research. Of interest to this study, social avoidance is a core
or associated feature of ASD, ADHD, and anxiety that often
presents early in development (4, 5). Identifying developmental
trajectories of social avoidance in groups at high risk for ASD,
ADHD and anxiety is likely to advance our understanding of
both the emergence and independence of features across these
common and impairing psychiatric disorders.

While mean levels of symptom impairment may index risk for
psychiatric disorders, clear evidence suggests that developmental
trajectories representing change or stability can be uniquely
predictive (4, 6). For example, infants later diagnosed with
ASD display reduced avoidance at 6 months-of-age followed by
increased levels of avoidance that emerge at 12 months-of age
and continue through preschool (7, 8). Similarly, trajectories of
change in avoidance and reactivity across the first years, but not
mean levels at any specific age, predict ASD outcomes (9). Also,
a stable trajectory of reduced avoidance from infancy through
preschool characterize children later diagnosed with ADHD (10,
11). Finally, both high and stable levels, as well as steep increases
of social avoidance and stranger fear from 6 to 36 months-of-age,
has been linked to elevated risk for anxiety in preschool (6, 12)
through to middle childhood (4).

Whereas most studies of social avoidance have focused
on “typically developing” children, examining social avoidance
trajectories in genetic subgroups at elevated risk for ASD,
ADHD, and anxiety may inform biological influences on
symptom emergence, as well as the generalizability of social
avoidance research conducted in non-clinical samples to clinical
groups. Fragile X syndrome (FXS) is a well-characterized single-
gene disorder highly associated with co-occurring features
of ASD, ADHD, and anxiety, making the disorder an ideal
candidate for studying social avoidance trajectories in a “high
risk,” genetically-defined sample. FXS is the most common
inherited cause of intellectual disability (ID), affecting ∼1 in
4,000 males and 1 in 8,000 females (13). FXS is caused by
a cytosine-guanine-guanine (CGG) expansion and subsequent
methylation of FMR1 gene on the Xq27.3 site resulting in reduced

FMRP, the protein associated with FXS. Males with FXS are
typically more severely affected given random X inactivation in
females associated with elevated FMRP. Along with moderate
ID, 50–70% of males with FXS meet criteria for ASD (14,
15) and 53–73% meet criteria for ADHD (16, 17). Anxiety
is also highly prevalent, affecting over 85% of males (18).
In addition, social avoidance—a feature also associated with
ASD, ADHD, and anxiety—is a hallmark characteristic of 82–
98% of males with FXS (19–21). The phenotypic overlap of
FXS with ASD, ADHD, and anxiety offers an ideal model for
understanding gene-brain-behavior relationships in a simplified
genetic context (22).

The validity and independence of ASD, ADHD, and anxiety
disorders in FXS has been challenged, not surprisingly, with
debate regarding whether they represent “true” comorbidities
or whether co-occurring symptomology shared across these
disorders results in artifactual diagnostic categorization (21, 23).
For example, poor eye contact is a nearly universal feature of FXS
(24–26); yet, it is not clear whether poor eye contact indexes the
presence of ASD or anxiety, both ASD and anxiety or neither
ASD nor anxiety in FXS. These questions of “true” diagnoses
and the confounding association of anxiety symptomatology
and social avoidance are also debated in the non-syndromic
ASD field (27, 28). Exploring the trajectory of specific traits
that are common across disorders can provide valuable insight
into the distinction and potential overlap among multiple
psychiatric outcomes.

Social avoidance is a core or associated feature of ASD, ADHD,
and anxiety and is a hallmark characteristic of males with FXS
(25, 26). In a recent study (29), we confirmed initial reports that
social avoidance inmales with FXS is elevated throughout infancy
and early childhood relative to age-matched typically-developing
control subjects, with 73% of males with FXS exhibiting social
avoidance. Furthermore, this work suggests that social avoidance
in males with FXS emerges in infancy and increases in severity
across early childhood, becoming more stable in adolescence
and early adulthood. However, little work has focused on the
relationship of social avoidance to the symptoms of ASD,
ADHD, and anxiety across development. In the current study,
we extend previous work (25, 26) to characterize the association
between trajectories of social avoidance and subsequent ASD,
ADHD, and anxiety outcomes in FXS from infancy through
preschool. ASD and ADHD are two of the earliest emerging
childhood disorders, typically presenting before 5 years of age
(30–32). In contrast, anxiety disorders are most commonly
identified during late childhood and adolescence (33). However,
features of anxiety are evident during the infant and preschool
years, and anxiety can be diagnosed in preschool-aged children
(34). Given clear evidence that ASD, ADHD, and anxiety have
optimal outcomes when recognized and treated early (35–37),
our focus on the very early years of life is critical for maximal
translational effects.

Using a prospective longitudinal design, we examined the
relationship between trajectories of social avoidance from infancy
to the severity of ASD, ADHD, and anxiety outcomes at
preschool in males with FXS. We hypothesize that males
with FXS who exhibit higher ASD and anxiety symptoms will
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exhibit higher levels of social avoidance that will intensify
across age. This relationship will not be present in ADHD
outcomes. This hypothesis is based on the fact that social
avoidance is a core feature of both ASD and anxiety, whereas
in ADHD, social avoidance may present as a secondary product
of attention-related difficulties in managing social situations.
Distinguishing the relationship of the level and trajectories of
social avoidance to ASD, ADHD, and anxiety in FXS will provide
novel information about their differential impact on these three
psychiatric disorders that occur frequently and are very impairing
in this population. As such, this work is critical to improve
differential diagnostic processes and direct targeted treatment.

METHODS

Participants
Participants were drawn from two sites that conducted
longitudinal studies and included the measures reported here
(University of South Carolina and University of North Carolina,
Chapel Hill). Participant’s parents at all sites provided written
informed consent prior to participation. All of these studies
focused on documenting the phenotype of FXS across early
development with identical procedures and a subset of common
measures. The age of the samples, however, varied across
studies with some focused on infants while others focused on
preschoolers. Participants were drawn from these studies if they
were male, under 6 years of age and had at least one assessment
that included all of the measures listed below. The advantage
of including data from multiple studies allows us to generalize
across contexts so our findings are not restricted to one discrete
age group and to increase the sample size given the relatively low
prevalence of FXS. All participants with FXS were recruited from
past studies, national parent listservs, social media, the National
Fragile X Foundation, and the Research Participant Registry
Core of the Carolina Institute for Developmental Disabilities
at the University of North Carolina at Chapel Hill. The full
mutation of the FMR1 gene (>200 CGG repeats) was confirmed
through genetic testing. Subsets of these data have been published
previously (25, 26); however, data including this large sample for
the SAS and the inclusion of three psychiatric outcomes have not
been published.

From the potential pool of participants, 74 males with FXS
representing 201 assessments met criteria for study inclusion.
Chronological age at the first assessment ranged from 4 to 62
months (M= 27.31months, SD= 15.12) while chronological age
at the outcome assessment ranged from 23.28 to 70.10months (M
= 51.81, SD= 13.22). The average time between the first and final
assessment was 29.39 months (range of 11.04 to 59.64 and SD =

12.10). Nine participants only had one assessment, whereas the
rest (n= 65) had 2 or more assessments.

Measures
Social Avoidance Scale
The Social Avoidance Scale [SAS; (25, 26)] is an experimental
observation scale used to document socially avoidant behaviors
in three domains: physical movement, facial expression, and
eye contact. Higher ratings represent more socially avoidant

behaviors. Two ratings are assigned for each of the three SAS
subscales, the first rating is based on the first minute of social
interaction and the second rating is based on the last hour
of structured social interaction. Parents were present for both
periods of interaction. This results in six SAS ratings (three first-
minute and three last hour). Intra-class correlation coefficients
(ICCs) reflect a moderate to high degree of reliability between
raters on all of the SAS scales, with a range from 0.82 to 0.90.
The capacity for the SAS to capture dynamic aspects of social
avoidance is central given evidence that a decrease in avoidance
between the two ratings is a core feature of FXS and one that
differentiates those with andwithout comorbid ASD (25, 26). The
SAS was completed at every assessment point, and the ratings
taken at the first minute and last hour for each of the three
domains were used as the independent variables to predict ASD,
ADHD, and anxiety symptom severity at the final assessment
within each age cohort.

Autism Spectrum Disorder (ASD) Symptom Severity
ASD severity was measured using the Childhood Autism Rating
Scale [CARS; (38)], an observational rating scale comprised of
15 items that measures specific ASD features, such as non-
verbal and verbal communication and adaptation to change, for
individuals from 2 years of age. While the Autism Diagnostic
Observation Scale-2 [ADOS-2; (39)] is recognized as the most
robust diagnostic measure of ASD, we utilized the CARS for this
study as we were focused on ASD symptoms and not diagnoses
and only a subset (∼40%) had an ADOS-2 while all participants
had a CARS. Also, we have documented a strong relationship
between CARS ratings and ADOS-2 continuous severity scores
in males with FXS [r= 0.90; (40)]. In our sample, 48.72% had
CARS raw scores of 30 or above suggesting the presence of ASD.
The total raw score of the CARS at the final assessment was used
as the dependent variable in the ASD models.

Attention Deficit/Hyperactivity Disorder (ADHD)

Symptom Severity
The ADHD Problems scale of the CBCL was utilized to measure
ADHD symptoms. The ADHD subscale assesses symptoms
including inability to sit still, talking too much, and failing to
concentrate for long periods of time. In our sample, 56.41% had
scores above the clinical cutoff suggesting a high likelihood of
ADHD. Due to potential floor and ceiling effects in standardized
scores and the fact that the t-scores are restricted to 50 and
above, the raw score of the CBCL ADHD Problems at the
final assessment was used as the dependent variable in the
ADHDmodels.

Anxiety Symptom Severity
Anxiety symptoms were measured using the DSM Anxiety
Problems scale of the Child Behavior Checklist [CBCL; (40)],
a parent questionnaire assessing emotional and behavioral
problems in children. Parents completed the CBCL version
appropriate for their child’s age (CBCL 1.5–5 Years; CBCL 6–
18 Years). The DSM Anxiety Problems scale assesses symptoms
associated with anxiety, such as worries, fears about going to
school, and clinging to adults. In our sample, 7.70% had scores
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above the clinical cutoff suggesting a high likelihood of having
anxiety. Due to potential floor and ceiling effects in standardized
scores and the fact that the t-scores are restricted to 50 and
above, the raw score of the CBCL Anxiety Problems scale at
the final assessment was used as the dependent variable in the
anxiety models.

Developmental Level
The Mullen Scales of Early Learning (41) is a standardized
developmental measure of abilities for children from birth to
68 months. The Early Learning Composite (ELC), an overall
estimate of cognitive functioning, was used to analyze the effect
of developmental level on measures of social avoidance, ASD,
ADHD, and anxiety.

Procedure
A standard battery of direct child assessments that
included developmental and temperament assessments and
parent/caregiver rating scales was administered by trained
personnel over the course of 2 days [see (42, 43) for more
details]. To control for potential effects associated with variation
in the assessments across sites and given our primary interest
on initial social avoidance, this study focused on SAS ratings for
Day 1 only. Across all sites, the SAS and developmental measures
were completed at each assessment. All available SAS ratings
were included to generate the trajectories of social avoidance,
and the ASD, ADHD, and anxiety outcome data were restricted
to the single assessment at the child’s oldest age. All procedures
were implemented with approval from the institutional review
boards at each respective site.

Data Analytic Plan
Analyses were conducted using SPSS 24 (44), R Core Team
(45), and Mplus Version 8 (46). As preliminary analyses,
we calculated Pearson correlations between ASD, anxiety, and
ADHD symptoms, controlling for developmental level, to
coarsely assess overlap among symptom profiles and inform
structure of subsequent models. Results indicated no relationship
between CARS and both anxiety (r = −0.004; p = 0.972)
and ADHD (r = 0.170; p = 0.162). Anxiety and ADHD were
moderately related (r = 0.240; p= 0.047). Thus, separate models
were used for each outcome. We analyzed our primary research
questions using random effect latent variable models, which
account for variable assessment intervals. Specifically, we used
2-level random slope and intercept model with continuous child-
level outcomes. The two levels of our model correspond to (1)
variation within child (i.e., child observations across time nested
within child) and (2) variation between children. Our model is
represented in Figure 1.

In the within portion of our model (i.e., Level 1), we regressed
social avoidance measures (i.e., SAS) on the age of the child to
estimate a) a latent slope (i.e., S, the solid circle on top of the line
seen in Figure 1 the within portion of the model) corresponding
to the average unit increment in social avoidance per standard
deviation unit increase in age, and b) a latent intercept (i.e., I,
the solid circle within the SAS box in Figure 1) corresponding to
the social avoidance at the average age. We grand mean centered

FIGURE 1 | Model of analytic plan.

and scaled Age to a variance of 1. We used the grand mean to
center because children were measured at different times, and
some children completed more assessments than others; because
of this, interpretation of child centered (i.e., centering on level 2
clusters) age means would be difficult to interpret. In our models,
the intercept is interpreted as the predicted social avoidance for a
child at the average age of our sample, which is 36.12 months.

In the between portion of our model, we regressed the
aforementioned random slope (the unfilled circle S in Figure 1)
and intercept (the unfilled circle I in Figure 1) on the child-level
outcome (square box Y in Figure 1), which includes measures of
ASD, ADHD, or anxiety at the final assessment. In these models,
the regression lines correspond to the average difference in our
outcome measures per unit difference in the slope and intercept.
This portion of themodel answers both of our research questions,
with question 1 (testing the influence of levels) being answered
by regression of child-level outcome on the latent intercept,
and question 2 (testing the influence of linear trajectory) being
answered by the regressing child-level outcomes on the latent
slope of SAS score by Age.

RESULTS

Describing Intercepts and Slopes
Prior to completing the full models, we first estimated global
(i.e., independent of outcome) slopes and intercepts for each SAS
predictor (physical movement, facial expression, and eye contact)
for the first minute and last hour of interaction. These global
scores are found in Table 1. These scores are constructed using
month-unit measures of age (i.e., as opposed to scaled age as in
our full model). The interpretation of the intercept is the average
SAS score at 36.12months, which is the average age of the sample.
The slope is the average linear difference in social avoidance for
every month increase in Age. Base model results are presented in
Table 2 and base model trajectories are presented in Figure 2.

Estimating the Influence of Slopes and
Intercepts on Outcomes
In our full models, age and SAS scores were scaled to a mean of
zero and variance of one. Results from the full models supported
our hypotheses that SAS levels and trajectories would predict
ASD outcomes. However, our hypothesis that SAS levels and
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TABLE 1 | Demographics table.

Mean (SD)

Age at initial assessment 27.31 (15.12)

Mullen early learning scales composite standard score 58.34 (13.93)

Autism symptoms: childhood autism rating scale-II total

raw score

28.64 (6.62)

ADHD† symptoms: child behavior checklist, DSM scale,

T score

63.16 (8.67)

Anxiety symptoms: child behavior checklist, DSM scale,

T score

54.23 (6.23)

Race %

Caucasian 77.00

African American 5.12

Hispanic or Latino 1.30

Asian 0

American Indian/Alaska Native 1.30

Bi-Racial 15.40

†ADHD, attention deficit hyperactivity disorder.

TABLE 2 | Base model results.

Intercept 95% CI Slope 95% CI

Lower Upper Lower Upper

FIRST MINUTE

Physical movement 2.24 2.10 2.40 0.01 0.01 0.02

Facial expression 1.67 1.50 1.84 0.01 0.004 0.02

Eye contact 2.02 1.74 2.30 0.02 0.01 0.04

LAST HOUR

Physical movement 0.90 0.67 1.10 −0.003 −0.013 0.01

Facial expression 0.70 0.55 0.85 0.001 −0.01 0.01

Eye contact 1.33 1.10 1.60 0.01 −0.001 0.02

trajectories would predict anxiety and ADHD outcomes was only
partially supported (see Table 3 for full results).

ASD Outcomes
Physical avoidance in the last hour but not the first minute
significantly predicted ASD outcomes. We found that both a
higher mean level (B = 5.84(1.67), z = 3.51, p < 0.001, CI[2.58,
9.12]), and a trajectory of increasing physical avoidance (B =

7.93(3.66), z = 2.17, p = 0.030, CI[0.76,15.12]) during the last
hour of interaction predicted more severe ASD symptomology
at outcome. We also found that both a higher mean level (B =

3.16(0.31), z= 10.12, p< 0.001, CI[2.55,3.77]) and a trajectory of
increasing facial expressions of social wariness (B = 51.47(0.15),
z = 355.02, p< 0.001 CI[51.19, 51.75]) during the first minute
of interaction predicted more severe ASD symptomology at
outcome. However, only the mean level, not the trajectory,
of facial expression during the last hour of interaction (B =

8.51(2.50), z = 3.41, p = 0.001, CI[3.61,13.40]) predicted ASD
symptomology. Finally, a higher mean level (B = 8.15(2.52),

z = 3.23, p< 0.001, CI[3.20, 13.10]) of avoidant eye contact
during the first minute of interaction predicted more severe
ASD symptomology at outcome, whereas the trajectory did not.
However, both a highermean level (B= 10.05(2.02), z= 4.97, p<

0.001, CI[6.08, 14.02]) and a trajectory of increasing avoidance of
eye contact (B = 8.22(2.21), z = 3.72, p < 0.001, CI[3.90, 12.55])
during the last hour of interaction predicted more severe ASD
symptomology at outcome.

ADHD Outcomes
For ADHD, only the trajectory of increasing physical avoidance
during the first minute of social interaction predicted decreased
ADHD symptomology at outcome (B=−10.79(3.73), z=−2.89,
p= 0.004, CI[−18.10,−3.47]). No other SAS variables predicted
ADHD outcomes.

Anxiety Outcomes
For Anxiety, only the trajectory of increasing physical avoidance
during the first minute of social interaction predicted decreased
anxiety symptomology at outcome (B = −11.33(5.47), z = 2.07,
p = 0.038, CI[−22.1, −0.61]), No other SAS domains predicted
Anxiety Outcomes.

RESULTS SUMMARY

Collectively, elevated physical avoidance, increased facial
expressions of avoidance, and reduced eye contact were all
predictors of ASD, ADHD, or anxiety outcomes. However, the
relationships were dependent on the timing of the interaction
(i.e., first minute or last hour) and parameter (i.e., average level
or trajectory) with increased social avoidance predicting elevated
ASD severity and, surprisingly, it also predicted reduced ADHD
and anxiety severity at outcome. For ASD outcomes, we found
that elevated physical avoidance, increased facial expressions of
avoidance and reduced eye contact all signaled risk for the later
onset of more severe ASD symptoms. Specifically, elevated levels
of physical movement during the final hour and elevated levels
of facial shyness and avoidant eye contact during both the first
minute and final hour were associated with increased severity
of ASD features. A trajectory of increased avoidance in physical
movement and avoidant eye contact during the last hour and
for the first minute for facial shyness also were associated with
increased severity of ASD outcomes. And, while social avoidance
during initial social encounters provided some signal for the
later onset of ASD symptoms, it was elevated social avoidance
during social encounters with familiar people that reflected
the strongest indicator of more severe ASD symptomology. In
contrast, only trajectories of increasing social avoidance during
initial interactions were associated with reduced severity of
ADHD and anxiety outcomes.

DISCUSSION

Psychiatric disorders are common and impairing in children,
and efforts to increase understanding of the prodromal and
predictive features of these disorders represent significant impact
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FIGURE 2 | SAS predictors across age. (A) SAS first minute predictors across age. (B) SAS last hour predictors across age.

given the known benefits of early intervention. Given the high
rates of ASD, ADHD and anxiety in males with FXS, studies
of the developmental trajectories of symptoms associated with
these psychiatric disorders can impact the timing and targets for
intervention. This work has implications not only for individuals
with FXS but also for those who exhibit features of ASD, ADHD
and anxiety of known or unidentified etiology. Because of the
high rates of comorbidity and the monogenic etiology of FXS,
this population provides a saturated model for risk that includes
more “signal” for detecting meaningful associations than can
be observed in studies of the general population (47). The
overall aim of this study was to document the relationship
of social avoidance to ASD, ADHD and anxiety outcomes in
males with FXS across a critical developmental period when
symptoms and diagnoses are known to emerge. To accomplish
this, we employed the SAS, an experimental observation scale
that incorporates multiple dimensions of social avoidance within
a temporal framework.

Based on our results, increased social avoidance across infancy
and preschool predicted elevated severity of ASD symptoms but
reduced ADHD and anxiety symptoms in males with FXS. A
nuanced set of relationships was apparent with ASD predicted by
specific social avoidance features that were entirely unique from
those that predicted ADHD and anxiety outcomes. Surprisingly,
identical predictors (trajectories of physical avoidance during
initial interaction) emerged for both ADHD and anxiety
outcomes. The trajectory of increasing social avoidance appears
to be one of the most salient features as it predicted ASD,
ADHD, and anxiety outcomes whereas an elevated level of social
avoidance only predicted ASD features. However, it was the
trajectory of initial interactions with unfamiliar people at the
beginning of the assessment (first minute) that predicted reduced
ADHD and anxiety whereas the trajectory of interactions with
both unfamiliar people (beginning of the assessment) and people
who had become more familiar by the end of the assessment (last
hour) predicted ASD. These findings highlight the importance of
capturing social avoidance across multiple domains and the value

of including both initial responses to unfamiliar people as well as
responses to people who have become familiar over the course of
the assessment. Overall, these results suggest that elevated social
avoidance emerging during infancy may be a salient marker for
the onset for ASD and of reduced risk for ADHD and anxiety in
males with FXS.

The finding that multiple indicators of social avoidance across
the infant and preschool years’ signal risk for the emergence of
elevated ASD symptoms is of great importance. ASD is one of
themost prevalent and impairing psychiatric disorders associated
with FXS, and FXS is the leading identified genetic cause of
ASD (22). Despite the importance of studying the association
of ASD and FXS, few studies have identified early markers of
ASD in FXS and most of these are cross-sectional. This focus of
research is becoming increasingly studied, however, with recent
reports indicating that social communication deficits (43, 48),
motor atypicalities and delays (42, 49) along with gaze avoidance
(50) and reduced escape during social challenges (51) may be
detectable within the first years of life and serve as a signal for
ASD risk in males with FXS. Here, we add that elevated levels
and trajectories of increasing social avoidance also serve as risk
markers for ASD in the largest longitudinal sample of infants and
preschool-aged males with FXS to date.

Trajectories of social avoidance across infancy and preschool
were also associated with ADHD and anxiety symptom
outcomes, however, in the opposite direction to that expected
with trajectories of elevated physical avoidance during initial
social interactions predicting lower ADHD and anxiety symptom
severity at outcome. These relationships were unexpected as we
anticipated no relationship with ADHD as social impairment is
an associated, but not core, feature of ADHD. The unexpected
direction of the relationship could signal strong emotion
regulation skills in these children. Per this interpretation,
children who have less severe ADHD and anxiety symptom
outcomes may have learned to manage their emotions by
physically retreating from the source of stress, in this case, the
approach of an unfamiliar person. This finding could also suggest
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TABLE 3 | Slopes and intercepts models.

Intercept z CI lower CI upper Slope z CI lower CI upper

CARS

First minute

Physical movement −2.05 −0.23 −19.44 15.34 39.24 1.14 −28.12 106.61

Facial expression 3.16** 10.12** 2.55 3.77 51.47** 355.02** 51.19 51.75

Eye contact 8.15* 3.23* 3.20 13.10 21.39 1.40 −8.46 51.24

Last hour

Physical movement 5.84** 3.51** 2.58 9.12 7.93∧ 2.17∧ 0.76 15.12

Facial expression 8.51* 3.41* 3.61 13.40 15.39 1.10 −11.92 42.70

Eye contact 10.05** 4.97** 6.08 14.02 8.22** 3.73** 3.90 12.55

ADHD

First minute

Physical movement −4.68 −1.64 −10.28 0.92 −10.787∧ −2.89∧ −18.10 −3.47

Facial expression −0.48 −0.45 −2.55 1.60 −0.80 −0.09 −18.86 17.27

Eye contact −0.30 −0.38 −1.83 1.24 −0.58 −0.37 −3.70 2.53

Last hour

Physical movement −0.03 −0.06 −1.08 1.01 1.95 1.55 −1.08 5.00

Facial expression 0.36 0.53 −0.96 1.67 1.45 0.321 −7.42 10.33

Eye contact 0.39 0.54 −1.01 1.79 1.61 0.50 −4.66 7.88

ANXIETY

First minute

Physical movement 0.83∧ 0.47∧ −2.61 4.26 −11.33 −2.07 −22.06 −0.61

Facial expression 0.86 0.73 −1.44 3.17 −0.005 −0.001 −13.66 13.65

Eye contact 0.18 0.29 −1.01 1.36 1.31 0.61 −2.88 5.50

Last hour

Physical movement −0.03 −0.07 −0.77 0.72 0.00 0.00 −2.15 2.15

Facial expression −0.08 −0.14 −1.25 1.08 0.50 0.14 −6.61 7.61

Eye contact 0.16 0.30 −0.90 1.21 0.60 0.18 −5.98 7.18

**p < .0001; *p < .001; ˆp < .05

a developmental effect in that children with less severe ADHD
and anxiety outcomes may respond to social challenge differently
across age with increasing physical avoidance of novel social
partners more likely at preschool age with less physical avoidance
during the infant and toddler years (52).

The results reported here are consistent with a recent study,
which identified unique and distinct early-life predictors of
ASD and ADHD, but are inconsistent with the same study
documenting overlap in predictors of ASD and anxiety (53).
Specifically, this recent study reported that shyness was associated
with both anxiety and ASD. Here, differences in the relationship
of social avoidance to the three psychiatric outcomes likely reflect
the nature of the different disorders and the developmental
period we have focused on. Increased severity of ASD features
was associated with a number of aspects of social avoidance
including all three dimensions (physical movement, facial
expression, and eye contact) as well as during both initial and
sustained social interactions (first minute and last hour). The
pervasiveness of social avoidance associated with ASD likely
reflects an aloof presentation which is often associated with
non-syndromic ASD profiles (54). In contrast, reduced ADHD
and anxiety symptoms align with an acute, and potentially

adaptive, pattern of social avoidance only during initial social
encounters. Children who do not have elevated ADHD or anxiety
symptoms are more likely to have strong emotion regulation
skills and for those skills to develop and increase across the
preschool period (55, 56). Thus, the pattern of walking away
from a potentially stressful social encounter as an adaptive
response aligns with the nature of these disorders in that children
with elevated ADHD might have little social avoidance and
more impulsivity (57). And, those with elevated anxiety might
be more likely to demonstrate initial social avoidance but to
“warm up” over time.

One of the most important findings of this study is that
ASD, ADHD and anxiety symptoms relate inconsistently to social
avoidance behaviors, providing new insight toward the debate of
independence or overlap among these disorders in FXS and other
disorders (i.e., ASD). As noted above, ASD was the only disorder
in which elevated social avoidance predicted increased severity of
symptoms. In fact, increased social avoidance predicted reduced
symptom severity for ADHD and anxiety. Thus, elevated social
avoidance is a trait that uniquely predicts ASD and not ADHD
or anxiety despite social avoidance being a feature of all three
disorders. Our preliminary correlational analyses confirm this
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conclusion as ASD was not related to either ADHD or anxiety.
This finding regarding the apparent independence across these
disorders is particularly striking considering the high prevalence
of 48.72 and 56.41% for ASD and ADHD who are above the
clinical cut-offs, respectively. These rates are generally consistent
with extant literature (15, 17). In contrast, only 7.70% of males
with FXS were above the clinical cutoff for anxiety which may
have constrained our power to detect a relationship between
anxiety and trajectories of social avoidance. The rate of anxiety
in our sample appears low compared to the fact that over 85%
of older males with FXS meet diagnostic criteria for anxiety (18).
However, no studies exist that document the early presentation
of anxiety in FXS so the validity of its prevalence in our sample
is unknown.

This study has a number of important clinical implications.
First, we demonstrated that both the level and trajectory of
social avoidance show meaningful individual differences in the
expression of ASD, ADHD, and anxiety symptom outcomes in
males with FXS. This suggests that the nature and function
of social avoidance is complex, and caution should be taken
to attend to the nuanced profile of social avoidance to ensure
diagnostic accuracy with developmental and temporal aspects
of social avoidance carefully considered. Specifically, both
initial and prolonged social avoidance should be integrated
into differential diagnoses, and this practice rests on clinical
knowledge and observation as some tools (e.g., ADOS-2, CBCL)
may not be sufficiently sensitive to these clinical factors. Second,
our findings confirm that social avoidance manifests very early
in development, and we extend initial work in this area by
demonstrating that early trajectories of social avoidance may
index risk for ASD while signaling resilience or a protective
factor for ADHD and anxiety in young males with FXS.
This information is critical to inform the timing and targets
for treatment.

Despite inclusion of the largest sample of males with FXS to
date in a study focused on social avoidance and integration of
multiple outcomes with repeatedmeasures, there are a number of
limitations. These include failure to include females and reliance
on behavioral ratings without biomarkers. We also targeted the
first years of life as a critical developmental period as our focus
was on early signs and symptoms vs. diagnoses. However, the
focus on this early childhood period likely constrained our ability
to fully detect the relationship of social avoidance to anxiety
given that symptoms of anxiety emerge later in development
than ASD and ADHD symptoms. Also, with regard to our

models, the average amount of assessments available across
children was three (SD = 1.04), with some children having
as many as five assessments, and some children having as few
as one assessment. Because of this range, we modeled our
trajectories using simple linear trends; however, in reality, these
trends are not likely entirely linear. Thus, our understanding
of how developmental changes in social avoidance influences
later outcomes is constrained to linear trends (i.e., the expected
outcome if children’s social avoidance improves or declines, on
average, over time), rather than more nuanced profiles that could
be estimated with additional data. These are important factors
for future work, as is inclusion of a contrast group to see if these
findings generalize to other clinical or non-clinical groups (e.g.,
non-syndromic ASD or low-risk controls).
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Autism spectrum disorder (ASD) and achondroplasia are common disorders on their own. 
However, this case of co-occurrence in the same patient has not yet been reported in 
literature except for a hypothesized statistical probability based on prevalence studies 
stating that two to five in 10 million children could have the probability of having both 
conditions occurring simultaneously. Achondroplasia typically presents with motor delays 
and difficulties that are related to musculoskeletal impairments that can affect self-care, 
mobility, and social cognition; however, the presence of delays in other domains of 
development, particularly in social communication, raises a suspicion of a co-occurring 
autism spectrum disorder. The content of this report reviews the common delays and 
difficulties seen in children with achondroplasia and those with autism spectrum disorder 
and describes the presence of both in the child presented in this case.

Keywords: achondroplasia, autism spectrum disorder, neurodevelopmental disorders, developmental delays

BACKGROUND

Autism spectrum disorder (ASD) is a developmental disorder that manifests as difficulties with 
social communication and interactions and restrictive or repetitive behaviors or interests (1). 
Achondroplasia is a genetic disorder with characteristic phenotypic presentation of disproportionate 
short stature, craniofacial and skeletal abnormalities, and motor developmental delays (2). Autism 
spectrum disorder and achondroplasia are common disorders on their own. However, the 
co-occurrence in the same patient has not yet been reported in literature except for a hypothesized 
statistical probability based on prevalence studies stating that two to five in 10 million children 
could have the probability of having both conditions occurring simultaneously (3).

Case Presentation
The case is a female, Filipino child born at 37 weeks’ age of gestation. Her skeletal dysplasia was 
identified on fetal anomaly scanning during pregnancy and was diagnosed with achondroplasia 
after birth.

She was the third and youngest child to a 36-year-old mother and a 37-year-old father. She has 
a healthy and neurotypical older sister and brother. The parents were not consanguineous and have 
no known genetic abnormalities in their family history. Her birth weight was 1,390 g (less than the 
third percentile, World Health Organization (WHO)), birth length was 40 cm (less than the third 
percentile, WHO), and head circumference was 32 cm (third to 15th percentile, WHO). Her physical 
features at birth were described as having proportionately small frontal bossing and dolichocephaly 
with infraorbital creases. She had a relatively small thoracic cage, which was proportionate to her size. 
There were no gross rhizomelia or acromelic shortening of limbs. She had bilateral simian creases, 
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bilateral fifth digit midphalanx hypoplasia, and hypoplastic 
toenails. External genitalia were grossly female.

Peri-natal care included 17-day confinement in the neonatal 
intensive care unit for hyperbilirubinemia and antibiotic 
treatment with amikacin and ampicillin for suspected sepsis. 
Newborn screening and otoacoustic emission tests were normal. 
She was breastfed for 2 months, after which she was started on 
formula milk. She has frequent respiratory infections but does 
not have a history of recurrent ear infections. She also had an 
exposure to tuberculosis, which was managed with isoniazid for 
6 months. Bone aging reports were normal.

At the age of 6 months, delays in motor, language, socio-
emotional, and cognitive development were observed. Her fine 
motor skills included visually tracking, grasping a rattle, and 
holding her hands together but not yet regarding and reaching for 
objects. Her gross motor skills were almost of a newborn wherein 
she was not able to hold up or lift her head. Her language skills 
included vocalizations, turning to sounds and voices, and laughing 
but did not yet imitate speech sounds or babbled. Her personal-
social skills included regarding faces and smiling responsively and 
spontaneously but not yet regarding her own hands or feeding 
herself. Anthropometric measurements were as follows: body 
weight was 4,100 g (less than the third percentile, WHO), body 
length was 53 cm (less than the third percentile, WHO), and head 
circumference was 42.5 cm (50th percentile, WHO). Physical 
examination revealed universal hypotonia, with a preference for 
the right hand.

At the age of 17 months, she had improvements in 
her developmental skills with more motor imitations, 
vocalizations, and babbling and the ability to follow simple 
commands. Physical examination continued to show poor 
muscle tone, flat foot, and joint laxity. She had difficulty feeding 
as she choked on solid food and had frequent regurgitation. A 
gastroenterologist assessed her to have gastroesophageal reflux 
due to hypotonia. She was advised to have slower, smaller 
feeding to help in her digestion. The issues with reflux resolved 
by 30 months of age.

In the next 2 years, the child continued receiving physical, 
occupational, and speech therapy. Table 2 presents her 
developmental skills acquisition. It is compared with the skills 
acquisition of other children with achondroplasia in a study by 
Ireland et al.

By the age of 27 months, her parents began noticing her 
poor social skills such as fleeting eye contact, not turning to her 
name being called, and not pointing or requesting for her needs. 
Despite undergoing early intervention services, she continued to 
demonstrate delays in all developmental domains. A summary 

of her progress and developmental quotient using the Griffith 
Mental Development Scales is presented in Table 1.

At 39 months, she meets the DSM-5 criteria for autism 
spectrum disorder, manifested by her delays in communication 
and social skills. She also presented with repetitive and stereotypic 
behaviors such as a fascination of shadows and hand flapping and 
would demonstrate repetitive tapping of objects (i.e., pencil) and 
her hands against hard surfaces like the table.

The Autism Diagnostic Observation Schedule (ADOS-2), 
Module 1, was administered at 39 months, and she received 
an additional diagnosis of autism spectrum disorder. The 
Autism Diagnostic Observation Schedule is a semi-structured 
standardized assessment of communication, reciprocal social 
interaction, play, and imaginative use of materials. Module 1 of 
the assessment was used, which consisted of 10 activities that 
focused on playful use of toys and other concrete materials. 
The child’s communication score was 6 (cut-off = 4), and social 
interaction was 8 (cut-off = 7), which both reached the cut-off 
for autism.

Management of her developmental delays and behavioral 
concerns continues to be targeted through speech and language 
therapies that focus on pre-language skills, pragmatics, and 
communication of her needs and wants. She also continues 
occupational therapy and physical therapy to address her motor 
skills, activities of daily living, and sensory processing concerns. 
She receives special education with focus on self-regulation 
and engagement, and behavior modifications to allow her to be 
involved in learning activities.

DISCUSSION

Predispositions and Risk Factors
Although genetic studies were not performed in this patient, 
achondroplasia may be a cryptogenic cause for her presentation of 
autism. Approximately 40% of children with autism are diagnosed 
with other co-morbidities such as epilepsy, neuropsychiatric 
disorders, attention deficit/hyperactivity disorder, and Tourette 
syndrome. A term “secondary” ASD has been coined to refer to 
cases of identifiable syndromes or medical disorders known to 
be associated with ASD, and these are seen in approximately 6% 
of confirmed cases. Aside from these, dysmorphic features are 
seen in some cases of ASD that may indicate genetic syndromes 
as well (4, 5).

There are a number of genes that are associated with ASD 
presentation. A study by M.R. Herbert et al. (2006) listed 135 
environmentally susceptible genes that showed an overlap with 

TABLE 1 | Patient’s performance on the Griffith Mental Development Scales.

18 months of age Developmental quotient 39 months of age Developmental quotient

Locomotor 12 months 67 19 months 49
Personal–social 10 months 56 12 months 30
Hearing and speech 8 months 44 10 months 27
Eye–hand coordination 10 months 55 11 months 28
Performance 11 months 61 15 months 38
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autism linkage regions that may not have been studied yet 
in relation to autism itself. One of these included the FGFR3 
gene for achondroplasia (6). Even though it is merely part of 
the extensive listing of genes, it highlights that multiple genetic 
and environmental mechanisms could be playing a role in the 
presentation of autism in this case.

The parents of this child are both in their mid-30s and may 
be additional risk factors for her condition. Increased paternal 
age has been associated as a contributing factor to some diseases 
and disorders, including both achondroplasia and ASD (7, 8). 
Increased maternal age over 35 years has also been associated as 
a risk for having a child with ASD (9).

Abnormal presentation, fetal distress, small for gestational age, 
low birth weight, feeding difficulties, and hyperbilirubinemia are 
among the associated risk factors for ASD (10). These risk factors 
were present in the case.

Developmental Trajectories
A cohort study by Ireland et al. (11, 12) developed a projection 
of milestones for children with achondroplasia. Children 
with achondroplasia commonly have developmental delays 
in gross motor skills such as lifting their head, rolling over, 
crawling, and walking. These children develop other pre-
ambulation strategies to compensate for their limb shortening 
and hypotonia such as forward and reverse snowplow or 
commando crawling as demonstrated by the child in the case 
(11, 12). In the comparison table with the children diagnosed 
with achondroplasia in the Ireland et al. (11, 12) study, her 
motor performance is at par with that of the cohort of children 
from the study (Table 2).

This case presents with delays in fine motor and social skills 
with slow progress in these developmental domains despite 
interventions initiated at an early age. The development of 
fine motor and social skills in children with achondroplasia is 
expected to be similar with typical development, achieving the 
90th percentile for age similar to that of typically developing 
children (11, 12). The delays in fine motor skills and social skills 
in our case are better explained by the presence of autism (13).

Early communication skills such as babbling and saying 
“mama” are likewise expected within typically developing age 
ranges for children with achondroplasia. However, they take 
a longer time to achieve the use of single words and two-word 
combinations but eventually learn them (11, 12). At 39 months 
of age, our case is expected to use simple sentences, but she is 
still unable to say or imitate words. She still uses jargons and is 
only able to follow one-step requests. Therefore, the language 
delays seen in this patient are uncommon in achondroplasia by 
her current age; but they can be attributed to the impairments 
in ASD.

Based on the Ireland et al., (14) study, skills for independence 
emerge by the fourth and fifth years of life. By 7 years old, children 
can be independent or have modified independence for self-care 
skills such as eating and toileting. They are also completely mobile, 
either independently or with modifications. Social cognition also 
improves, showing difficulty in comprehension only (11, 12, 
14). The musculoskeletal impairments of achondroplasia seen 

in this patient increase the need for a caregiver’s assistance. It 
is possible to predict that she will continue to have difficulties 
in independence for a number of years. However, these may 
be overcome through continuous intervention in her therapy 
sessions as well as creation of modifications that allow for 
independence.

Barriers in the medical and social life course of individuals 
with achondroplasia include unequal opportunities in education 
and employment and increase in social isolation, which then 
influence their financial situation and quality of life (15). It is 
important to recognize that other difficulties of individuals with 
achondroplasia would be social in nature, particularly public 
perceptions that lead to teasing and discrimination. Individuals 
may have lower self-esteem, less education, lower annual income, 

TABLE 2 | Age of achievement (months) for gross motor, fine motor, 
communication, and feeding skills (11, 12).

Milestone Patient’s 
age of 

achievement

Achondroplasia
90th percentile

Ireland et al.

Typical 
development

90th percentile
Denver II Test

Gross motor
 � Lift head when lying 

on stomach
9 7 3.5

  Roll over 9 9.9 5.2
 � Reverse snow 

plough
12 13.8

  Traditional crawling 16 18.3
 � Into sitting from lying 15 18.5 10
 � Into sitting from 

standing
18 22.8

 � Into standing from 
sitting

20 20 10

  Stand holding on 16 20 12
  Stand unsupported 18 24 14
  Walk holding on 18 22 12.7
 � Walk independently 20 26 15
Fine motor
  Reach for object 6 6.5 5.5
  Pass objects 12 10 7.5
 � Bang objects 

together
18 11.1 11

  Scribble with crayon 26 20 17
  Draw circle — 36 45
 � Build tower two 

blocks
24 20.9 20

 � Build tower eight 
blocks

— 32.9 42

Communication
  Smile 6 2.8 2
  Babble 18 11.3 9
  Wave 18 14.3 14
  Say “mama” — 14 13
  Shake head — 20
  Peek-a-boo 24 13 9.7
  1-step request 36 23.5
  Short sentences — 38.4
Feeding
  Cup drinking 36 15.6 17
  Puree/smooth solids 12 6.5
  Mashed solids 18 10.2
  Finger feeding 36 12.3 7
  Self-feed with spoon — 22 20
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and less likely to marry. In their transitions through different 
life stages, interventions should also include psychotherapy in 
fostering a positive self-concept to increase quality of life (16).

Anticipatory guidance and regular health supervision 
will assist in earlier identification of known complications in 
achondroplasia and includes confirming the diagnosis through 
radiographic studies, documentation of measurements, medical 
evaluations, and determining social adjustment (17). This patient 
benefited from early detection and appropriate monitoring for 
her disorder through access to a pediatrician and geneticist. 
She has also been followed up by a developmental-behavioral 
pediatrician in order to monitor her development, leading to early 
detection of her developmental delays, which are being addressed 
through a number of interventions, including speech therapy, 
occupational therapy, and physical therapy. Multidisciplinary 
approaches in caring for these types of special cases are necessary 
to optimize management and care (11, 12).

CONCLUSION

Achondroplasia is a genetic disorder with characteristic 
phenotypic presentation of disproportionate short stature, 
craniofacial and skeletal abnormalities, and motor developmental 
delays. Its co-occurrence with autism spectrum disorder has 
not been reported before. This patient presents with physical 
features of achondroplasia with the concomitant delays in 
social communication and stereotypic behaviors seen in autism 
spectrum disorder. Early intervention is critical in addressing 
the unique needs of this patient. Collaboration among the 
intervention team is necessary to optimize her development.

This case report has its limitations. It is unable to generalize 
to other populations, and the association does not imply 

there is a cause–effect relationship between autism and 
achondroplasia. It could be that the observation is merely a 
coincidence. Achondroplasia in this case was based on clinical 
features of the child. More intensive work-up including 
radiographic studies, documentation of measurements, 
extensive medical evaluations, and determination of social 
adjustment, when available, should be used to establish 
baseline findings. It is recommended that her developmental 
trajectories be monitored as she grows up.
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Autism spectrum disorder is a neuro-developmental disorder that affects the social 
abilities of the patients. Yet, the gold standard of autism diagnosis is the autism diagnostic 
observation schedule (ADOS). In this study, we are implementing a computer-aided 
diagnosis system that utilizes structural MRI (sMRI) and resting-state functional MRI 
(fMRI) to demonstrate that both anatomical abnormalities and functional connectivity 
abnormalities have high prediction ability of autism. The proposed system studies how 
the anatomical and functional connectivity metrics provide an overall diagnosis of whether 
the subject is autistic or not and are correlated with ADOS scores. The system provides a 
personalized report per subject to show what areas are more affected by autism-related 
impairment. Our system achieved accuracies of 75% when using fMRI data only, 79% 
when using sMRI data only, and 81% when fusing both together. Such a system achieves 
an important next step towards delineating the neurocircuits responsible for the autism 
diagnosis and hence may provide better options for physicians in devising personalized 
treatment plans.

Keywords: structural magnetic resonance imaging, functional magnetic resonance imaging, autism, personalized 
diagnosis, Computer-Added Diagnostics (CAD) systems, machine learning

INTRODUCTION

Autism spectrum disorder (ASD) is a neuro-developmental disorder that has three main 
associated  characteristics (1): i) social functioning disorders, ii) communication impairments, 
and iii) restricted and repetitive behaviors (RRBs). In many previous research projects, correlation 
was reported between autism and both anatomical abnormalities and functional activation 
abnormalities. For studying anatomical abnormalities, the most commonly used imaging modality 
is structural MRI (sMRI) (2), while functional MRI (fMRI) is the most commonly used modality 
for studying brain activation (3).
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The relationships between MRI parameters and the autism 
diagnosis play a key role in defining the impaired neurocircuits 
in an individual ASD subject. When studying anatomical sMRI, 
there are two main categories of features, and each study either 
uses features driven from one of them or a combination of 
both i) shape features and ii) volumetric features. With regard 
to volumetric analysis, Courchesne et al. (4) conducted a study 
on 60 autistic and 52 typically developed individuals (ages 
between 2 and 16 years) to explore the anatomical abnormalities 
in cerebral and cerebellar volume of autistic brains with 50% 
of the autistic participants being aged 5 or more years and 50% 
between 2 and 4 years old. In the age group between 2 and 4 years 
old, 90% of the participants were found to have brain volumes 
larger than normal. This result reinforced the hypothesis that 
the brain volume in autistic infants was larger in size than in 
typically developed infants. This hypothesis was also supported 
by results in the study of Hazlett et al. (5), where 51 autistic and 
25 typically developed individuals (ages between 1.5 and 3 years) 
were examined and it was found that the cerebellar white matter 
volume in autistic subjects between 2 and 4 years old were larger 
than normal size. Geschwind and Levitt (6) also emphasized the 
same assumption during infancy interval, but found additionally 
that the cerebral hemisphere can remain enlarged during 
adulthood. Meanwhile, other investigators (7–9) suggested that 
the main areas of the brain with enlarged white matter and 
gray matter were the frontal, temporal, and parietal lobes (ages 
between 2 and 12 years). A voxel-based morphometry (VBM) 
study was conducted by Toal et al. (10) to study the brain anatomy 
of both autistic and typically developed adults (mean age is 32 
years with 9 years standard deviation), and found that the brain 
of the autistic individuals had significant increased gray matter 
involving both the frontal and temporal lobes.

Instead of studying the cortical volume (CV) as a single 
parameter, and based on the fact that CV is the product of 
two parameters, cortical thickness (CT) and surface area (SA), 
Ecker et al. (11) analyzed these three parameters together in 
order to attain a more insightful observation about anatomical 
abnormalities in the autistic brains (age mean is 26 years with 
7 years standard deviation). This study observed differences in 
the three parameters (CV, CT, and SA) between the two groups 
with the CT in autistic subjects being significantly larger than 
that in typically developed individuals in the frontal lobe regions, 
while SA in the orbitofrontal cortex and posterior cingulum in 
autistic subjects was less than that in the typically developed. 
Using the same three parameters, a more comprehensive 
study by Haar et  al. (12) was conducted (ages between 6 and 
65 years). While more detailed results were obtained from this 
study, the results were still in line with previous studies and 
anatomical hypotheses. Specifically, in autistic individuals, 
larger ventricular volumes, smaller corpus callosum volume 
(central segment only), and several cortical areas with increased 
thickness were detected. Another approach for studying 
anatomical abnormalities in autistic subjects was to study the 
longitudinal changes in CT (13) (ages between 3 and 36 years), 
which allows the identification of specific regional differences 
in the CT. In their study, Zielinski et al. (13) discovered that the 
most significant differences in CT between autistic and typically 

developed individuals of the same mean age was in the bilateral 
inferior frontal gyrus, pars opercularis, pars triangularis, right 
caudal middle frontal, and left rostral middle frontal regions. 
Other studies addressed different brain regions. For example, 
autistic subjects displayed larger amygdala than normal 
subjects (14). Waiter et al. (15) (age mean is 15.4 years with 
2.24 years standard deviation) examined the areas believed to 
be responsible for the social cognitive functions: in particular,  
1) facial recognition (right fusiform gyrus), 2) perception 
and eye gaze (superior temporal gyrus), and 3) mental state 
attribution (anterior cingulate and superior temporal sulcus). In 
these areas, a significant increase in gray matter was observed. 
Another VBM study was performed by Salmond et al. (16) (ages 
between 8 and 18 years) to examine the cerebellum, fusiform 
gyrus, and frontal cortex. Similarly, increased gray matter 
volume was observed in the regions of the cerebellum in the 
participants located near the high functioning end of the autism 
spectrum, which is consistent with the anatomical hypothesis 
that it relates increased brain size to autism.

Another major approach explored for discriminating between 
autistic and typically normal developed brains was shape-based 
analysis of sMRI. As a quantitative measure for shape analysis, 
the gyrification index (GI) (17) was used by Hardan et al. (18) 
(age mean is 12.7 years with 2.2 years standard deviation). GI 
is a measure of cortical folding that is calculated as the ratio 
between total contour length and outer contour length from 
coronal sMRI slices. The GI in the left frontal area was noticed to 
be larger in autistic children and adolescents than corresponding 
typically developed children and adolescents. In this study, the 
GI decreased with age in autistic subjects but not in typically 
developed subjects. In line with the increased GI finding 
reported by Hardan et al. (18), Wallace et al. (19) (age mean 
is 16.7 years with 2.8 years standard deviation) also reported 
increased gyrification in the bilateral posterior cortices in autistic 
subjects. Furthermore, a positive correlation between vocabulary 
knowledge and gyrification in the left inferior parietal cortex in 
typically developed individuals was noted while no correlation 
was found for autistic subjects. One of the most commonly 
used shape-based analysis techniques was folding analysis. For 
example, Awate et al. (20) (ages between 7.5 and 31 years) used 
six folding measures for cortical curvature analysis between both 
groups (autistic and typically developed). The folding measures 
used were i) intrinsic curvature index, ii) mean curvature norm, 
iii) convexity ratio, iv) isoperimetric ratio, v) shape index S, and 
vi) curvedness. The Awate et al. (20) study found increased folding 
in the ASD frontal, parietal, and temporal lobes when compared 
to typically developed individuals. This increased folding was 
more prominent in children than in adults. A more recent study 
by Katuwal et al. (21) also addressed the curvature abnormalities 
using seven features extracted from a reconstructed brain mesh. 
The features used were i) Gaussian curvature, ii) mean curvature, 
iii) folding index, iv) thickness, v) thickness standard deviation, 
vi) SA, and vii) volume. Another study by Nordahl et al. (22) 
(ages between 7.5 and 18 years) addressed the cortical shape 
abnormalities in both high-functioning and low-functioning 
ASDs plus TDs using surface-based morphometry. Sulcal depth 
was used as a quantitative measure to analyze morphological 
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abnormalities. For the low-functioning autistic subjects, the 
abnormalities in sulcal depth were mainly noticed in the anterior 
insula and frontal operculum in addition to shape abnormalities 
in the inferior frontal gyrus. The same abnormalities were noticed 
in high-functioning autistic patients, but with relatively smaller 
size. They were centered near the parietal operculum and ventral 
postcentral gyrus. Sulcal depth differences were also reported by 
Dierker et al. (23) (age mean is 11.4 years with 1.9 years standard 
deviation), in which differences in sulcal depth were noted in 
the anterior insula and temporoparietal junction between the 
two groups. The areas having the most significant abnormalities 
were the frontal and temporal areas, particularly from social 
and language regions, which were highly implicated in autism. 
Brain shape differences between autistic and typically developed 
individuals were explored by Ecker et al. (24) (ages between 
18 and 43 years), where GI in gray matter was studied. The 
experimental outcome was a prominent increase in gyrification 
around the left pre- and post-central gyrus in autistic individuals.

Regarding fMRI analysis, there are two major types of 
experiments to examine brain functional activity: i) resting-state 
fMRI (RfMRI) and ii) task-based fMRI (25) (age mean is 24 years 
with 10 years standard deviation).

In Just et al. (26), the underconnectivity theory was first 
proposed. This theory states that ASD is due to both cognitive 
and neurobiological disorders. The cognitive disorder mainly 
appears as reduced synchronized brain activity in integrative 
processing demanding tasks, for example, forming a sentence 
from a set of words (27) (age mean is 27.1 years with 11.9 years 
standard deviation).

Researchers conducted different studies to study the brain 
connectivity using task-based approaches. For example, less 
activation in the left dorsolateral prefrontal and inferior 
parietal areas was identified, and more activation was reported 
in the right occipital (visuospatial) areas and bilateral superior 
parietal using a figures task experiment in Damarla et al. (28) 
(age mean is 19 years with 5.5 years standard deviation). In 
Weng et al. (29) (age mean is 14.36 years with 1.7 years standard 
deviation), the response to facial expressions was studied, where 
autistic individuals were reported to have higher activation in 
the amygdala, ventral prefrontal cortex, and striatum. Another 
example of using task-based experiments is the rewards task, 
where subjects are given either monetary or social reward and 
their brain activity in response to this reward is recorded (30, 31) 
(age mean is 12.3years with 1.76 years standard deviation). In 
Dichter et al. (32), less activation in the right nucleus accumbens 
and more activation in left midfrontal and anterior cingulate 
gyrus were reported in ASDs than in TDs in response to social 
and monetary rewards. Another study by Cox et al. (33) (age 
mean is 24.11 years with 4.16 years standard deviation) supported 
less connectivity in autistic subjects in response to rewards.

To study the alterations in connectivity between TDs and 
ASDs, Deshpande et al. (34) (age mean is 21.14 years with 1 year 
standard deviation) applied a machine learning algorithm based 
on a multivariate autoregressive model trying to find the most 
logical end to a story shown to them.

In the study by Itahashi et al. (35) (age mean is 31 years with 
8 years standard deviation), researchers found that functional 

connectivity of ASDs is less than that of TD subjects. These 
results were also supported by Alaerts et al. (36) (age mean is 
13.7 years with 4.64 years standard deviation), which is providing 
more evidence for the underconnectivity theory.

In Rausch et al. (37) (age mean is 16.23 years with 3.218 
years standard deviation), reduced functional connectivity in 
visuospatial and superior parietal areas was reported on ASDs 
when compared to TDs. Also in another study by Tyszka et al. 
(38) (age mean is 27.4 years with 2.4 years standard deviation), 
reduced connectivity was reported in local areas of both the 
frontal and temporal cortex, but no global abnormalities were 
detected. In Plitt et al. (39) (age mean is 17.5 years with 5.5 years 
standard deviation), dysfunction in the functional networks 
was reported, and this dysfunction was more obvious in social 
information processing related networks. The altered connectivity 
result was also supported by Di Martino et al. (40), where both 
hypoconnectivity and hyperconnectivity were reported in ASD 
circuits.

Not only underconnectivity was reported for ASDs in the 
previous studies. A study by Hahamy et al. (41) (ages between 
18 and 44 years) reported alterations in functional connectivity 
patterns, where the interhemispheric connectivity analysis 
in autistic subjects showed areas of decreased connectivity 
while other areas showed increased connectivity compared 
to healthy control subjects. The hyperconnectivity was also 
reported in autistic children in Supekar et al. (42) (ages between 
7 and 13 years), where autistic children with more severe social 
dysfunction were found to be functionally hyperconnected.

In addition to reporting global differences between ASDs and 
TDs, resting-state connectivity patterns demonstrated promising 
results in diagnosing many diseases, e.g., Alzheimer’s disease 
(43), schizophrenia (44) (age mean is 35.9 years with 13.5 years 
standard deviation), and autism. For example, the approaches 
in Kim et al. (44) achieved high accuracy in schizophrenia 
diagnosis.

A deep neural network and functional connectivity analysis have 
been used in the recent study by Heinsfeld et al. (45) and Dvornek 
et al. (46) for autism diagnosis where the functional connectivity 
correlation matrix was the input to the classification network.

The heterogeneity of autism among individuals according 
to symptoms and severity has raised the need for a more 
personalized approach to predict and analyze the behavior and 
functionality of each autistic subject. Hence, we could then 
design an optimum treatment plan for every autistic subject. In 
this study, we aim to answer two main research questions: i) Can 
fMRI and sMRI be used for autism diagnosis in an objective 
way? ii) Are fMRI and sMRI features associated with ADOS 
scores? The hypothesis of this study is that combined sMRI 
and fMRI parameters are more likely to correlate more closely 
with behavior and yield high diagnostic accuracy, sensitivity, 
and specificity. The proposed system uses machine learning 
to define global and local features of ASD regardless of age or 
gender. Finally, we again analyze our results to be sure that it 
fits nicely within research domain criteria (RDoC)-defined 
neurocircuits related to ASD. Such criteria are important for 
the generalization of this model to highly heterogeneous ASD 
populations that present to the physician’s office.
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MATERIALS AND METHODS

In this study, both fMRI and sMRI data are obtained from the 
National Database of Autism Research (NDAR). The data for 
both experiments are obtained from a single study (NDAR study 
ID 2021). Imaging data provided by NDAR are fully anonymized 
and they are linked with other records (diagnostic, behavioral, 
demographic, etc.) using a unique identifier, the NDAR globally 
unique identifier (GUID). The total number of subjects used 
is 185 subjects. The selected data were collected at George 
Washington University. All the selected subjects have both high-
resolution T1-weighted structural images and RfMRI images (7 
subjects out of the 185 have corrupted RfMRI imaging files, so 
they were included in the sMRI analysis and excluded from fMRI 
analysis and from sMRI–fMRI modalities fusion). Out of the 
used 185 subjects, 61 subjects have autism diagnostic observation 
schedule (ADOS) reports.

All neuroimages were produced by a Siemens Magnetom 
TrioTim with a 3-T magnet. Structural scans used an MPRAGE 
pulse sequence with TR = 2,530 ms, TE = 3.31 ms, TI = 1,100 ms, 
and flip angle 7°. Volumes were acquired in 3D with isotropic 
1-mm voxel spacing. For the functional scans, they have TR = 
2,000 ms, TE = 30 ms, and flip angle 90° in a two-dimensional 
acquisition sequence to produce images with 3-mm pixel spacing 
and 4-mm slice spacing. Time to acquire 33 coronal slices 
spanning the entire brain was 2.01 s, and the resting-state data 
were recorded for approximately 6 min.

sMRI Experiment
In this experiment, both morphological and volumetric features 
are extracted and studied. Prior to extracting any of these 
features, there are some mandatory data preprocessing steps 
to be applied followed by the segmentation of the brain cortex. 
These preprocessing steps could be summarized as follows:

Brain Data Preprocessing
The preprocessing is a vital requirement to remove the variability 
between subjects that may stem from data acquisition, different 
scanners, artifacts, or partial volume effects. Moreover, the 
preprocessing step removes non-brain tissues such as skull. The 
following steps are applied to preprocessing sequentially.

1.	 Intensity normalization (47): In this step, intensity non-
uniformities are corrected using a non-parametric model. It 
does not require any prior knowledge about existing tissue 
classes in the image.

2.	 Brain extraction and skull stripping (48): In this step, 
an algorithm combining both watershed algorithm and 
deformable surface model is used for skull stripping. The used 
algorithm starts by localizing a voxel belonging to the white 
matter, creating local minimum in the white matter, and then 
applying watershed algorithm with a pre-flooding height. 
This creates an initial estimate about the brain volume. To 
overcome any inaccuracies that might lead to cortical surface 
erosion, a deformable surface model is then applied. This 
allows the integration of geometric constraints into the skull 
stripping process.

Brain Segmentation and Area Labeling
The atlas-based brain segmentation task (49, 50) is formulated as 
a joint model using the given atlas and an affine transformation 
with 12 degrees of freedom, ω = f that maps the input volume to 
the atlas domain.

Let R = {r = (x, y, z): 0 ≤ x ≤ X − 1, 0 ≤ y ≤ Y − 1,0 ≤ z ≤ 
Z – 1}; Q  = {0, 1,…, Q − 1}; and L = {0,…,l} denote a finite 
arithmetic lattice of the size XYZ supporting gray scale images 
and their region (segmentation) maps, a finite set of Q integer 
gray values, and a labeled set of objects (“0”), non-brain tissue 
(“1”), cerebrospinal fluid (CSF) (“2”) for gray matter, and so on. 
Let g = {gr: r ∈ R; gr ∈ Q} and m = {mr: r ∈ R; mr: ∈ L} be a gray-
scale image having values from L, i.e., m: R ↦ L, respectively.

First, the brain atlas, A = {ai = (gi, mi): i = 1, 2,…, N}, contains 
3D MRI scans of different brains and their manually labeled 
volumes. Given the atlas function, f, that co-aligns ai to the atlas 
domain (preselected template). This atlas is constructed in such a 
way that retains each anatomical label information at each voxel. 
The prior probability for each label m to occur at atlas location r is:

	 P( ( ) ) #m r m m= ≈ of times label occurred at locationn ( )
of voxels that map to

f r
r# inthetrainingsett

	 (1)

Since each location r can be mapped to different labels, the 
intensity distribution of each label m at r is modeled as a Gaussian 
distribution. The mean and variance of such distribution are 
calculated as:
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i

N

N
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=
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g f 	 (2)

where gi are the set of N images for which label m occurs at 
location f(r) in the corresponding manually labeled image Si. The 
variance for label m at location r is given by:
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Having both prior information and conditional probability 
for each class at each atlas location, the segmentation problem 
for a new input subject, given its affine transformation, ω, for the 
atlas domain is modeled using MAP estimate:

	 P(m|g, ω) = P(g|m, ω) P(m)	 (4)

with the assumption that the noise is independent at r, P(g|m, ω) 
can be written as:
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∈
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Using the atlas information, Eqs. 2 and 3, the conditional 
probability for each label at each voxel is given by:
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To get the prior probability (P(m)) for Eq. 4, a Markov 
random field model is used to encode the label’s relationship 
as a function of location within the brain in addition to the 
local direction. Taking into account 6 voxels in the positive and 
negative cardinal directions at each location in the atlas space, 
the P(m) is expressed as:

	 P P Pr
r

i i
i

m

( ) ( ) ( ( ) )m m m m=
∈ =

∏ ∏
ρ

r r r( ),
1

	 (7)

where ρ is the neighborhood system of r. The values of P(m(r)) 
are computed and stored in the atlas using Eq. 1. The spatial 
relationship between different labels is encoded in P(m(ri)|m(r), 
ri). However, for simplicity and computation efficiency, the MAP 
estimate assumes P(m(ri)|m(r), ri) as uniform as no labels have 
been assigned yet. After obtaining the initial segmentation, it is 
sequentially updated using iterated conditional modes (ICMs) 
algorithm. For more details about the segmentation algorithm, 
the reader is referred to Sled et al. (47).

After completing the preprocessing and the segmentation 
steps, the following steps are applied for 3D surface reconstruction 
and brain parcellation to an anatomical atlas from the segmented 
volume.

1.	 Tessellation of the gray–white matter boundary (51, 52): In 
this step, the spherical topology of the surface is accurately 
corrected. The used technique constructs a mapping between 
the original surface onto a sphere. Topological defects are 
detected as the minimal nonhomeomorphic regions. Each 
topological defect is then corrected by opening and sealing 
along the set of non-separating loops.

2.	 Surface inflation and spherical atlas registration (53, 54): In 
order to establish a spherical-based cortical surface, three 
steps are applied: i) inflate the cortical surface to visualize 
hidden structures in the sulci, ii) cut and flatten the entire 
hemisphere, and iii) parameterize using a sphere. The 

parameterized surface is then used to create a spherical 
surface-based coordinate system. To define such coordinate 
system, the average folding pattern of a large population is 
used as an atlas. Each individual subject is then aligned to 
this atlas.

3.	 Cortical surface parcellation to the Desikan–Killiany (DK) 
atlas (55): In this step, each hemisphere is parcellated into 34 
cortical labels.

Figure 1 shows a typical sample of (a) an original volume, 
(b) intensity normalization, (c) brain extraction, (d) segmentation, 
and (e) DK atlas parcellation

After completing the above steps, eight features are calculated 
for each of the 34 hemisphere areas. The eight calculated features 
for each DK atlas area are as follows:

1.	 Surface area (A).
2.	 Volume (V).
3.	 Average thickness (T).
4.	 Standard deviation of the thickness (T).
5.	 Average of mean curvature (MCI), defined as:

	
MCI K K= +1 2

2
, where K1, K2 are the two principle 

curvatures calculated at each vertex.
6.	 Average of Gaussian curvature (K), defined as:
	 K = K1 * K2.
7.	 The average intrinsic curvature index (ICI), defined as:
	 ICI = MAX (K, 0).
8.	 The average folding index (FI), defined as:
	 FI = ABS (K1) * (ABS (K1) – ABS (K2)).

In this study, we used the publicly available and widely used 
brain MRI analysis software FreeSurfer pipeline, available at: 
http://surfer.nmr.mgh.harvard.edu/ for all preprocessing and 
feature extraction steps mentioned above.

To overcome the problem of variability in the utilized eight 
features between subjects due to confounding variables like age, 

FIGURE 1 | A typical example of the pipeline applied to an input volume to prepare it for feature extraction. (A) Original volume, (B) intensity normalization, (C) brain 
extraction, (D) segmentation, and (E) DK atlas parcellation.
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IQ, or gender, a normalized form of these features is used. For 
each subject and for every feature, a 68 areas × 68 areas delta 
matrix is created, where each element in this matrix is the 
difference in the feature value between two different areas. In this 
way, the interaction between the feature values at different areas 
is studied instead of using the individual feature value per area. 
Using this technique adds more robustness to the system against 
variability between subjects due to any confounding variables 
like age, gender, or IQ. The pipeline of the sMRI experiment is 
shown in Figure 2.

In order to assess how the extracted features are associated 
with autism severity, a correlation analysis is performed between 
the difference in feature values among all subjects having ADOS 
report and the ADOS overall score.

fMRI Experiment
In the fMRI experiment, the features used are the functional 
connectivity coefficients between each couple of areas in the DK 
atlas. The first step in the fMRI analysis is the data preprocessing. 
The preprocessing in this experiment was applied using the FSL-
5.0 nuero-imaging toolbox. The preprocessing steps applied in 
this study are as follows:

1.	 Slice timing correction: In an interleaved order, to correct for 
the effect of acquiring 2D slices at different time shifts.

2.	 Motion correction (56): To correct for unintended subject 
motion in the scanner.

3.	 Normalization to MNI-152 space: The normalization is 
applied using two-step reregistration. The first step is to 
register the fMRI subject to its structural image. The second 
step it to register the sMRI image to the MNI-152 space.

4.	 Spatial smoothing: A Gaussian filter of full width at half 
maximum (FWHM) of 6 mm is applied to remove the spatial 
noise.

5.	 High-pass filtering: To remove the low-frequency drifts effect.

The main purpose of this experiment is to study the 
functional connectivity within each subject and how it is capable 
of diagnosing autism. The functional connectivity was selected to 
be the used feature as it gives an indication about the coherence 
of activation between the different brain areas. Hence, it is useful 
in identifying the brain functional networks and how these 
networks’ connectivity could be altered between (57) autistic and 
typically developed subjects. Since we are concerned in this study 
with DK cortical parcellation, the functional connectivity matrix 
is constructed between each pair of these atlas areas.

After calculating the preprocessing, the subject 4-D volume 
is masked with each of the DK atlas areas to calculate the mean 
time course of this area. The Pearson correlation coefficient (ρ) is 
used to calculate the functional connectivity between each pair 
of areas in the atlas. Figure 3 shows how feature matrix of the 
functional connectivity is calculated in this experiment. After 
calculating the connectivity matrix and assessing how the altered 
connectivity pattern could reflect autism severity, a regression 
model is used to fit the functional connectivity coefficients with 
the overall ADOS severity score in the same way as in the sMRI 
experiment.

Local and Global Diagnosis
Having the sMRI and fMRI features ready, the same classification 
pipeline is applied to both of them. As mentioned above, the 
fMRI features are a 68 × 68 connectivity matrix, F per subject.

	 F
n

=

















ρ ρ

ρ ρ
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 
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where ρi,j is the Pearson correlation coefficient between time 
courses in area i and area j and n is the index of areas (n = 68). For 
the sMRI features S, they are a 68 × 68 × 8 matrix per subject and 

FIGURE 2 | Eight features are extracted from the parcellated volume; summary statistics are calculated for each feature at each DK atlas area. Then, Delta matrix 
for each subject is calculated by subtracting the feature values between each couple of areas. The output feature matrix is 68 × 68 × 8.
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each element in the difference in each of the eight features values 
between each couple of areas.

	 S f
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f f
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where Sf is the feature matrix of the feature f and Si,j,f is the 
difference in the values of feature f between areas i and j.

With these feature matrices, one for each modality, a local 
classifier is applied for each element in each of the two matrices. 
Both the accuracy and the output probability of each feature 
to be belonging to the autism class are recorded. The local 
classifiers used for both sMRI and fMRI are KNN classifiers 
with number of neighbors = 7. After finishing the local 
classification phase, the features for each modality are sorted 
according to the local classification accuracy they achieved in 
the first step.

KNN is a non-parametric, distance-based classifier. The KNN 
algorithm assigns a membership score to each new sample based 
on the number of closest K-neighbors samples from this sample 
belonging to each of the classes. Based on a majority voting, the 
sample is assigned to one of the classes (58).

The second step in this diagnosis system is to use the sorted 
feature vector of both sMRI and fMRI for the per-modality 
diagnosis. In this step, an incremental approach was used 
by adding one feature at a time to the used feature vector and 
recording the cross-validation accuracy until reaching the 
optimal feature vector length per modality. In this step, a random 
forest classifier is used. To adjust the hyperparameters of the 
random forest (number of estimators and maximum depth of the 
tree), a grid search is used.

Random forest is an ensemble machine learning algorithm 
combining multiple decision trees using bootstrap aggregating. 
Each decision tree is fed with a bootstrap of the data with 

replacement. In order to calculate the feature selection when 
using random forest, GINI impurity is used (59, 60).

Once the optimal cutoff threshold is obtained for each 
modality and the optimal feature vector is determined for 
sMRI and fMRI, these two feature vectors are concatenated and 
fed to another random forest classifier for the global diagnosis 
decision. The two-step classification approach used is illustrated 
in Figure 4. Also, Figure 5 illustrates the whole pipeline of the 
proposed methodology in this study.

EXPERIMENTAL RESULTS

Subjects Demographics and Cohort 
Summary Statistics
Out of the 185 subjects used, 7 subjects were excluded from the fMRI 
analysis and hence from the sMRI–fMRI fusion because they have 
corrupted fMRI volumes. The dataset contains 72 autistic subjects 
(33 males and 39 females) and 113 typically developed subjects (49 
males and 64 females). The gender was statistically tested using chi-
squared test, and it was found statistically insignificant, χ2 = 0.01088, 
P = 0.744. For the ASD group, the males’ mean age is 13.07 years 
while the females mean age is 13.53. In the TD group, the males’ 
mean age is 13.04 and the females’ mean age is 12.8125. The age 
difference between the two groups is also statistically insignificant 
(t = 0.95, P = 0.343). The ADOS scores for 61 are available. The 
social affect (SA) ADOS varied between 0 and 19 with a median of 
9, the RRBs varied between 0 and 6 with median of 2.5, while the 
cumulative ADOS varied between 1 and 24 with a median 11.5. 
Table 1 shows the entire summary statistics of the used cohort.

Correlation Analysis With ADOS Total 
Score
For each of the features used in the two modalities, the correlation 
between the feature values in the 61 subjects having ADOS 
overall score and the corresponding ADOS score was studied. 

FIGURE 3 | For each couple of areas, the correlation coefficient between the time courses is calculated to form one 68 × 86 feature matrix.
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The selected correlation thresholded at a correlation of 0.32, 
which corresponds to a P value of 0.01.

In the fMRI experiment, 31 features have correlation 
coefficients above the significance threshold. In the sMRI 
experiment, there are 345 features above the selected threshold. 
The number of features meeting the significance criteria in the 
sMRI is much higher than that in fMRI as the number of features 
used in sMRI is eight times the number of features in fMRI.

In the sMRI feature matrix, the distribution of the features 
above the significance level is found to be as follows (Figure  6): 
volume: 62 times, thickness standard deviation: 44 times, 

TABLE 1 | The used cohort summary statistics.

ASD TD

Males Females Males Female

Count 33 39 49 64 p = 0.744
Age mean 13.07 13.53 13.04 12.81 p = 0.34
Age SD 2.75 2.58 2.68 3.17

Median Range
SA 9 0–19

RRB 2.5 0–6
Cumulative 11.5 1–24

FIGURE 4 | The two-stage classification approach used. In the first stage, a local classification per feature in sMRI and fMRI feature matrices is used. The output 
accuracies of the first stage are used to create sorted feature vectors. An incremental approach is used to determine the optimal length of the sMRI and fMRI 
feature vectors. These two vectors are finally concatenated for the global classification.

FIGURE 5 | The overall pipeline of the proposed approach, for each modality preprocessing and analysis is applied to calculate the feature matrix. The features 
of the modality are fed to a local classifier, modality fusion decision is then calculated and finally overall diagnosis decision is reported using both sMRI and fMRI 
decisions.
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thickness: 12 times, mean curvature: 25 times, Gaussian 
curvature: 16 times, foldness index: 82 times, curvature index: 29 
times, and SA: 75 times. Figure 7 shows sample of correlation of 
both sMRI and fMRI with ADOS overall score. Also, Figures 8 
and 9 show the most frequent areas associated with features 
having significantly correlated features with overall ADOS score.

Local and Global Diagnosis
For each subject, the local probabilities for both sMRI and 
fMRI feature matrices are calculated. These probabilities are 
used to generate the personalized brain maps. The output of 
the local classification is two matrices PS and PF with the same 
size as the feature matrices F and S.

FIGURE 6 | The frequency of occurrence of each of the sMRI features in the significantly correlated features list with ADOS overall score.

FIGURE 7 | Six selected samples to show the correlation between the feature values in sMRI (upper row), fMRI (lower row), and the ADOS overall score. For each 
subplot, the figure title shows the couple of area numbers in the DK atlas, the feature name in the case of sMRI, the correlation coefficient, and the P value.
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where pfij if the probability of the functional connectivity 
between areas i and j to belong to the autism class and Psi,j,f is the 
probability that the difference in the structural feature f between 
areas i and j belong to the autism class.

To obtain the personalized maps, two vectors, Vf and Vs, are 
calculated for fMRI and sMRI, respectively.

	 V P i jf
j

F( ) max ( , )i =
≤ ≤0 68

	 (12)

	 V P i j fs
i j f

S( ) max ( , , )
,

i =
≤ ≤ ≤ ≤68 1 8 	 (13)

FIGURE 8 | The most frequent areas in the fMRI experiment found to be associated with significantly correlated features with ADOS overall score.

FIGURE 9 | The most frequent areas in the sMRI experiment found to be associated with significantly correlated features with ADOS overall score.
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These two vectors indicate the highest probability of an area to 
be belonging to the autism class. A sample of these color coded 
maps is shown in Figure 10.

Per-Modality Diagnosis Results
After calculating the local probabilities, PS and PF, they were 
sorted according to the obtained accuracy. A linear scan is 
done to find the optimal number of features to concatenate 
for sMRI and fMRI. From this scan, it is found that by fusing 
the first 34 sorted features in sMRI and the first 4 features, the 
highest sMRI and fMRI accuracies are achieved. To show the 
effect of changing the number of selected features, Figures 
11 and 12 show the accuracy, sensitivity, specificity, and area 
under the curve (AUC) when using different numbers of 
features (from 1 to 100 areas). Table 2 shows the accuracy, 
sensitivity, specificity, and AUC obtained for sMRI and fMRI 
when selecting the first 34 and 4 features, respectively. The 
reported results used random forest classifier with fourfold 
cross validation.

Global Diagnosis Results
After knowing the optimal number of features to be used from 
both sMRI and fMRI, these features are concatenated together 
to form a global feature vector. The output global feature vector 
contains 38 features. These 38 features are then fed to a random 
forest classifier to obtain global accuracy, sensitivity, specificity, 
and AUC. These results are 80.8%, 84.9%, 79.2%, and 81.92% for 
the accuracy, sensitivity, specificity, and AUC, respectively. In 
addition, a comparison between different classifiers in the global 
diagnosis is reported in Table 3.

DISCUSSION

The challenge of understanding the child’s individual neural 
circuitry is daunting. Multiple reports in general suggest 
hypoconnectivity (35) in most studies. However, neurophysiological 
and MRI evidence does suggest local hyperconnectivity in some 
brain regions (28). This report extends our previous fMRI findings 
(61–63) and suggests that particular MRI parameters related to 
the expanded neuropil in mini-columns including foldness index, 
SA, and volume are more relevant to defining ASD-related neural 
circuits (64). These parameters make it possible to link between two 
adjacent Brodmann areas (BAs) or brain regions, which directly 
increase the correlation to behavior. Again, the local diagnosis of 
our algorithm identified ASD-related brain regions that fit into 
RDoC neural circuits and are similar circuits found to be predictive 
of ASD diagnosis at 24 months.

Computer-Aided Diagnostic System  
for ASD
The current dataset suggests that it is possible to define a 
localized diagnosis, which is the key to defining each relevant 
ASD neurocircuit within an individual. The algorithm provides 
high accuracy, sensitivity, and specificity when sMRI or fMRI are 
analyzed separately. Our current algorithm also fuses the sMRI and 
fMRI datasets, which provides a greater estimate of 80% accuracy, 
85% sensitivity, and 79% specificity. The ability of the algorithm to 
estimate a whole-brain diagnosis was validated by a cross-validation 
technique using fourfolds. The principle of dataset fusion is to 
handle the individual variability of brain structure and function 
that is impacted by various genetic and environmental factors.

FIGURE 10 | A sample of the generated personalized maps for eight subjects: (A, B) are the personalized maps of two ASD subjects obtained from sMRI local 
classification, (C, D) are the personalized maps of two ASD subjects obtained from fMRI local classification, (E, F) are the personalized maps of two TD subjects 
obtained from sMRI local classification, and (G, H) are the personalized maps of two TD subjects obtained from fMRI local classification.
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Further, the principle of data fusion by Big Data techniques 
will delineate key circuits that correlate with behavioral output 
of those circuits. Our careful approach has studied the different 
MRI parameters that are inputs into the machine learning 
algorithm. While it may be possible that, as a whole, global 
diagnosis may be better via fMRI vs. sMRI, our study suggests 
that the addition of fMRI or sMRI parameters in regions 
specific for the ASD diagnosis/classification of regions linked 
in neural circuits gives an even higher significant Pearson 
correlation (0.37–0.45) at P  = 0.001 than previous Rs-MRI 
(0.25) (62) data with ADOS total score. Similarly to what was 
found to be predictive in high-risk infants who then developed 
ASD at 24 months, we found that MRI parameters related to the 
neuropil expansion (volume, SA, and folding index) and fMRI 
parameters (functional connectivity measure) were features 
that mediated the significant Pearson correlation between any 
two brain regions and ADOS total scores. These significant 
correlations between brain regions were most significantly 
frequent in the posterior brain regions. Such observations 
would be consistent with the overall increased functional 
connectivity observed in the posterior cortex (28). Whether 
the predominance of right hemispheric correlation over left 
hemispheric correlation is significant will await the input of 
further data. Thus, the current data suggest that the approach 
of a localized diagnosis with fusion of multi-model datasets 
will greatly improve accuracy, sensitivity, and specificity while 
linking two or more adjacent BAs or brain regions to directly 
increase the correlation to behavior.

LIMITATIONS OF THE APPROACH

While neuroimaging is an attractive and easily obtainable piece of 
clinical data, the experiments here are limited by different sources 
of data including harmonization of scans for head motion, 
different MRI scanners and sequences, plus fMRI data obtained 
under different conditions. Such variables could limit the utility of 
our data in building a personalized medicine model. Further the 
drawback of the current data and MRI methods includes defining 
the developmental trajectory, impact of age/gender, development 
of clinically applicable techniques for scanning across ages, and the 
unknown nature of the relationship between modern psychology 
diagnostics/behavioral testing and MRI/genetic data. The current 
findings may be only applicable to older ages (8–18 years old) and 
higher-functioning ASD subjects. However, the current data link 
multiple BA regions in RDoC neurocircuits implicated in ASD, 
thereby suggesting the scalability of this approach to larger, more 
heterogeneous ASD populations.

The lack of longitudinal fMRI data in the under 8-year 
population of typically developing children may limit the approach 
(65). The number, diversity of subject pool (age/gender), design 
of MRI protocols, and preprocessing/methods of analyses are still 
variables under study. Additionally, the methods for analyses and 
selections of datasets for our machine learning algorithms are still 
not standardized and must yield biologically relevant information. 
The generalization and feasibility of a system will be improved by 
increasing the number of subjects and the intra-variability between 
subjects, including age/sex, multiple scanner data, and other factors.

FIGURE 11 | The accuracy, sensitivity, specificity, and AUC obtained by changing the number of selected features for sMRI between 1 and 100 features. The 
maximum accuracy achieved is obtained when using 34 features.
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FUTURE DIRECTIONS: MULTI-
MODEL FUSION LINKS TO RDOC 
NEUROCIRCUITS

Our previous data using fMRI alone from the NDAR dataset 
identified frontopolar and temporal parietal junction functional 
networks as key regions correlated with ADOS scores and 
mapped to RDoC neurocircuits (62). The new extended list 

of ADOS-associated brain regions (pericalcarine cortex, 
lateral occipital cortex, supramarginal gyrus, transverse 
temporal, fusiform gyrus, superior parietal, precentral gyrus, 
parahippocampal gyrus, and frontal polar regions) includes the 
previous regions but greatly expands the RDoC neurocircuits 
identified through as localized diagnosis in ASD brains (65).

The greater mapping of behaviors over an anatomical and 
functionally linked circuit is more likely to map a cluster of 
ASD individuals whose behaviors and characteristics are more 
similar than different. Further, the division of behavioral clusters 
across specific neurocircuits may identify not only traditional 
autism susceptibility genes like those in the SFARI database but 
also ASD modifier genes that subtly impact the structure and 
function of circuits, thereby influencing behavioral output of the 
circuit. Such ASD modifier genes (in the genetic background of 
an individual) may mediate the gene–environment interactions 
responsible for 50% of ASD etiology. This group of genes may 
be quite large but have low effect size and therefore would not be 
picked up in traditional autism genetic studies (66). This group 
of genes may be represented among the transcriptome studies 
reported in ASD where altered transcripts may not necessarily 
correspond to a specific autism susceptibility gene but may 
define specific developmental trajectories (42). Such genes or 
traditional ASD susceptibility genes may also define specific MRI 
clusters. In a recent report (67), three groups of MRI phenotypic 
clusters were defined during an fMRI survey of mouse models 
of autism. Group 1 (SGSH, TREM1, FMR1, and CNT2) had 
hypoconnectivity involving the PFC, BG, retrosplenium of CC, 
and thalamus plus hyperconnectivity of the ventral striatum/

TABLE 3 | The accuracy, sensitivity, specificity, and AUC obtained for sMRI and 
fMRI when selecting the first 34 and 4 features, respectively.

Random 
Forest

SVM
Naïve 
Bayes

Neural 
network

Accuracy 0.808 0.71 0.75 0.68
Sensitivity 0.849 0.72 0.77 0.7
Specificity 0.792 0.67 0.71 0.64
AUC 0.819 0.73 0.73 0.67

TABLE 2 | The comparison between random forest, SVM, naive Bayes, and 
neural network results for the global fusion.

sMRI fMRI

Accuracy 0.79 0.74
Sensitivity 0.82 0.72
Specificity 0.77 0.75
AUC 0.824 0.72

FIGURE 12 | The accuracy, sensitivity, specificity, and AUC obtained by changing the number of selected features for fMRI between 1 and 100 features. The 
maximum accuracy achieved is obtained when using four features.
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nucleus accumbens. Group 2 (CDKL5, EN2, MECP2, and CHD8) 
had whole cortex/BG hypoconnectivity plus increased functional 
connectivity of the lateral septum. Group 3 (Syn2, BTBR, and 
16p11 deletion) had increased functional connectivity in PFC, 
insula, parietal cortex, amygdala, midbrain and hypoconnectivity 
in sensory cortex, ventral striatum, and thalamus. Further, some 
mutations (EN2, FMR1, MECP2, and SGSH) had highly correlated 
changes between hemispheres while other mutations had a low 
correlation between hemispheres (16p11 deletion and Syn2). The 
MRI evidence supports the hypothesis that multiple behavioral 
clusters may map onto distinct MRI phenotypes involving the 
frontal, temporal, and parietal cortices identified here as well as 
important subcortical structures (nucleus accumbens, striatum, 
and thalamus). While distinct ASD susceptibility genes may 
define global MRI phenotypes, our careful comparisons of fused 
datasets with genomics are likely to identify more subtle modifier 
ASD genes that finally influence the local sculpting and function 
of neural circuits during specific developmental periods, thereby 
producing more distinct behavioral clusters. In summary, the 
advancement of new technologies in psychology, radiology, and 
genetics has allowed never before interrogation of datasets that 
further delineate human biology. The use of Big Data technology 
is the only current realistic experimental methodology that could 
define the variability of neural circuits and linking genetics with 
behavior in such a polygenic disease such as ASD. This study 
demonstrates that fusion of MRI data and machine learning could 
refine diagnostic accuracy, especially at the local neurocircuit 
level. Such data could define clinically distinct endophenotypes 
from particular affected neural networks and therefore amenable 
to targeted pharmacological and/or behavioral interventions. 
The goal of this project is to ultimately develop personalized 
treatments for ASD. The next phase of this study will focus on 
the full integration of genomic, behavioral, and MRI datasets to 
further define the feasibility, robustness, and generalizability of 

our systems. In addition, more data will be included for subjects 
at younger ages and infants; also, some other phenotypes, like 
ADHD for example, will be included. In this way, the system will 
be more comprehensive with higher diagnosis ability for ASD.
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In addition to the core symptoms that define autism spectrum disorder (ASD), many 
individuals experience broader problem behavior at a level significant enough for families 
to seek further clinical assessment and intervention. We define “problem behavior” as any 
significant emotional or behavioral issue captured by the Child Behavior Checklist (CBCL) 
including anxiety, depression, withdrawal, somatic complaints, problems with socialization, 
thought or attention, rule-breaking, and aggression. While greater ASD symptom severity and 
accompanying sleep disturbance have each been linked with more severe problem behavior, 
there is little understanding about how these two key factors interact; that is, it is unclear 
whether the severity and type of sleep disturbance an individual experiences differentially 
influences the relationship between ASD symptom severity and problem behavior. The aim 
of the current study was, thus, to explore whether the link between greater ASD symptom 
severity and clinically elevated problem behavior is moderated by the presence/degree of 
accompanying sleep disturbance. Forty males with ASD, aged 5–12, participated in the study. 
The Social Responsiveness Scale, CBCL, and Children’s Sleep Habits Questionnaire were 
administered to obtain information about ASD symptom severity, problem behavior, and sleep 
habits, respectively. Results indicated that the relationship between ASD symptom severity 
and problem behavior differed among individuals with ASD depending on the degree of sleep 
disturbance they experienced. Specifically, there was a significant positive relationship between 
ASD symptom severity and problem behavior for individuals with no sleep disturbance or milder 
sleep disturbance (i.e., in these cases, individuals with severe ASD symptoms experienced 
clinically elevated problem behavior, while those with milder ASD symptoms experienced 
milder problem behavior). In contrast, there was no significant relationship between ASD 
symptom severity and problem behavior for individuals with moderate-to-severe sleep 
disturbance; rather, clinically significant problem behavior was apparent across all individuals 
irrespective of ASD symptom severity. Follow-up analyses indicated that disturbances in sleep 
duration, disordered breathing, and daytime sleepiness were related to clinically elevated 
problem behavior even among those with milder ASD symptoms. These findings emphasize 
the importance of routinely assessing for accompanying sleep disturbance in this population 
regardless of whether individuals present with mild, moderate, or severe ASD.

Keywords: autism spectrum disorder, symptom severity, sleep, accompanying disturbance, problem behavior
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INTRODUCTION

Autism spectrum disorder (ASD) is a heterogenous 
neurodevelopmental disorder characterized by social deficits 
and restricted, repetitive patterns of behavior (1). Core symptoms 
typically manifest as poor social-emotional reciprocity, abnormal 
non-verbal communication, difficulty developing and maintaining 
social relationships, repetitive movements, intense fixations/
interests, and atypical sensory sensitivity. In addition, a significant 
proportion of individuals with ASD exhibit a broader range of 
problem behaviors that extend beyond the core symptoms that 
define the disorder (2). For example, there is existing research 
to suggest that many individuals with ASD experience clinically 
significant internalizing and externalizing problems including 
anxiety, depression, somatization, rule-breaking, aggression, 
self-harm, inattention, hyperactivity, impulsivity, and abnormal 
thought (3–9). In this paper, the term “problem behavior” 
encompasses any significant emotional or behavioral issue captured 
by the Child Behavior Checklist (CBCL) including problems 
with anxiety, depression, withdrawal, somatization, socialization, 
thought, attention, rule-breaking, and aggression. As is common 
in ASD research, the nature and severity of these broader problem 
behaviors vary considerably among individuals on the spectrum; 
there are some individuals who experience relatively few of 
these problem behaviors, while many others exhibit one or more 
problem behaviors that are significant enough to warrant clinical 
concern (3, 10, 11) and may even result in comorbid diagnoses 
such as anxiety, depression, conduct disorder, oppositional 
defiant disorder (ODD), and/or attention deficit hyperactivity 
disorder (ADHD). Being able to predict who on the spectrum 
(i.e., individuals of which severities and clinical presentations) is 
more likely to exhibit clinically significant problem behavior is 
particularly important, as those with persistent difficulties in this 
area are at greater risk of long-term mental health issues, poor 
academic achievement, and future crime and violence (12, 13).

Researchers have, thus, become increasingly interested in studying 
the factors related to clinically elevated problem behavior in different 
individuals with ASD. While a range of factors have been examined 
in the literature, the relevance and contribution of accompanying 
sleep disturbance have emerged as an area of particular interest 
(14, 15). Sleep plays an important role in memory consolidation 
(16) and, more generally, brain plasticity, which in turn supports 
typical cognitive, emotional, and behavioral development (17). 
Sleep problems are prevalent in ASD and reportedly affect 40% 
to 80% of children; these estimates are significantly greater than 
that of the typically developing population and place those who 
are already developmentally vulnerable at a greater disadvantage 
(18, 19). In ASD, the exact etiology of accompanying sleep 
disturbance is unclear; however, researchers commonly argue that 
sleep problems are contributed to by a complex combination of 
biological, psychological, and social/environmental factors (18). 
While neurophysiological and neurochemical abnormalities can 
promote chronic sleep–wake disturbance and abnormal timing 
of melatonin secretion in this population, comorbid medical 
conditions and current medications also need to be considered, as 
do other potential factors such as core ASD symptoms, child-rearing 
practices, and family stress (14, 18, 20). In ASD, common types 

of sleep disturbance include delayed sleep latency, reduced sleep 
efficiency, decreased total sleep duration, poor sleep maintenance/
night waking, bedtime resistance, and daytime sleepiness (14, 21). 
Improving our understanding of how the nature and severity of 
these common sleep problems vary among individuals with ASD 
may help us conceptualize the possible consequences they can 
have on the behavior and broader functioning of these individuals. 
Given that sleep disturbance has been found to be amenable to 
intervention, there are also tangible benefits to focusing our efforts 
on sleep in ASD.

In terms of existing research, there is evidence to suggest that 
sleep disturbance in ASD may exacerbate problem behavior. For 
example, poor sleep has been linked to increased internalizing 
and externalizing problems, including tantrums, oppositional 
behavior, physical aggression, irritability, self-injury, depression, 
anxiety, mood variability, inattention, and hyperactivity (15, 
22–30). Recently, Cohen et al. (31) found direct evidence that 
greater variation in sleep timing and duration can predict 
subsequent problematic daytime behavior (e.g., aggression, self-
injury, tantrums, and property destruction), and there is also 
longitudinal evidence to suggest that sleep problems may predict 
later anxiety (32). Sleep researchers frequently acknowledge 
that, although highly prevalent, sleep problems do not affect 
all individuals with ASD. As such, a number of studies have 
categorized ASD participants as “poor” sleepers and “good” 
sleepers, based on actigraphy, polysomnography, and parent-
report measures, to examine behavioral differences among those 
with and without significant sleep problems. A large-scale study 
conducted by Goldman et al. (25) indicated that poor sleepers 
with ASD exhibited a significantly higher percentage of problem 
behavior than did good sleepers with ASD. Researchers relying 
on parent-report measures have revealed that individuals with 
ASD and accompanying sleep disturbance demonstrate greater 
externalizing and internalizing problem behaviors than do those 
without accompanying sleep disturbance (27, 29). Others who 
have taken advantage of objective measures have demonstrated 
similar relationships; for example, Malow et al. (33) reported more 
significant affective and social problems in individuals identified 
as poor sleepers, while Goldman et al. (23) noted greater levels 
of inattention, hyperactivity, and restricted, repetitive behavior.

The severity of sleep disturbance in ASD and the particular 
type of sleep disturbance that individuals experience have also 
been identified as important considerations. In terms of severity, 
Adam et al. (29) revealed different behavioral profiles in those 
with mild versus severe sleep problems, whereby individuals 
with more severe sleep problems exhibited significantly greater 
externalizing and overall problem behavior; surprisingly, 
internalizing behaviors were not sensitive to sleep severity in 
this study. This is somewhat in contrast to other researchers 
who have found both significantly greater internalizing and 
externalizing problems in individuals with moderate-to-severe 
sleep disturbance relative to those with milder sleep disturbance 
(28). In terms of identifying particularly relevant types of sleep 
disturbance, Hirata et al. (19) reported that insomnia was 
strongly associated with problem behavior; Mazurek and Sohl 
(15) identified night wakings as having the most consistent link 
with behavior problems, and Fadini et al. (34) noted relationships 

276

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


Problem Behaviour and Accompanying Sleep DisturbanceLindor et al.

3 July 2019  |  Volume 10  |  Article 487Frontiers in Psychiatry  |  www.frontiersin.org

between behavioral problems and disorders of arousal (e.g., 
sleepwalking, sleep terrors, and nightmares) and excessive 
somnolence (e.g., difficulties rising and daytime sleepiness). 
These studies highlight the importance of considering the severity 
and type of accompanying sleep disturbance when attempting to 
understand problem behavior in ASD.

While the above research outlines that both the presence and 
severity of sleep problems may be importantly linked to problem 
behavior in ASD, there is broader research to suggest that ASD 
symptom severity is another key factor to consider. Notably, there 
is accumulating research to suggest a strong positive association 
between ASD symptom severity and problem behavior. Researchers 
have indicated that those with more severe ASD symptoms are 
likely to experience significantly more problem behaviors that 
are also of greater severity than those with moderate or mild 
ASD symptoms (24, 35–37). There is also longitudinal evidence 
to suggest that ASD symptom severity is a key predictor of later 
emotional and behavioral problems in children and adolescents 
with high-functioning ASD (38). Studies such as these emphasize 
that ASD severity itself is related to increased problem behavior. 
Complicating the picture, there is also evidence to suggest that more 
severe ASD symptoms are associated with more significant sleep 
disturbance (23, 39–41). While the research in this area is sound 
and it is often the case that sleep problems are more pronounced in 
individuals with severe ASD presentations, it is important to note 
that sleep problems do not exclusively present in this subgroup and 
can affect individuals across the full spectrum (14).

Although there is a large body of evidence indicating that ASD 
severity and accompanying sleep disturbance are important factors 
each associated with more severe problem behavior in ASD, it 
remains unclear whether the presence/severity of an accompanying 
sleep disturbance differentially influences the relationship between 
ASD severity and problem behavior. In other words, more research 
is required to understand whether the positive relationship between 
ASD symptom severity and problem behavior (which suggests 
that those with greater ASD symptoms exhibit clinically elevated 
problem behavior while those with milder ASD symptoms exhibit 
significantly milder problem behavior) changes depending on the 
degree and type of sleep disturbance an individual experiences. 
The current study, therefore, aimed to examine whether the 
presence/degree of accompanying sleep disturbance moderates the 
relationship between ASD severity and problem behavior and to 
further explore the relevance of different types of sleep disturbance. 
While we expected ASD severity and degree of sleep disturbance to 
each show an association with problem behavior, there was limited 
literature available on which to base a hypothesis on how these two 
key factors would interact. Although somewhat exploratory from 
this perspective, the findings from this study were expected to 
improve our ability to identify those on the spectrum who may be 
more likely to experience clinically significant problem behavior.

MATERIALS AND METHODS

Participants
We recruited 40 children with ASD to the study via a range of 
methods. Advertisement flyers were distributed to community 

institutions, networking websites, and social media (e.g., Autism 
Victoria, Deakin Child Study Centre Facebook, early intervention 
services, and private pediatric clinics). There were also a number 
of primary schools and special development schools who 
expressed interest in supporting the study and agreed to send 
letters of invitation to families in their community containing 
advertising information about the study. Because this particular 
study was contained within a broader longitudinal project that 
aimed to promote the inclusion of children of all abilities into 
physical activity, the NAB AFL Auskick database was also used as 
an avenue of recruitment.

For inclusion in the study, participants were required to have a 
pre-existing formal diagnosis of ASD. To meet formal diagnosis in 
Victoria, Australia, an individual must satisfy DSM criteria, have 
undergone assessment by a multidisciplinary panel (e.g., medical, 
psychology, and speech clinicians), and had the diagnosis confirmed 
by a pediatrician or child psychiatrist. Participants were required to 
be aged between 5 and 12 and attend primary school (or equivalent 
special education). The intention was to capture a broad range of 
functioning levels; as such, no specific requirement was enforced 
around level of functioning or comorbidities. Testing locations 
were offered throughout metropolitan and regional Melbourne, 
which permitted a broad, representative community sample.

Measures
Demographics and Level of Functioning
Basic demographic information including age, gender, and 
handedness was obtained through parent report. Level of adaptive 
functioning was measured using the Vineland Adaptive Behavior 
Scale—Third Edition (VABS-3) (42). The domain-level parent/
caregiver form was selected for use in this study; it is appropriate 
for ages 3 to 90+ and consists of three core domains (i.e., 
communication, daily living, and social skills and relationships), 
each of which contains 40 items. An overall adaptive behavior 
composite score was calculated from the 120 core items (M = 100, 
SD = 15). Scores between 86 and 114 reflect “adequate” adaptive 
level. Scores between 115 and 129 can be considered “moderately 
high,” and those above 130 as “high.” In comparison, scores from 
71 to 85 can be considered “moderately low” and those at or below 
70 as “low.” In terms of psychometric properties, this form has 
an internal consistency coefficient of .97 and test–retest reliability 
of .87. Validity has previously been established and is further 
supported by intercorrelation data, assessment against other 
measure of adaptive functioning, and specific standardization for 
clinical samples [see Ref. (42)].

The Social Responsiveness Scale—Second Edition 
(SRS-2) School Age Form
The SRS-2 was administered to measure ASD symptom severity 
(43). The school age form consists of 65 items relevant to children 
aged 4 to 18, which measures five core areas of functioning: 
social awareness, social cognition, social communication, social 
motivation, and restricted interests and repetitive behavior. 
Using a four-point Likert scale (i.e., 1 = not true, 2 = sometimes 
true, 3 = often true, and 4 = almost always true), parents were 
required to select the degree to which each of the items applied to 
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their child in the past 6 months. Parent ratings were summed to 
obtain an SRS-2 total score (M = 50, SD = 10). Total scores at or 
below 59 are considered to be within normal limits; total scores 
placed between 60 and 65 indicate mild deficiencies in reciprocal 
social behavior; scores between 66 and 75 suggest moderate 
deficiencies; and those at 76 or above reflect severe deficiencies 
in reciprocal social behavior.

The Children’s Sleep Habits Questionnaire (CSHQ)
The CSHQ was administered to measure a range of behaviorally 
based and medically based sleep problems (44). It consists of 33 
core items that relate to eight sleep domains: bedtime resistance, 
sleep onset delay, sleep duration, sleep anxiety, night waking, 
parasomnias, sleep-disordered breathing, and daytime sleepiness. 
Parents were required to rate each of the items on the basis of a 
typical week using a three-point Likert scale (i.e., 1 = usually, defined 
as occurring five to seven times per week; 2 = sometimes, defined 
as occurring two to four times per week; and 1 = rarely, defined as 
occurring zero to one time per week). Normative data (i.e., means 
and standard deviations) are available for each of the domains, 
from which T-scores can be calculated for ease of interpretation. 
Generally, T-scores between 60 and 64 are considered higher than 
average and may indicate slightly more concerns than is typical; 
those between 65 and 69 are notably elevated and border clinical 
significance, while those above 70 warrant clinical concern. For 
total sleep problems, a cutoff point of 41 has been established; scores 
over 41 indicate clinically significant sleep problems, while scores 
below 41 reflect sleep behavior within normal limits (44). With the 
use of this cutoff point, psychometric properties are acceptable, 
with a sensitivity estimate of .80 and a specificity estimate of .72. 
Assigning severity to total sleep problems has been inconsistently 
performed across studies. Of note, however, a previous large-scale 
study (i.e., N > 1,000) described scores from 41 up to 55 as mild to 
moderate and scores above 56 as moderate to severe, which were 
obtained by calculating the 75th percentile/fourth quartile (28). 
While all variables in this study were analyzed in continuous form, 
these descriptive categories were adopted to describe variability 
among individuals where significant interactions were revealed 
(i.e., to interpret the “pick a point” output from simple slopes 
analyses and zones of significance produced by the Johnson–
Neyman technique at a clinically meaningful level; see Data 
Analysis section for further details).

The Child Behavior Checklist (CBCL)
The CBCL was administered to measure problem behavior. 
Given that primary-school-aged children were recruited to 
the study, two forms were required to capture the age ranges, 
the 1.5–5-year-old form (45) and the 6–18-year-old form (46). 
The 1.5–5-year-old form consists of 100 age-relevant items, 
whereas the 6–18-year-old form consists of 113 age-relevant 
items. Parents were required to rate the degree to which each 
of the items applied to their child over the past 6 months using 
a three-point Likert scale (i.e., 0 = not true, 1 = somewhat/
sometimes true, and 2 = very/often true). Each of these forms 
summarizes child emotional and behavioral problems into 
measures of internalizing problems, externalizing problems, 
and total problems. The total problem T-score was used for the 

purposes of this study with T-scores at or above 70 taken to 
reflect “clinically significant” problem behavior. Given the broad 
range of emotional and behavioral problems captured by the 
CBCL, it should be noted that individuals with problems at this 
level may meet criteria for comorbid diagnoses such as anxiety, 
depression, conduct disorder, ODD, and/or ADHD. In terms of 
psychometrics, the CBCL is a widely used well-validated measure 
that has been adequately shown to discriminate between clinical 
and non-clinical behavioral problems (87% accuracy for school-
aged forms; 84% accuracy for pre-school form).

Procedure
Ethics approval was obtained through Deakin University Human 
Research Ethics Committee and the Victorian Department of 
Education and Training. In accordance with the Declaration of 
Helsinki, parents formally provided informed consent, while 
children gave verbal assent. Following the consent process, parents 
were asked to complete a brief survey consisting of demographic 
questions (e.g., date of birth) and medical history (e.g., details of 
diagnoses and health services attended). They then completed the 
VABS-3 to provide information on their child’s level of functioning. 
Given that the data for this study were collected as part of a larger 
longitudinal project involving direct child measures, parents and 
children physically attended testing sessions. In most cases, parents 
completed the SRS-2, CSHQ, and CBCL during the session, while 
their child engaged in motor and cognitive tasks relevant to the 
broader project. If this was not possible (e.g., school-based testing 
sessions or insufficient time to complete measures), parents were 
permitted to complete the questionnaires in their own time and 
return them to the researchers, either at the initial session or after 
the session by reply-paid envelope. In cases where parents were 
unable to complete the questionnaires prior to or at the session, 
they were encouraged to complete the questionnaires and return 
by post at their earliest convenience.

Data Analysis
To characterize the sample, descriptive statistics were conducted 
for 1) level of adaptive functioning (VABS-3), 2) ASD severity 
(SRS-2), 3) problem behavior (CBCL), and 4) sleep disturbance 
(CSHQ). Correlations among these variables were also conducted. 
A moderation analysis was then run to examine whether the 
relationship between ASD symptom severity and problem behavior 
varied as a function of the participants’ level of accompanying 
sleep disturbance. Follow-up moderation analyses were conducted 
to explore the most relevant types of sleep disturbance. All data 
were analyzed using IBM SPSS Statistics Version 21, with the 
assistance of the PROCESS macro (47). All variables were mean  
centered for analysis, and the HC3 (Davidson–MacKinnon) 
heteroscedasticity-consistent inference applied. Where 
moderation was found, the main analysis was followed by simple 
slopes analysis and then the Johnson–Neyman technique to 
identify the true zone of significance. Given the relatively small 
sample, a power analysis was conducted to ensure our approach 
for the main moderation analysis. Assuming the following 
parameters - large effect size, α error probability of .05, and power 
of .80 - a total sample size of 36 was required.
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RESULTS

Sample Characteristics and Correlations
The sample was exclusively male, and ages ranged from 5.02 to 
12.87, with an M of 8.23 and SD of 2.12. Table 1 includes detailed 
information on participant characteristics, including level of 
functioning (VABS-2), ASD severity (SRS-2), problem behavior 
(CBCL), and sleep (CSHQ). Table 2 further displays correlations 
among these variables.

Total Sleep Problems as a Moderator
The overall linear model revealed that ASD symptom severity 
(SRS-2 total score), total sleep problems (CHSQ total score), 
and their interaction significantly predicted level of problem 
behavior (CBCL total score), F(3, 36) = 10.90, p < .001, R2 = .55. 
Individually, ASD symptom severity predicted level of problem 
behavior, b = .36, t = 2.90, p = .006 [.11, .62], as did total sleep 
problems, b = .48, t = 4.45, p = .001 [.26, .69]. Most importantly, 
the interaction between ASD symptom severity and total sleep 
problems bordered significance, b = −.02, t = −2.00, p = .05 [−.04, 
−.0003], indicating that the relationship between ASD symptom 
severity and problem behavior differs depending on the degree of 
accompanying sleep disturbance present.

A follow-up simple slopes analysis revealed that the 
relationship between ASD symptom severity and problem 

behavior was only significant for those in the sample with no 
sleep problems (i.e., estimated at a score of 38.50), b = .57, t = 
3.04 p = .004 [.19, .95], or mild sleep problems (i.e., estimated at a 
score of 48.18), b = .36, t = 2.90, p = .006 [.11, .62]. For individuals 
with moderate-to-severe sleep problems (i.e., estimated at a score 
of 57.86), the relationship between ASD symptom severity and 
problem behavior was not significant, b = .16, t = 1.20, p = .24 
[−.11, .43]; rather, the degree of problem behavior was high at all 
severities of ASD. See Figure 1. The Johnson–Neyman technique 
further clarified the zone of significance was from a total sleep 
score of 36.00 (lower bound of data) to 53.92. The relationship 
between ASD severity and problem behavior was no longer 
significant for individuals in the sample with total sleep scores 
above 53.92.

Contribution of Specific Sleep Problems
Table 3 summarizes the linear models examining the relationship 
between ASD symptom severity and problem behavior as moderated 
by each of the specific sleep domains: 1) bedtime resistance, 2) sleep 
onset delay, 3) sleep duration, 4) sleep anxiety, 5) night waking, 
6) parasomnias, 7) disordered breathing, and 8) daytime sleepiness.

As is evident from Table 3, sleep duration, disordered breathing, 
and daytime sleepiness were found to significantly moderate the 
relationship between ASD symptom severity and problem behavior. 
To detail the nature of these interactions, the sections below outline 
the simple slopes analyses and Johnson–Neyman results.

Moderating Effect of Sleep Duration
Simple slopes analysis revealed that the relationship between ASD 
symptom severity and problem behavior was only significant for 
those who had no problems with sleep duration (i.e., estimated 
at a T-score of 46.00), b = .55, t = 3.21 p = .003 [.20, .89], or few 
problems with sleep duration (i.e., estimated at a T-score of 
59.53), b = .35, t = 2.62, p = .01 [.08, .62]. For individuals who 
had clinically significant problems with sleep duration (i.e., 
estimated at a T-score of 78.86), the relationship between ASD 
symptom severity and problem behavior was not significant, 
b = .07, t = .43, p = .67 [−.27, .41]; rather, the degree of problem 
behavior was high at all severities of ASD. The Johnson–Neyman 
technique further clarified the zone of significance was from a 
T-score of 46.00 (lower bound of data) to a T-score of 65.15. 
The relationship between ASD symptom severity and problem 
behavior was no longer significant for individuals in the sample 
with a T-score above 65.15.

TABLE 1 | Participant characteristics.

M SD Range

Age
Adaptive functioning
  ABC composite
  Communication
  Daily living
  Social skills
ASD severity
  SRS-2 total
  Social awareness
  Social cognition
  Social communication
  Social motivation
  RRB index
  SCI index
Problem behavior
  Internalizing
  Externalizing
  Total CBCL problems
Sleep disturbance
  Bedtime resistance
  Sleep onset delay
  Sleep duration
  Sleep anxiety
  Night wakings
  Parasomnias
  Sleep-disordered breathing
  Daytime sleepiness
  Total CSHQ

8.23

72.98
75.85
74.75
72.35

76.93
73.40
73.53
75.18
68.75
77.70
75.55

63.93
61.78
66.75

57.65
62.58
59.53
60.88
62.75
67.60
53.98
56.90
48.18

2.12

8.85
12.02
11.95
10.17

9.30
10.41
10.77
10.51
10.71
8.68
9.56

9.89
11.43
9.38

15.41
16.88
19.33
16.38
18.97
19.38
17.99
10.08
9.68

5.02–12.87

54–89
46–105
52–95
49–91

56–90
48–90
53–90
51–90
48–90
53–90
54–90

41–82
33–83
46–83

44–97
45–83

46–110
44–99

44–100
41–113
46–141
44–91
36–72

All of the above, with the exception of age and total CSHQ, have been calculated based on 
T-scores. Total CSHQ is based on raw data with a clinical cutoff point of 41 (see Measures 
section for further information).

TABLE 2 | Correlations.

Age ABC 
composite

SRS-2 
Total

Total 
CBCL

Total 
CSHQ

Age 1
ABC Composite −.32* 1
SRS-2 total .04 −.54** 1
Total CBCL .06 −.12 .57** 1
Total CSHQ .01 −.19 .43** .62** 1

**p < .01, *p < .05.
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Moderating Effect of Disordered Breathing
A similar pattern of findings was evident for disordered breathing. 
Simple slopes analysis revealed that the relationship between ASD 
symptom severity and problem behavior was only significant 
for those who had no problems with disordered breathing (i.e., 
estimated at a T-score of 46.00), b = .68, t = 4.45, p <.001 [.37, .99], 
or very few problems with disordered breathing (i.e., estimated at a 
T-score of 53.97), b = .51, t = 3.89, p <.001 [.24, .77]. For individuals 
who had clinically significant problems with disordered breathing 
(i.e., estimated at a T-score of 71.96), the relationship between ASD 
symptom severity and problem behavior was not significant, b = .12, 
t = .77, p = .45 [−.20, .44]; again, the degree of problem behavior 
was high at all severities of ASD. The Johnson–Neyman technique 
further clarified that the zone of significance was from a T-score of 
46.00 (lower bound of data) to a T-score of 64.90. The relationship 
between ASD symptom severity and problem behavior was not 
significant for individuals in the sample with a T-score above 64.90. 
It was, however, noted that the relationship became significant 
again for those with very high T-scores above 117.26.

Moderating Effect of Daytime Sleepiness
As per sleep duration and disordered breathing, simple slopes 
analysis revealed that the relationship between ASD symptom 
severity and problem behavior was only significant for those 
who had no problems with daytime sleepiness (i.e., estimated 

at a T-score of 46.82), b = .75, t = 4.59, p < .001 [.42, 1.08], or 
few problems with daytime sleepiness (i.e., estimated at a T-score 
of 56.90), b = .45, t = 3.59, p = .001 [.20, .71]. For individuals 
who had borderline clinically significant daytime sleepiness (i.e., 
estimated at a T-score of 66.98), the relationship between ASD 
severity and problem behavior was not significant, b = .16, t = .86, 
p = .40 [−.22, .53]; rather, the degree of problem behavior was 
high at all severities of ASD. The Johnson–Neyman technique 
revealed a zone of significance from a T-score of 44.00 (lower 
bound of data) to a T-score of 62.15. The relationship between 
ASD severity and problem behavior was no longer significant for 
individuals in the sample with a T-score above 62.15.

DISCUSSION

This study aimed to examine the influence of accompanying 
sleep disturbance on the established relationship between ASD 
symptom severity and problem behavior in ASD. Although a 
significant literature exists on the relationships between ASD 
severity, sleep disturbance, and problem behavior, relatively 
little is known about whether ASD severity is related to problem 
behavior comparably across individuals with varying degrees of 
accompanying sleep disturbance (i.e., none, mild, and moderate 
to severe). The current study employed a series of moderation 

FIGURE 1 | Relationship between ASD symptom severity (i.e., SRS-2 score) and problem behavior (i.e., total CBCL score) as moderated by degree of sleep 
disturbance (i.e., total CSHQ score).
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analyses to explore this and revealed that the relationship 
between ASD severity and problem behavior varied significantly 
depending on the degree of accompanying sleep disturbance 
present. For individuals with no sleep disturbance or mild sleep 
disturbance, ASD symptom severity and problem behavior 
were positively related. For these individuals, having milder 
ASD symptoms was associated with significantly fewer problem 
behaviors; it was only those with the most severe ASD symptoms 
who experienced problem behavior that reached clinical levels. In 
contrast, ASD symptom severity and problem behavior were not 
related in individuals with moderate-to-severe sleep disturbance; 
rather, these individuals exhibited clinically significant problem 
behavior regardless of whether they had mild, moderate, or severe 
ASD symptoms. This suggests that individuals with moderate-to-
severe sleep disturbance in addition to an ASD, of any severity, 
are likely to experience problem behavior at levels high enough 
to warrant clinical attention. This is in contrast to those with 

milder sleep disturbance or no sleep disturbance who appear 
incrementally more likely to experience clinically significant 
problem behavior as ASD symptom severity increases.

These findings complement the broader literature in this area 
and, importantly, offer novel information regarding the complex 
interaction between ASD symptom severity and accompanying 
sleep disturbance. Many researchers have previously acknowledged 
that there is a relationship between ASD symptom severity and 
problem behavior (24, 35–38), and while our results mirror this 
argument in individuals with no significant sleep disturbance 
and milder sleep disturbance, we did not find evidence of this 
relationship for those with moderate-to-severe sleep disturbance. 
This revelation is novel and emphasizes that the relationship 
between ASD symptom severity and problem behavior may be 
more nuanced than previously described.

To extend our findings and gain further insight into whether 
specific types of sleep problems influence the relationship between 

TABLE 3 | Linear models summarizing the relationship between ASD symptom severity and problem behavior as moderated specific sleep disturbances.

Model b SE t p CI

1 Constant
ASD severity
Bedtime resistance
ASD severity × bedtime resistance
Note. F(3,36) = 12.60, p < .001, R2 = .51

66.94
.50
.24

−.01

1.10
.13
.06
.01

61.08
3.83
3.82
−.90

<.001
<.001
<.001

.37

[64.72, 69.16]
[.23, .76]
[.11, .37]

[−.02, .01]

2 Constant
ASD severity
Sleep onset delay
ASD severity × sleep onset delay
Note. F(3,36) = 7.89, p < .001, R2 = .36

67.06
.63

−.09
−.01

1.41
.13
.09
.01

47.58
4.73

−1.04
−.48

<.001
<.001

.31

.63

[64.20, 69.92]
[.36, .90]

[−.26, .09]
[−.03, .02]

3 Constant
ASD severity
Sleep duration
ASD severity × sleep duration
Note. F(3,36) = 9.32, p < .001, R2 = .42

68.00
.35
.22

−.01

1.22
.13
.08
.01

55.66
2.62
2.90

−2.26

<.001
.01

.006
.03

[65.52, 70.48]
[.08, .62]
[.07, .38]

[−.03, −.002]

4 Constant
ASD severity
Sleep anxiety
ASD severity × sleep anxiety
Note. F(3,36) = 8.54, p < .001, R2 = .45

66.84
.54
.18

−.01

1.19
.13
.06
.01

56.40
4.10
2.86

−1.50

<.001
<.001
.007
.14

[64.43, 69.24]
[.27, .81]
[.05, .30]

[−.02, .004]

5 Constant
ASD severity
Night waking
ASD severity × night waking
Note. F(3,36) = 11.44, p < .001, R2 = .54

66.81
.50
.23

−.002

1.13
.16
.05
.01

59.22
3.21
4.42
−.28

<.001
.003

<.001
.78

[64.52, 69.10]
[.18, .82]
[.12, .34]

[−.02, .01]

6 Constant
ASD severity
Parasomnias
ASD severity × parasomnias
Note. F(3,36) = 7.62, p < .001, R2 = .48

67.27
.45
.20

−.01

1.25
.14
.08
.01

53.86
3.08
2.38

−1.12

<.001
.004
.02
.27

[64.74, 69.81]
[.15, .74]
[.03, .37]

[−.03, .01]

7 Constant
ASD severity
Disordered breathing
ASD severity × disordered breathing
Note. F(3,36) = 9.32, p < .001, R2 = .42

67.88
.51
.24

−.02

1.22
.13
.09
.01

55.48
3.89
2.69

−3.16

<.001
<.001

.01
.003

[65.39, 70.36]
[.24, .77]
[.06, .41]

[−.04, −.01]

8 Constant
ASD severity
Daytime sleepiness
ASD severity × daytime sleepiness
Note. F(3,36) = 9.66, p < .001, R2 = .43

67.60
.45
.31

−.03

1.28
.13
.15
.01

52.61
3.59
2.12

−2.46

<.001
.001
.04
.02

[65.00, 70.21]
[.20, .71]
[.01, .60]

[−.05, −.005]
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ASD symptom severity and problem behavior, we conducted a 
series of follow-up moderation analyses, considering each sleep 
domain in turn: bedtime resistance, sleep onset delay, sleep 
duration, sleep anxiety, night waking, parasomnias, disordered 
breathing, and daytime sleepiness. Some sleep domains revealed 
a similar pattern of results to the overall sleep model, whereby 
the relationship between ASD symptom severity and problem 
behavior was only apparent for those with no sleep problems 
or milder sleep problems, whereas other domains revealed that 
the relationship between ASD symptom severity and problem 
behavior was similar across all levels of sleep disturbance (i.e., 
none, mild, and moderate to severe). More specifically, there 
was evidence that ASD symptom severity and degree of sleep 
disturbance in each of the following areas—bedtime resistance, 
sleep anxiety, night waking, and parasomnias—individually 
predicted level of problem behavior. The relationships were all 
positive and indicated that individuals with more severe ASD 
symptoms or a higher degree of sleep disturbance in these specific 
domains were likely to experience greater problem behaviors. 
There was no evidence of moderation in these domains, which 
suggests that having milder ASD may be of some benefit when 
sleep problems manifest as bedtime resistance, sleep anxiety, 
night waking, and parasomnias.

Sleep onset delay showed a similar pattern to domains 
described above; however, for this domain, only ASD symptom 
severity predicted problem behavior. The severity of sleep onset 
delay itself did not reach significance, nor was there any evidence 
of moderation. One consideration here is that delayed sleep 
can occur for a variety of reasons, which may affect the overall 
quantity and quality of sleep to different degrees. Sleep latency 
may be extended as a consequence of other problems such as 
bedtime resistance, sleep anxiety, or sleep associations (18), and 
when evaluating how problematic delayed sleep may be for an 
individual, it is important to consider not only the cause but also 
whether sleep is adequately maintained after onset and whether 
overall duration is sufficient.

The results from the remaining three sleep domains revealed 
sleep duration, disordered breathing, and daytime sleepiness 
as significant moderators of the relationship between ASD 
symptom severity and problem behavior. Unlike the total sleep 
score on the CSHQ, means and standard deviations are available 
for the individual domains, and thus conversion to T-scores was 
performed for ease of interpretation (see Measures section for 
further details). For sleep duration, disordered breathing, and 
daytime sleepiness, the relationships between ASD severity and 
problem behavior were positive and significant up to a T-score 
of 65, 64, and 62 on the sleep scales, respectively.1 When the 
degree of sleep disturbance in these domains exceeded these 
T-scores, the relationship between ASD severity and problem 
behavior was no longer significant. Notably, each of these values 
is above normative limits and approaching clinical significance. 
These findings suggest that when problems with sleep duration, 

1As previously indicated, generally, T-scores between 60 and 64 are considered 
higher than average and may indicate slightly more concerns than is typical; those 
between 65 and 69 are notably elevated and border clinical significance, while 
those above 70 warrant clinical concern.

disordered breathing, and daytime sleepiness reach more 
significant levels, ASD symptom severity appears less relevant. 
While there was also some evidence of significance at very high 
levels of disordered breathing (T-scores exceeding 117), further 
investigation is required to examine the nature of this relationship 
given that relatively few participants scored in this range in the 
current cohort.

As per the broader results, the domain analyses both 
complement and extend the existing literature in this area. In 
particular, the bedtime resistance, sleep anxiety, night waking, 
and parasomnias results align closely with studies that have 
presented ASD severity (24, 35–38) or accompanying sleep 
disturbance (23, 25, 27, 29, 33) as key factors influencing problem 
behavior. They also align closely with studies that have indicated 
a relationship between severity of sleep disturbance and degree 
of problem behavior [e.g., Refs. (28, 29)]. As for sleep duration, 
disordered breathing, and daytime sleepiness, the results do not 
necessarily contradict the existing literature, but they do clarify 
that the association typically observed between ASD symptom 
severity and problem behavior varies as a function of how severe 
an individual’s difficulties are with sleep duration, disordered 
breathing, or daytime sleepiness. They further clarify that 
high levels of these specific sleep problems are associated with 
clinically significant problem behavior even in individuals with 
milder ASD. Research into the types of sleep disturbance that 
may be most important to consider in the context of problem 
behavior is still being investigated. While some connection can be 
drawn between the domains that emerged in this study and those 
of existing studies [e.g., Refs. (15, 19, 34)], direct comparison 
and further progress are limited by the way in which researchers 
conceptualize and measure sleep disturbance. There appears to 
be little consensus among methods of determining severity and 
significant overlap in the breakdown of sleep domains captured 
both within and between different measures.

While the results and implications of this study are novel and 
clinically relevant, they do need to be interpreted with some 
degree of caution until they are able to be replicated. The study 
is limited by its relatively small sample size and large age span. 
Due to recruitment methods, and the nature of the broader study, 
the sample was exclusively male, which, on the one hand, may be 
considered a strength given the frequent differences in abilities and 
behaviors observed between males and females with ASD but, on 
the other hand, limits generalizability. This factor also limited how 
much information we were able obtain around medications and 
interventions that may have been prescribed to help manage sleep 
disturbance in the sample. The potential influence of these factors 
is important to consider and should be examined in future related 
research wherever feasible. It is also important to note that while 
ASD symptom severity and accompanying sleep disturbance are 
important factors that appear to explain a very significant portion 
of variance, they are not the only factors that have the potential 
to influence problem behavior. Another broad consideration to 
keep in mind with research of this nature is that the relationships 
between these variables are complex and unlikely to be 
unidirectional. While the rhetoric developed in this paper focused 
on the effect that ASD symptom severity and sleep disturbance 
may have on problem behavior, there is also literature to indicate 

282

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


Problem Behaviour and Accompanying Sleep DisturbanceLindor et al.

9 July 2019  |  Volume 10  |  Article 487Frontiers in Psychiatry  |  www.frontiersin.org

that sleep disturbance may elevate ASD symptom severity (23, 
39–41) and a possibility that problem behavior may exacerbate 
difficulties with sleep. Future research aimed at capturing the 
broad range of (dis)abilities across the spectrum will enable us to 
further our understanding of how core factors and comorbidities 
affect different individuals and may improve our ability to predict 
outcomes and long-term functioning. We suggest sleep as a key 
avenue to continue this endeavor, particularly given that problems 
are potentially treatable with behavioral sleep interventions, light 
therapy, and/or pharmacological options, and when identified 
for treatment can have reaching, positive consequences for an 
individual’s functioning [e.g., Ref. (48)].

In sum, key findings from this study indicated a positive 
relationship between ASD severity and problem behavior for 
individuals with no sleep disturbance or milder sleep disturbance, 
yet no significant relationship between ASD symptom severity 
and problem behavior for those with moderate-to-severe sleep 
disturbance. Clinically significant problem behavior was apparent 
across all individuals with moderate-to-severe sleep disturbance 
regardless of their ASD symptom severity, and this pattern was 
particularly apparent for sleep duration, disordered breathing, 
and daytime sleepiness. Overall, the findings highlight the 
variability among individuals with ASD and demonstrate that 
profiling individuals on the basis of their sleep habits may help 
to identify those who are most likely to experience clinically 
significant problem behavior. More broadly, the findings also 
seem to suggest that those with one clinically significant issue 
(i.e., sleep disturbance) may be more vulnerable to other clinically 
significant issues or comorbid conditions (e.g., psychopathologies 
such as anxiety and depression) and reinforce the need for careful 
assessment and early intervention.
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Children With Autism Spectrum 
Disorder and Severe Intellectual 
Disability as a Comorbidity
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Maria Thereza Costa Coelho De Souza 4, Ana Paula Stefani 3, Romuald Blanc 1,6, 
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Kelley Kaye 11, Yves Contejean 11, Jaqueline Wendland 1, Catherine Barthélémy 6, 
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of Tours, INSERM, Tours, France, 7 Psychology Office ESPAS-IDDEES, Bordeaux, France, 8 Language, Cognition and 
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Abdelhamid Ibn Badis, Mostaganem, Algeria, 10 Laboratory of Psychometric and Its Applications, University Abou Beker 
Belkaid, Tlemcen, Algeria, 11 Child Psychiatry Department of Sainte Anne Hospital, CREDAT, Paris, France

Introduction: Intellectual disability (ID) is frequently associated as a comorbidity in autism 
spectrum disorders (ASD). This study investigated a) how similar the heterogeneity in the 
cognitive and socio-emotional developmental profiles was for children with ASD and ID, 
b) the difference between the subjects’ profiles and those of typically developing children 
(TD) matched for developmental levels, c) the skills existing with the lowest and highest 
developmental levels, and d) the relationship between developmental profiles in ASD and 
the severity of autism, ID, and the overall developmental level.

Participants: The sample was comprised of 119 children (101 boys and 18 girls) who 
ranged in chronological age (CA) from 21 months to 14 years (M = 5 years 2 months; SD = 
2 years 6 months) with developmental levels lower than 24 months. They came from three 
countries (France = 40, Brazil = 40, and Algeria = 39). The control group was comprised 
of 40 TD children from these same countries who ranged in CA from 4 to 24 months 
(M = 1 year 3 months; SD = 5 months). The ASD diagnosis was carried out according 
to International Statistical Classification of Diseases and Related Health Problems-10th 
Edition (ICD-10), Diagnostic and Statistical Manual of Mental Disorders, 4th Edition, Text 
Revision (DSM-IV-TR), Diagnostic and Statistical Manual of Mental Disorders-5th ed 
(DSM-5) criteria and the Childhood Autism Rating Scale (CARS).

Measures: Children were tested using the Social Cognitive Evaluation Battery (SCEB; 
Adrien, 2007) by trained psychologists from public and private institutions specialized in 
the diagnosis of autism and interventions in this field. The SCEB explores 16 functional 
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INTRODUCTION

Autistic spectrum disorder (ASD) is characterized by disturbances 
in social interaction, communication and repetitive activity 
Diagnostic and Statistical Manual of Mental Disorders-5th ed. 
(DSM-5) (1). The continuum of autism is identified and diagnosed 
by assessing not only the nature of the disorder (including hyper- 
and hypo-sensory reactivity) but also its severity. Intellectual 
disability (IQ less than 70), previously referred to as “mental 
retardation” (2) and with a wide variability in profiles (3) affects 
more than half of the children with autism (4, 5) but Christensen 
et al. (6) showed that the percentage of children with an intellectual 
disability (ID) varied widely across 9 out of 11 geographic areas, 
ranging from 20 to 50%, and significantly more girls had ASD 
associated with ID (37%) than boys (30%). Using the criteria of 
DSM-5, Brown et al. (7) reported IQ prevalence and indicated 
that about 40% of the ASD population are likely to present ID. 
In the present study, differences and similarities in the cognitive 
and socio-emotional developmental profiles of children with ASD 
and comorbid ID as compared with those of typical children were 
examined across three countries (France, Brazil, and Algeria).

Clinical heterogeneity is a notable characteristic of ASD. 
Lombardo et al. (8) noted that this heterogeneity is present 
at several levels of analysis such as genetics, neural systems, 
cognition, behavior, and development, as well as in clinical 
features (e.g., response to treatment, outcome). From a 
developmental psychopathology approach, the heterogeneity 
in question encompasses different variations between and 
within individuals relative to their developmental, cognitive, 
and behavioral characteristics. Between individuals with 
ASD, developmental heterogeneity may be characterized by 
some different developmental trajectories (9) and outcomes 
relative to verbal and nonverbal abilities (10) and intellectual 
and socio-adaptive development (11). Within individuals, 
heterogeneity may be defined at a first level in terms of functional 
dysregulation in using mental representation, symbolic play, 
social communication, and sensory-motor abilities (12–21). 
Moreover, at a second level, heterogeneity is defined by some 

atypical differences in developmental stages between several 
abilities, explained by the changes in the timing and rates of 
infant and child development, corresponding to the unevenness 
or developmental heterochrony (22).

This type of heterogeneity was already attested in children 
with autism by a large number of studies centered on verbal 
and nonverbal communication, sensorimotor, and cognitive 
functions profiles, showing evidence of atypical patterns, 
discrepancies, and unusual correlates between developmental 
levels of various cognitive and socio-communicative skills 
(23–28). Moreover, in the intellectual domain, the profiles of 
children with autism are usually characterized by a discrepancy 
between nonverbal abilities and verbal abilities (NVIQ > VIQ). 
This discrepancy lessened with age in children with functional 
language and overall cognitive abilities in the mildly impaired 
range or above (29). Moreover, it was specifically associated with 
a high level of symptoms in the social domain (30) and correlated 
to the intensity of autistic symptomatology (31). Most of these 
works described this developmental heterogeneity in children 
with ASD whose developmental ages were above 2 years of age 
(29, 32, 33). However, only a few studies describe the cognitive 
and socio-emotional profiles of children with developmental 
levels under 2 years of age with a moderate or severe ID. Thiébaut 
et al. (34) showed evidence of heterogeneous developmental 
cognitive and socio-emotional profiles in these children with 
strong inter- and intraindividual variability and developmental 
delay contrary to what is observed in children with ID without 
ASD (35).

Cross-cultural studies in ASD are still recent and have focused 
on different ways of thinking and understanding autism as a 
disorder (36, 37) and on the diversity of symptoms, characteristics, 
or traits of ASD using screening tools (38–40) and on social 
skills interventions (41). The heterogeneity of the developmental 
profile of children with ASD across several countries in North 
and South America, North Africa, and Europe (42–44) was 
pointed out. While no significant differences in overall, cognitive 
and socio-emotional development levels between two groups of 
young (1 year and 6 months to 3 years of age) and older children 

abilities, in both cognitive and socio-emotional areas, and allows the calculation of domain 
and area developmental levels and heterogeneity indices for the global, cognitive, and 
socio-emotional areas.

Results: Children with ASD developmental profiles show very high heterogeneity as 
opposed to TD children. Regardless of the country of origin, there are similarities between 
the heterogeneous cognitive and socio-emotional developmental profiles of the children 
with ASD, whose profiles are characterized by lower developmental levels of language 
and vocal imitation skills, and a relationship between these developmental heterogeneities 
and the degree of severity of autistic symptomatology, intellectual disability, and overall 
development level. The implications of this study are presented for clinical assessment 
and intervention purposes in ASD and ID.

Keywords: autism spectrum disorder, intellectual disability, Comorbidity, heterogeneities, cognitive and 
socioemotional developmental profiles, The Social Cognitive Evaluation Battery
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(8–14 years of age) with ASD from the same countries were 
observed, the youngest group of children exhibited a greater 
socio-emotional heterogeneity (45). However, the samples of 
children in each of the seven countries were small and very 
different from one another. Therefore, in this study, using larger 
and similar-sized samples of children, we sought to examine 
whether the heterogeneity of the cognitive and socio-emotional 
developmental profile in children with ASD and comorbid ID 
from three countries was different from typical children, had the 
same intensity, was independent of the country of origin, and 
correlated to the severity of autistic symptomatology and of ID 
and the overall developmental level.

METHOD

Participants
The total sample of participants with ASD included 119 children 
(101 boys and 18 girls; gender ratio = 5.61:1; mean age = 5 years 
3 months, from 1 year 9 months to 14 years of age; SD = 2 years 
6 months) from three countries, Brazil, Algeria, and France. 
Clinical data were collected for 40 Brazilian children with ASD at 
the CARI Psychology and Education Clinic and at the Centro Pró-
Autista, both in the city of São Paulo, where children received a 
diagnostic assessment and a neuropsychological and developmental 
program (46). There were also 39 Algerian children who were 
referred by several private and public institutions providing 
behavioral, integrative, and psycho-educational interventions 
to children with autism. Clinical data for an equivalent sample 
of 40 French children with ASD were taken from databases of 
different clinical services and used in some previous studies 
(34, 42, 47). The French children with ASD were treated in the 
Child and Adolescent Psychiatry Department of the University 
Hospital Center Bretonneau in Tours, in the Psychology Offices 
ESPAS-IDDEES, and in the Child Psychiatry Department of 
Sainte Anne Hospital in Paris. As a control group, data from 40 
children with typical development (TD) was gathered (Algeria 
N = 13, Brazil N = 13, and France N = 14) randomly from the same 
database. The subjects were recruited from public nurseries and 
in the professional or social environment of psychologists. All 
the children were assessed in the country where they lived and in 
their native language. In an analysis of variance, with four groups 
of 40 participants, the probability of detecting an average effect 
(48) at the α threshold of 0.05 is 0.98. For a correlational study, 
with 40 participants per group, the probability of detecting an 
average effect (r = 0.3) at the α threshold of 0.05 is 0.90. Groups 
of 40 participants would then seem sufficient to detect an average 
effect with reasonable success.

To obtain background information about each participant, 
information on age, gender, and diagnostic status (where, when, 
and by whom a diagnosis had been made) was used. The diagnosis 
for children younger than 3 years (N = 20) was confirmed some 
months or years later. All children included in our clinical sample 
were diagnosed with autism disorder according to the criteria of 
International Statistical Classification of Diseases and Related 
Health Problems-10th Edition (ICD-10) (49) and Diagnostic 
and Statistical Manual of Mental Disorders, 4th Edition, Text 

Revision (DSM-IV) and confirmed as ASD subjects based on 
DSM-5 criteria (1) and assessed with the Childhood Autism 
Rating Scale (CARS) (51). Intellectual disability (ID) diagnosis 
was established from developmental assessments with the Socio-
emotional and Cognitive Evaluation Battery (SCEB) (47) for all 
the children, thus avoiding possible variations in the data due to 
the use of several different tests. Developmental Quotient (DQ) 
was calculated based upon the existence of very high correlations 
between the overall scores (not corrected for unreliability) of the 
SCEB and the psychomotor development ages calculated with 
the Psychomotor Development Scale of Brunet–Lézine Revised 
(52), a French adaptation of Gesell developmental scales (53), 
which included assessments on postural, verbal, nonverbal, and 
sociability domains.

The diagnoses of ASD and ID as a comorbidity were performed 
by child psychiatrists and psychologists experienced in ASD and 
other neurodevelopmental disorders. Demographic information 
of participants is shown in Table 1.

Some differences (two-sided p value) appeared between ASD 
groups for chronological age [F(2, 115) = 6.44, p = 0.002]. The 
Brazilian group was slightly younger (from 4 to approximately 6 
years of age) than the other two groups (from 5 to 14 years of age).

Although the children were recruited from a variety of settings, 
the developmental evaluation of each child was organized at the 
start for a diagnostic decision or for monitoring his/her evolution 
during overall and intensive psycho-educational care. Psychological 
evaluations were recorded in a written report. The study was 
carried out in accordance with official laws1 and standards of 
ethics, biomedical, and clinical research in France. In Algeria, it 
was done with the University Charter of Ethics and Deontology 
of the Algerian Ministry for Higher Education and Research2, and 
in Brazil, the study was approved by the National Commission for 
Research Ethics (CONEP) under the aegis of the Brazilian Ministry 
of Health3. All data were anonymized. Written and informed 
consent was obtained from the legal guardians who were assured of 
the noninvasive nature of the research and the confidentiality of the 
data. Furthermore, the systematic use of video recordings during 
evaluations was subject to written consent from the families.

Material
The Childhood Autism Rating Scale (CARS) (51) was rated by 
trained psychologists experienced in ASD who carried out the 
developmental assessments of the children participating in the 
study. Rating was carried out at the end of the examination.

All assessments of the development of children in the study 
were performed using the Socio-emotional Cognitive Evaluation 
Battery (SCEB) (47), an instrument specifically created for the 
examination of preschool and school-aged children with autism 
and intellectual disability and recommended by the French High 

1	Order no 2017-884 of 9 May 2017 modifying some regulatory dispositions 
relative to research implying human people. Official Journal of French Republic, 
10 May 2017, Text 84 on 396.
2	Universitary Ethic and Deontological Chart. Superior Teaching and Research 
Ministry, 2010. Algeria.
3	Process No. 306.264, National Commission for Research Ethics (CONEP). 
Brazilian Ministry of Health, 2015, Brazil.
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Health Authority (54, 55). This battery can be used to examine 
children who have a developmental level between 4 and 24 months 
and to assess both the cognitive area, including seven domains 
such as self-image, symbolic play, object-relation schemata, 
operational causality, means–ends relations, spatial relations and 
object permanence, and the socio-emotional area, including nine 
domains such as behavior regulation, social interaction, joint 
attention, expressive language, receptive language, vocal imitation, 
gesture imitation, affective relations, and emotional expression. 
Based on the Piaget and Fisher models of child development (56, 
57), this assessment tool determines the developmental level in 
each of 16 domains, according to a hierarchical list of items for 
each developmental level: level 1 (4–8 months), level 2 (8–12 
months), level 3 (12–18 months), and level 4 (18–24 months). 

Each item was rated, either as grade 2 (= complete success), 
grade 1 (= emergence or relative success with a bit of help and a 
demonstration), or grade 0 (= failure in spite of some help and a 
demonstration). The developmental level reached by the child in 
a domain corresponds to a level in which at least one of the items 
among the higher level was graded 1. A developmental level score 
from 1 to 4 was determined for each of the 16 domains, and this 
provides a developmental profile for each child (Figure 1).

The overall average levels, as well as both cognitive and 
socio-emotional development and indices of heterogeneity of 
profile for overall, cognitive and socio-emotional domains, were 
calculated. These indices corresponded to the mean difference (in 
absolute values) between all the level scores (1–4) of each domain 
multiplied by 10. They ranged from 0 (no heterogeneity) to 16 

TABLE 1 | Chronological age (year-yr and month-mth) in autism spectrum disorder (ASD) groups (N = 119) and typical development group (N = 40).

Chronological age (years and months)

Country Mean SD Min. Max.

Algeria (N = 39) 6 yr, 3 mth 2 yr, 3 mth 2 yr, 2 mth 12 yr, 4 mth
Brazil (N = 40) 4 yr, 4 mth. 1 yr, 2 mth 2 yr, 9 th. 6 yr, 7 mth
France (N = 40) 5 yr, 3 mth 3 yr, 3 mth 1 yr, 9 mth 14 yr, 0 mth
Total (N = 119: 101 male, 18 female) 5 yr, 3 mth 2 yr, 6 mth 1 yr, 9 mth 14 yr, 0 mth
Typical development (N = 40) 1 yr, 3 mth 5 mth 4 mth 2 yr., 0 mth

FIGURE 1 | Example of a cognitive and socio-emotional developmental profile of a child with autism spectrum disorder (ASD) obtained from the Social Cognitive 
Evaluation Battery (SCEB). Legend: The four developmental levels (from 1 to 4) are represented by four concentric circles. Each domain of development is 
represented by a radius of the circles. Socio-emotional domains: Behavior Regulation (BR, level 2), Social Interaction (SI, level 2), Joint Attention (JA, level 1), 
Expressive Language (EL, level 1), Receptive Language (RL, level 2), Vocal Imitation (VI, level 1), Gestural Imitation (GI, level 2), Affective Relation (AR, level 2), and 
Emotional Expression (EE, level 2). Cognitive domains: Self-Image (SI, level 2), Symbolic Play (SP, level 3), Object relation schemata (Sch, level 2), Operational 
Causality (OC, level 3), Means–Ends (ME, level 2), Spatial Relations (SR, level 3), and Object Permanence (OP, level 2).
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(maximum heterogeneity). An example of index calculation is 
presented in Table 2.

The transformation of the development level score into a 
developmental quotient (DQ) is based here on two empirical 
findings, namely, the existence of very high correlations on the 
one hand between the scores (not corrected for unreliability) 
of the SCEB and those of Brunet–Lézine Revised (52) for both 
a sample of children with a diagnosis of ASD [r(91) = 0.87, p 
< 0.001] and an international sample of young typical children 
[r(71) = 0.90, p < 0.001], and on the other hand, between SCEB 
scores and the chronological age observed for a sample of young 
typical French children [r(104) = 0.94, p < 0.001] and of young 
typical Brazilian children [r(20) = 0.70, p < 0.0001] (unpublished 
data). As no Algerian children of this study were tested with the 
Brunet–Lézine Scale and no typical young Algerian children were 
tested with the SCEB, correlations between these variables could 
not be calculated. However, as the correlations’ coefficients for 
children with ASD and for international samples of young typical 
children were high, it was assumed that these relationships might 
be applied to this group of children.

These observations rely on different processes to determine 
a developmental quotient from a SCEB overall developmental 
score: 1) according to the parameters (slope and intercept) of the 
regression equation between the sum of 16 SCEB developmental 

scores and the Brunet–Lézine Developmental Age (the equation 
is the following: developmental age, DA (in month) = 0.414  × 
the sum of the scores on SCEB scales + 2.21) (47) or 2) by 
simply rescaling the SCEB scores (level 0–4) on a scale from 0 
to 24 months (ratio, 6). The DAs, as defined with the equation 
or rescaling, are perfectly correlated. This DA is divided by the 
chronological age (CA) in months. The product of this ratio is 
then multiplied by 100 to obtain a developmental quotient [DQ = 
(DA/CA) × 100]. It is this last possibility that is being applied 
in the current study. Thus, Development Quotients are: overall 
scores SCEB (0–4) rescaling on 0–24 (months) (DA) divided by 
chronological age (CA) and multiplied by 100 (Table 3).

All scores of the SCEB presented appropriate reliability and 
validity according to the usual psychometric criteria (34, 47).

The mean sample score of ASD groups on overall level of 
development was 2.83 corresponding to the 12–18 months 
development stage. On Developmental Quotients, it was 32, 
corresponding to severe ID, and on the CARS scale, it was 39.00, 
which falls within the “severely autistic” degree (Table 3).

There were no significant differences between the TD and the 
ASD groups for number of subjects per gender [χ²(1, N = 159) = 
3.07, p = 0.079], country [χ²(2, N = 159) = 0.03, p = 0.985], and 
the overall development level score on SCEB [F(1, 157) = 0.94, 
p = 0.334].

TABLE 2 | An example of the calculation of Heterogeneity Index: for the Cognitive Heterogeneity Index (CHI).

Domains Cognitive OP SR ME OC Sch SP SI Sum of 
differences (Σ)

In absolute 
value

Cognitive Levels 2 3 2 3 2 3 2
OP 2 1 0 1 0 1 0 3
SR 3 1 0 1 0 1 3
ME 2 1 0 1 0 2
OC 3 1 0 1 2
Sch 2 1 0 1
SP 3 1 1
SI 2

Total 12
Mean = Σ ÷ 21 12 ÷ 21 = 0.57
CHI = MOY × 10 0.57 × 10 = 5.7

Cognitive, cognitive domains; OP, object permanence; SR, spatial relations; ME, means–ends; OC, operational causality; Sch, object relation schemata; SP, symbolic play; 
SI, self-image.

TABLE 3 | Mean overall level of development (SCEB) and development quotients and CARS scores of children with ASD by country and of children with typical 
development (TD).

Country Overall level of development Development quotients CARS scores

Mean SD Mean SD Mean SD Min Max

Algeria N = 39 2.73 0.91 24.58 7.22 42.56 7,22 30 57
Brazil N = 40 3.11 0.75 38.52 6.08 37.89 6,08 30 56
France N = 40 2.66 0.46 34.24 3.33 36.95 3,33 30 42.5
Total (ASD) N = 119
(101 male; 18 female)

2.83 0.75 32.51 6.22 39.11 6.22 30 57

TD N = 40 2.97 0.88 119.97 14.93 – – – –
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Some differences (two-sided p value) were noticeable between 
ASD groups: the CARS score [F(2, 115) = 10.3, p < 0.001], the 
developmental quotient [F(2, 115) = 8.9, p < 0.001], and the 
overall level of development (SCEB) [F(2, 115) = 4.15, p = 0.02]. 
There was no significant sex difference for age [F(1, 117) = 1.38, p = 
0.243], CARS scores [F(1, 117) = 0.31, p = 0.578], overall levels 
of development [F(1, 117) = 1.05, p = 0.308], or developmental 
quotients [F(1, 117) = 0.85, p = 0.359].

Procedure
Each participant was accompanied by his/her parents to the 
medical or psychological clinical service in order to perform 
the examination. The child was examined in a single 30–45-min 
session in a suitable room by a psychologist experienced with 
children presenting ASD and ID and familiar with the SCEB 
material. The SCEB was administered in the same naturalistic 
manner to all participants, and assessment protocols were 
respected at all times. As such, different children had comparable 
experiences during testing. There was no strict order for the 
presentation of the material, and the examiner chose toys 
and objects according to child’s interest. With patience and 
determination, he/she captured the child’s attention by showing 
the material (one activity at a time) and by inviting the child 
to use it. The psychologist interacted with the child by inviting 
him/her to make verbal and nonverbal contact with him/her 
and to manipulate the test material. He/she observed the child’s 
behaviors, including response and initiating interactions, objects 
and toy manipulation, vocalizations, words and sentences 
of two or more words, facial expressions, imitation, and joint 
attention behaviors. Since each child’s assessment session was 
videotaped, the examiner was able to review the recordings in 
order to rate the items corresponding to the observed behaviors. 
Complementary information was obtained from the family or 
educators after the examination, in particular for the Emotional 
Expression and Affective Relations domains. In fact, these 
domains included behaviors mainly expressed in the presence 
of parents or teachers, such as “He/she can recognize and 
differentiate between his/her parents” or “He/she delights in 
provoking the favorite person.”

The study protocol resulted in the establishment of research 
agreements with universities and specialized clinical services 
for the assessment and/or psycho-educational support of 
children with autism. The retrospective data collection from 
experienced psychologists, already specifically trained to use 
the SCEB instrument, was carried out in France. Concerning 
the recruitment and assessment of other children in the 
clinical population (in Brazil and Algeria), research university 
collaborations were developed in the use of the SCEB in 
clinical services in each country. Before we started the study 
in Algeria and Brazil, and to control for the cross-cultural 
contexts, we ensured that the SCEB was easily usable for all 
children regardless of their culture. As a first step, psychologists 
from each of these countries assessed a few children with ASD 
and then were able to confirm that the SCEB could be easily 
and correctly used without adaptation. On the one hand, the 
material is very common and familiar to children (toys such 

as cars, dolls and blocks…), and on the other hand, the vocal, 
verbal (e.g., “give me the car,” “look at pictures,” “show me the 
ball”), and nonverbal instructions (e.g., “point to a picture or 
an object,” “imitate a gesture of clapping,” “look at the mirror,” 
“hide an object under a box”) are simple and very accessible 
to and understood by children across these cultures. Moreover, 
psychologists were specifically trained (individual and group 
seminars directed by the first and last authors) on the use of the 
SCEB and continuously supervised throughout the duration 
of the research (ratings of SCEB sessions from videotapes). 
Double ratings of five Brazilian and five Algerian SCEB 
protocols were made by the first author to obtain a complete 
interagreement for each (99%). Each of these five protocols 
was initially rated respectively by the Brazilian and Algerian 
psychologists who had examined the child using the SCEB 
in his/her native country’s clinical service. The second rater 
(first author) then watched the videotapes and rated the child’s 
behaviors independently in the Laboratory of Psychopathology 
and Health Processes (Paris). During these double ratings, 
the Brazilian or the Algerian psychologist was present during 
viewings with instructions to help only for the understanding 
of verbal words and sentences the child pronounced. The two 
domains of Emotional Expression and Affective Relations could 
not be double-rated because their items were mainly rated 
through information from parents or teachers. However, the 
information was discussed by both psychologists and approved 
by the second rater who could then validates the rating of items 
and the scoring of developmental levels.

Analysis
Developmental levels on the 16 SCEB scales correspond to 
developmental age periods: level 1 (4–8 months), level 2 (8–12 
months), level 3 (12–18 months), and level 4 (18–24 months). 
Nevertheless, for the present samples, the distributions of the 
SCEB scores are not random samples of a Gaussian distribution. 
This is not the case with the overall level of development. The 
heterogeneity index, CARS score, overall level of development, 
Developmental Quotient, and age are continuous variables, and 
the Kolmogorov–Smirnov test shows no significant difference 
with normal distribution. No outliers were observed that were 
more than 3.5 standard deviations away for each group. When 
the variables could not be considered as normally distributed 
continuous variables, nonparametric tests were used such as the 
Spearman rank correlation, the Wilcoxon signed-rank test that is 
a nonparametric test equivalent to the dependent t-test, and also 
the Friedman rank sum test (58). The latter is a nonparametric 
alternative to the one-way ANOVA with repeated measures. It 
is used to test for differences between repeated measures when 
the dependent variable being measured is ordinal. It can also be 
used for continuous data that has gone against the assumptions 
necessary to run the one-way ANOVA with repeated measures. 
Pairwise comparisons were made with probability adjustment 
for the number of tests according to the Bonferroni method. 
Data analyses were performed with R Development Core 
Team Software (59). The comparison of heterogeneity levels of 
development profiles between ASD and TD groups uses global, 
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cognitive, and socio-emotional heterogeneity indices and is also 
based on a more basic level of information. The most detailed 
information is obtained, group by group, with the identification 
and counting of all significant differences that appear for 120 
possible comparisons [(16 × 15)/2] between the scores on the 16 
SCEB scales (within-subjects factor). The number of significant 
differences (according to an alpha threshold of .05) is then 
compared between ASD and TD groups. The identification of the 
functions that collect the lowest and the highest scores makes it 
possible to search for regularities according to country.

Analysis steps

1.	 We first tested the hypothesis of differences between ASD and 
TD groups on the variability on SCEB scores (within-subjects 
factor). We assume that the number of significant differences 
between the scores on the 16 scales will be greater for the ASD 
groups than for the TD group.

2.	 We checked for regularity between three ASD groups 
regarding development scales that show the lowest and highest 
levels. We postulate that some differences will be noticeable in 
a few cognitive and socio-emotional domains.

3.	 We tested the null difference hypothesis between groups from 
different countries in mean indices of heterogeneity profiles, 
but significant differences are expected between the ASD and 
TD groups.

In order to test this assumption, a hypothesis of no difference 
in indices of heterogeneity profiles by country was tested using 
analysis of variance. There was an overall index of heterogeneity 
for everyone. The difference between heterogeneity indices 
on the “cognitive” and “socio-emotional” scales was also 
computed; a positive value of this difference for a given subject 
indicates greater heterogeneity in cognitive aspects than in 
socio-emotional aspects. The range of the socio-emotional 
and cognitive heterogeneity scales was the same. A difference 
between socio-emotional and cognitive heterogeneity is relevant, 
and intergroup analysis with a single dependent variable (score 
difference) was performed because it is simpler and more 
powerful (the difference score reduces intragroup variability) 
than an interaction analysis with two dependent variables (within 
variable) and an intermediate variable.

4.	 We tested the hypothesis of no differences between groups 
in difference of cognitive and socio-emotional heterogeneity 
indices. We expected no significant difference between all the 
groups.

5.	 We checked if there was a relationship among heterogeneity, 
chronological age, degree of severity of autism (CARS), 
degree of severity of ID (Development Quotient), and 
overall level of development. We assumed significant 
correlations for ASD groups but no significant relationship 
between heterogeneity, chronological age, and overall 
level of development for the TD group. It was expected 
that correlation coefficients would be similar according to 
nationality for the ASD groups.

6.	 We tested the hypothesis of a relationship between 
heterogeneity indices, each domain’s developmental levels, 
and the severity of autistic symptomatology.

RESULTS

Testing the Hypothesis of Differences 
Between the ASD and the TD Groups 
Corresponding to Differences on the 
SCEB Scores (Within-Subjects Factor)
A comparison of differences on the 16 domains SCEB scores was 
conducted independently for the four groups. Then, the number 
of cases in which a difference was observed was compared 
between the groups. Median developmental level scores in 
domains on the SCEB for four groups are presented in Figure 2.

The results show significant differences between scores on the 
16 SCEB domains for each group, with lower effect for the typical 
group [typical: Friedman χ²(15, N = 40) = 90.41, p < 0.001; 
Algeria: Friedman χ²(15, N = 39) = 162.01, p < 0.001; France: 
Friedman χ²(15, N = 40) = 244.27, p < 0.001; Brazil: Friedman 
χ²(15, N = 40) = 150.83, p < 0.001].

The results of the pairwise comparisons (n = 120) using the 
Wilcoxon signed-rank test with a probability adjustment (for 
the number of tests) according to the Bonferroni method are 
used to compare the number of significant differences [alpha 
(two-sided): 0.05] between the SCEB scores between the groups. 
The number of cases in which a difference was observed was 
compared between the groups using the χ² test (Table 4).

The χ² in the table shows significant variations [χ² (3, N = 480) = 
40.96, p < 0.001]. The main contributions to χ² appear with the 
typical group, as expected, with a lower number of significant 
differences, while the French group showed the highest number 
of significant differences. The heterogeneity of profiles is therefore 
much more significant for all of the ASD groups than for the TD 
group of children.

Testing the Hypothesis of No Differences 
Between Developmental Levels in All 16 
Domains
The results of the pairwise comparisons (two-tailed probability 
of a Z value of Wilcoxon signed-rank test adjusted with the 
Bonferroni method) showed some regularity in the three 
ASD groups. The lowest average developmental levels were 
systematically observed in the Expressive Language and Vocal 
Imitation domains. Thus, they differed more significantly (α < 
0.05) than other SCEB domains.

—	 In the Algerian group, Expressive Language differed 
significantly from all the other domains except for 
Vocal Imitation, Gestural Imitation, and Receptive 
Language; Vocal Imitation did not differ from the 
Expressive Language and Gestural Imitation domains.

—	 In the French group, Expressive Language differed 
significantly from 7 of the other domains, and Vocal 
Imitation differed from 9 of the 15 other domains.

—	 In the Brazilian group, Expressive Language differed 
significantly from 6 of the other domains, and Vocal 
Imitation differed from 5 of the 15 other domains.

The domains that showed the highest developmental levels varied 
according to the groups, but they always involved the cognitive area, 
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with Means–Ends in the Algerian group (differing significantly 
from 6 of the other domains), Operational Causality and Spatial 
Relations in the French group (differing respectively from 11 of the 
other domains), and Spatial Relations also in the Brazilian group 
which differed significantly from 11 of the other domains.

Testing the Hypothesis of No Differences 
Between Groups in Mean Indices of 
Heterogeneity Profiles
ANOVA results on the overall scores of heterogeneity indices 
of the four groups (Table 5) showed that there were significant 
differences F(3, 155) = 17.9, < 0.001). Pairwise comparisons 
using t tests with a p value adjusted with the Bonferroni method 

FIGURE 2 | Profiles of median developmental level scores (from 1 to 4) in all the 16 cognitive and socio-emotional domains on SCEB, for the three groups and for 
French children with ASD as well as the typical development groups from Algeria and Brazil. Legend: Socio-emotional domains: BR, Behavior Regulation, SI, Social 
Interaction, JA, Joint Attention, EL, Expressive Language; RL, Receptive Language; VI, Vocal Imitation; GI, Gestural Imitation; AR, Affective Relation; EE, Emotional 
Expression. Cognitive domains: SI, Self-Image; SP, Symbolic Play; Sch, Object relation schemata; OC, Operational Causality; ME, Means–Ends; SR, Spatial 
Relations; OP, Object Permanence.

TABLE 4 | Size of significant (α = .05) and insignificant differences on 16 SCEB 
scores by group.

Group n.s. Significant differences

Algeria 82 38
χ² components 0.23 0.60
Brazil 83 37
χ² components 0.14 0.37
France 69 51
χ² components 3.54 9.14
Typical 112 8
χ² components 7.52 19.41

n.s,  non-significant.

TABLE 5 | Overall, cognitive, and socio-emotional heterogeneity indices of the three ASD groups and the TD group.

Groups Overall heterogeneity Cognitive heterogeneity Socio-emotional heterogeneity

Mean SD Mean SD Mean SD

Algeria (n = 39) 10.95 5.59 7.25 5.71 10.65 5.73
Brazil (n = 40) 9.49 2.45 8.07 2.77 9.07 3.63
France (n = 40) 8.25 4.89 7.97 4.37 8.42 6.64
Total ASD group (n = 119) 9.55 4.60 7.77 4.41 9.37 5.51
TD group (n = 40) 4.47 2.74 4.64 2.81 3.76 3.59
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showed differences between each ASD group and the TD group 
[Algeria: t(77) = 6.57, p < 0.001; Brazil: t(78) = 4.26, p < 0.001; 
France: t(78) = 8.63, p < 0.001]. However, the results also showed 
a significant difference between the Algerian and the Brazilian 
ASD groups [t(77) = 2.29, p = 0.025].

Testing the Hypothesis of No Differences 
Between Groups Regarding the Difference 
of Cognitive and Socio-Emotional 
Heterogeneity Indices
The analysis of variance showed a significant difference between 
the groups [F(3, 155) = 4.74, p = 0.003]. Pairwise comparisons 
using t tests with p value adjusted with the Bonferroni method 
showed a difference only between the Algerian ASD group and 
the TD group [t (77) = −3.68, p = 0.002].

Testing the Relationship Between 
Heterogeneity, Chronological Age, Degree 
of Severity of Autism, Degree of Severity of 
Intellectual Disability, and Overall Level of 
Development
To estimate the homogeneity of correlations between heterogeneity 
and chronological age, degree of severity of autism, degree of 
severity of ID, and overall level of development across groups, 
we considered the existence of overlaps between the confidence 
intervals (Table 6). The analysis did not indicate significant 
differences in correlations except between the French ASD and 
TD groups for the overall developmental level and between both 
the Algerian and Brazilian ASD and TD groups for the DQ.

Moreover, we noted that heterogeneity indices were not related 
to chronological age. However, there is evidence of significant 
relationships between developmental profile heterogeneity indices 
and both the severity of autistic symptomatology, assessed with 
CARS, and overall developmental level assessed with the SCEB 
(negative relationship), except for the TD group. There is also a 

negative and significant correlation between the degree of severity 
of ID (DQ) and the heterogeneity, for the Brazilian group, and a 
positive and significant correlation for the TD group.

Testing the Relationship Between 
Heterogeneity Indices and Developmental 
Levels of Each Domain and the Severity of 
Autistic Symptomatology
In Table 7, we can note Spearman’s rank correlations show 
that overall heterogeneity links are the closest to verbal skills: 
Vocal Imitation, Receptive Language, and Expressive Language 
in ASD children. We also observe moderate links between 
heterogeneity and these same skills in DT children: Expressive 
Language and Vocal Imitation, and the cognitive domain: 
Operational Causality.

We also note that the closest links between CARS scores 
and SCEB domains occur in verbal skills, Expressive Language, 
Receptive Language, and Vocal Imitation, but they do not occur 
at all in Spatial Relations and Means–Ends.

DISCUSSION

The present study investigated whether the cognitive and socio-
emotional developmental profile of children presenting ASD 
with comorbid ID is different from that of a group of young 
typical children. Moreover, we sought to identify the skills that 
had the lowest and the highest developmental levels and to 
explore whether the heterogeneity of the profiles in children with 
ASD is a common characteristic (intraheterogeneity), regardless 
of the country of origin (interheterogeneity), but is correlated to 
the severity of autistic symptomatology and intellectual disability 
and to the overall development level.

Results showed that children with ASD and ID developmental 
profiles were heterogeneous as opposed to typical children in all 
the developmental heterogeneity indices. Overall, cognitive, and 

TABLE 6 | Correlations between heterogeneity, chronological age, degree of severity of autism, degree of severity of intellectual disability, and overall level of 
development by groups.

Country Criteria Heterogeneity Adjusted two-sided p values 
(Holm’s method)

C.I. [0.95] of Pearson r

Pearson r Lower Upper

Algeria Age −0.38 0.064 −0.62 −0.08
Brazil 0.05 1.000 −0.27 0.36
France −0.16 1.000 −0.45 0.16
Typical −0.34 0.103 −0.59 −0.03
Algeria CARS 0.48 0.014 0.19 0.69
Brazil 0.66  <0.0001 0.44 0.80
France 0.46 0.027 0.17 0.67
Algeria Overall level of development −0.80  <0.0001 −0.89 −0.65
Brazil −0.88  <0.0001 −0.93 −0.78
France −0.44 0.036 −0.66 −0.15
Typical −0.20 0.212 −0.48 0.12
Algeria DQ −0.26 0.228 −0.53 0.06
Brazil −0.63  <0.0001 −0.79 –0.40
France 0.02 1.000 −0.29 0.33
Typical 0.44 0.020 0.14 0.66
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socio-emotional were significantly higher than in the typical group 
of children. These findings confirm Bernard’s results (42) on a larger 
group of 119 typical children from seven countries on three continents 
(America, Europe, and Africa). In fact, the low heterogeneity mean 
indices and the limited differences between developmental levels 
of all the cognitive and socio-emotional domains confirm that 
children with typical development have a cognitive (60–62) and 
social-communicative (63, 64) homogeneous developmental profile. 
In children with ASD, atypical developmental patterns were mainly 
explained by relative weaknesses and developmental delays in some 
abilities such as joint attention, expressive and receptive language, 
and symbolic play (23, 25–27, 28, 65).

Moreover, we found a similar cognitive and socio-emotional 
development intraheterogeneity in children with ASD and ID 
from samples in three different countries but only a few moderate 
differences between them that affected mean heterogeneity indices 
profiles between the Algerian and Brazilian ASD groups. This 
heterogeneity was also evidenced by several differences between 
SCEB developmental level scores in ASD that turned out to be 
even more numerous in the French group and not only in cognitive 
areas but also in socio-emotional areas. Significant differences 
were found for Expressive Language (EL) and Vocal Imitation 
(VI) median developmental levels, which were the lowest. The EL 
and VI median developmental level scores (from 1 to 2.5 = 8–12 
months of age) correspond to the prelinguistic phase when the 
infant can only imitate his/her own vocal productions and express 
monosyllabic (“ba”) and bisyllabic (“tata”) sounds and a few new 
sounds and when he/she begins to pronounce one or two words 
(“dad,” “mum”). Language and vocal imitation deficits may be 
related to motor difficulties (66), to early oro-motor anticipation 
deficits (67), and to very early atypical vocal productions (68, 
69). They may impact social communication (21) and can be 
explained by early hypoactivity in language-sensitive superior 
temporal cortices implying different outcomes for language, 
which is poorer in preschool children with ASD (70). Moreover, 

cognitive domains demanding mainly nonverbal actions, such 
as using means to reach a goal or establishing causal and spatial 
relationships between objects, showed better developmental 
levels compared to expressive language and vocal imitation 
domains. Thus, these domain-specific developmental strengths 
and weaknesses might reflect the developmental heterogeneity 
corresponding to the nonverbal and verbal discrepancy noted in 
the most intellectually disabled children with ASD presenting the 
lowest verbal development levels (31).

In addition, there is evidence of some deficits and delays in 
verbal expression, which are also known to be present in toddler 
siblings of children with ASD (71). They are predictors of ASD 
and later-diagnosed ASD in infants at high risk, even though 
the social communication developmental pathways are variable 
during the 6–36-month period (72). These linguistic deficits 
that were common in children with other neurodevelopmental 
disorders without social communication deficits, such as specific 
language impairment (73) and intellectual disability with genetic 
syndromes (74, 75), might be related to common cerebral 
developmental deficits or dysfunctions (70, 76, 77).

Unexpectedly, a positive correlation between heterogeneity and 
DQ was observed in the typical group of young children. The typical 
children’s mean DQ was superior to the normative benchmark of 
100. This may be due to sampling bias given that the recruitment of 
typical children was done from among psychologists’ acquaintances. 
Thus, for children with the most advanced development in our 
sample, there is a developmental heterochrony.

This absence of statistical differences between cognitive and 
socio-emotional heterogeneity indices in any of these three ASD 
groups shows a pattern across the three countries, although in 
the Algerian group, the difference between these indices appears 
significantly higher than in the typical group, showing a higher 
developmental intraheterogeneity. This could be explained by 
a high socio-emotional heterogeneity in this group of children, 
being reflected by lower developmental levels in both Expressive 

TABLE 7 | Spearman’s rank correlations between heterogeneity and overall level of development in the 16 SCEB domains for the ASD and the TD group and CARS 
scores for the ASD group.

Heterogeneity (global) CARS scores

ASD TD ASD

Behavior Regulation −0.34*** −0.18 −0.21*

Social Interaction −0.65*** −0.22 −0.40***

Joint Attention −0.58*** −0.16 −0.31***

Expressive Language −0.79*** −0.48** −0.50***

Receptive Language −0.80*** −0.23 −0.52***

Vocal Imitation −0.85*** −0.54*** −0.43***

Gestural Imitation −0.75*** −0.21 −0.44***

Affective Relation −0.25** −0.11 −0.23*

Emotional Expression −0.49*** −0.05 −0.22*

Self-Image −0.34*** −0.18 −0.25**

Symbolic Play −0.48*** −0.21 −0.22*

Object Relation Schemata −0.51*** −0.22 −0.40***

Operational Causality −0.34*** −0.32* −0.34***

Means–Ends −0.32*** −0.21 −0.08
Spatial Relations −0.17 −0.10 −0.12
Object Permanence −0.28** −0.23 −0.28**

Two-sided p values: *p < 0.05, **p < 0.01, ***p < 0.001.
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Language (=1) and Vocal Imitation (=1) domains. In a transcultural 
cross-sectional study (39), two samples of autistic children were 
compared in two large Arab countries: Egypt (N = 20) and Saudi 
Arabia (N = 28). With regard to the behaviors and development of 
both groups assessed with Gilliam subscales (78), although there 
were significant differences in the stereotypical and developmental 
characteristics (Saudi children showing significantly more 
stereotypical and lower developmental abilities than Egyptian 
children), there was no significant difference between both groups 
regarding level of intelligence. Moreover, the Saudi group showed 
significantly more severe and profound communication defects as 
assessed with the Vineland communication subscale.

Furthermore, overall developmental heterogeneity was positively 
correlated with the degree of severity of autism (CARS score) 
and negatively correlated with the level of development for all 
ASD groups. Thus, the higher the developmental heterogeneity, 
the more severe the autistic symptomatology and the lower 
the overall developmental level are. A significant relationship 
between the degree of severity of ID (DQ) and heterogeneity was 
only observed for the Brazilian group. This specific relationship 
for the Brazilian group might be explained by intergroup age 
differences, the severity of autism, and the level of development, 
given that correlations between heterogeneity with ID controlled 
by differences in age, severity of autism, and levels of development 
were not significant for each group. Thus, these results indicate 
that overall developmental heterogeneity was not an effect of 
severity of ID but rather a characteristic of the development 
of children with ASD. This seems to prove the universality of 
this atypical development in children with ASD and comorbid 
ID, which is characterized by socio-cognitive developmental 
heterogeneity correlated to linguistic function delay, for example, 
in expressive and receptive language and vocal imitation.

Furthermore, while this correlation was also noted in typical 
children, the link was higher in ASD children and was even more 
intense in children with severe autistic symptomatology and with 
low levels of development in these language skills. The results 
observed in children with ASD and severe ID (25 < DQ < 35), low 
developmental levels (4–24 months) and important differences in 
chronological age (1 year and 9 months to 14 years) confirm results 
obtained in children with ASD without ID by Joseph et al. (30) 
and Ankenman et al. (31). In fact, these researchers noted that the 
cognitive heterogeneous profile characterized by the discrepancy 
between nonverbal > verbal abilities was related to a high level of 
autistic symptomatology and that it was higher in low developmental 
level children. Thus, while their manipulations and spatial skills 
grow with age, their functional language does not develop, so 
the gap between these abilities and intraindividual heterogeneity 
increases. In a longitudinal study, Vivanti et al. (79) showed that the 
more “autism specific” symptoms young children have, the more at 
risk they are of poor cognitive outcome. In addition, Baghdadli et 
al. (11) found that the developmental trajectory of socialization and 
communication disorders in children with ASD was associated with 
the worst outcomes in lower functioning children, with absence of 
language abilities, higher severity of autistic symptoms, and lower 
levels of cognitive functioning related to objects and to people.

Our result shows that heterogeneity, which is observed at the 
individual level, is also found at the normative level. This indicates 

that heterogeneity at the individual level is not random and is a true 
marker of the development of children with ASD. This heterogeneity 
appears to be stable whatever the country of origin. Thus, at the 
interheterogeneity level, it was shown that the SCEB function 
rankings according to the developmental levels are relatively similar 
across cultural groups, as shown by between-group correlations.

This study was essentially empirical, descriptive, and exploratory. 
Although psychological assessment with the SCEB is founded 
on theoretical and well-known models of cognitive and socio-
emotional development in young children (56, 57) and based on 
robust data on cognitive and communicative skills in children with 
ASD and ID (23–27), the absence of theoretical models of typical 
psychological developmental cross-cultural differences prevented 
us from developing psychological and/or social explanations 
of potential differences or similarities in children with atypical 
development such as those presenting ASD. These differences 
and similarities might be explained by more specific variables, 
for example, the genetic, biological, cerebral, and developmental 
trajectory (10, 11, 70, 76) characterizing each child with ASD. 
Further cross-national studies should be carried out on these 
variables to investigate the presence and/or absence of differences 
and similarities in developmental profiles between children with 
ASD from various countries (38, 39).

No great variability in the cognitive and socio-emotional 
developmental profiles of children with ASD and ID was found 
as a function of their culture of origin. This result confirms the 
relevance of comparative and intercountry studies dealing with 
neurodevelopmental disorders such as ASD and the development 
of assessment instruments adapted both to this clinical subgroup 
of children with ASD and severe ID as a comorbidity and to each 
country. Some studies have already been carried out on this topic with 
the SCEB in other countries, such as Belgium (35) and Italy (80, 81).

Moreover, given that the developmental heterogeneity in 
children presenting with ASD, severe ID, and low developmental 
levels in expressive language and vocal imitation skills has 
been shown to be a major feature across these countries, this 
dimension must be assessed and analyzed, mainly to facilitate 
the development of early and appropriate interventions that are 
focused on these specific disabilities and are based on cognitive 
and socio-communicative developmental profiles. It is also 
important to involve the parents in early intervention (82–86) in 
order to decrease adaptive impairments that are mainly explained 
by socio-communicative ASD symptoms severity (87).
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Jeremy Veenstra-VanderWeele 10, Kristin Sohl 2,11 and David Q. Beversdorf 2,3,12
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2 Thompson Center for Autism & Neurodevelopmental Disorders, Columbia, MO, United States, 3 Department of Radiology, 
University of Missouri School of Medicine, Columbia, MO, United States, 4 Department of Psychology, Marist College, 
Poughkeepsie, NY, United States, 5 School of Medicine, University of Missouri, Columbia, MO, United States, 6 Department of 
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of Child Health, University of Missouri, Columbia, MO, United States, 12 Departments of Neurology & Psychological Sciences, 
William and Nancy Thompson Endowed Chair in Radiology, University of Missouri, Columbia, MO, United States

Background: Many individuals with autism spectrum disorder (ASD) have significant 
gastrointestinal (GI) symptoms, but their etiology is currently unknown. Dietary interventions 
are common in children and adolescents with ASD, including diets with increased omega-3 
fatty acids or diets free of gluten and/or casein, which may also impact GI symptoms and 
nutrition. However, little is known about the relationship between nutritional intake and GI 
symptomatology in ASD. The objective of this study was to assess the relationships between 
GI symptoms, omega-3 intake, micronutrients, and macronutrients in children with ASD.

Methods: A total of 120 children diagnosed with ASD participated in this multisite study. 
A food frequency questionnaire was completed by the patient’s caretaker. The USDA 
Food Composition Database was utilized to provide nutritional data for the food items 
consumed by each participant. GI symptomatology was assessed using a validated 
questionnaire on pediatric gastrointestinal symptoms.

Results: There were no significant associations between GI symptoms and the amount 
of omega-3 fatty acids and/or other micro- and macronutrients contained in the diet.

Conclusions: This study suggests that dietary variations do not appear to drive GI 
symptoms, nor do GI symptoms drive dietary variations in those with ASD, although 
causation cannot be determined with this observational assessment. Furthermore, there 
may be other factors associated with lower GI tract symptoms in ASD, such as increased 
stress response.

Keywords: autism spectrum disorder (ASD), gastrointestinal symptoms, dietary intake, omega-3 fatty acids, 
micro- and macronutrients
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INTRODUCTION

Autism spectrum disorder (ASD) is a neurodevelopmental 
condition characterized by persistent deficits in social 
communication and social interaction, as well as restricted 
and repetitive patterns of behavior that present during early 
development and result in clinically significant impairment 
(1). Research has shown that children with ASD tend to have 
more gastrointestinal (GI) symptoms than their typically 
developing peers (2–6), especially for constipation, diarrhea, 
and abdominal pain (2, 7–9). A review of the literature in 
2010 indicated that the proportion of ASD individuals having 
co-occurring GI problems may range from 9 to 91% (10), the 
reported variations in prevalence rates potentially resulting from 
differences  in diagnostic methods used to assess GI symptoms 
in this  population. Despite the relatively high rates of GI 
symptoms in ASD, the etiology is poorly understood. Therefore, 
it is important to explore the role of dietary associations with 
GI symptoms in ASD given the potential for certain diets to be 
associated with GI dysfunction in ASD.

Many individuals with ASD have used complementary and 
alternative medicine (CAM) approaches, including dietary 
changes, as part of their treatment for the core ASD symptoms, 
as well as GI disturbance, sleep problems, or in the promotion 
of general health (11). As such, changes in diet may affect GI 
functioning in ASD. Some studies have shown that children with 
ASD may be deficient in micro- and macronutrients (12–15), as 
well as iron (16), which could result from altered GI function 
and/or potentially impact GI symptoms. Furthermore, many 
parents and caretakers have employed the use of gluten- and 
casein-free (GFCF) diets (17) that seem to have mixed effects on 
core ASD symptoms (18) and GI symptoms (19–23) in ASD. In 
addition, many families also administer omega-3 fatty acids in 
the hope of deriving benefit, but the results from randomized, 
placebo-controlled clinical trials of omega-3 supplementation in 
ASD are also mixed in most cases (24, 25). In addition, limited 
dietary intake and selective food preferences, common among 
individuals with ASD (26), can result in nutritional deficiencies 
or other problems that could potentially interact with GI 
symptoms, either contributing to these symptoms or emerging 
in response to them.

As such, a better understanding of the association between 
dietary intake on GI functioning in ASD is of interest, especially 
given the implications for treatment. The focus of the present 
study is to assess the associations between approximate omega-3 
intake and micro- and macronutrient intake over the prior month 
and self- and parent-reported GI symptoms in individuals with 
ASD with the goal of determining whether dietary factors may be 
related to GI symptomatology.

METHODS

A total of 120 patients with ASD (mean age = 11.8, SD = 3.8, range = 
6–18, 108 male, 92.5% Caucasian, mean full-scale intelligence 

quotient = 84, SD = 22.6, range = 36–130) participated in this 
study. Patients were recruited sequentially from individuals 
enrolled in the Autism Speaks Autism Treatment Network 
(AS-ATN) registries at the University of Missouri Thompson 
Center for Autism & Neurodevelopmental Disorders in 
Columbia, Missouri, and at the Vanderbilt Kennedy Center and 
Monroe Carrell Jr. Children’s Hospital at Vanderbilt University in 
Nashville, Tennessee. To expand the sample, additional patients 
who were not enrolled in the AS-ATN were recruited from 
clinic patients at each site. Diagnosis of ASD was made based 
on Diagnostic and Statistical Manual for Mental Disorders IV-TR 
criteria (27) and the administration of the Autism Diagnostic 
Observation Schedule (ADOS) (28). Patients with known genetic 
or metabolic disorders or bleeding disorders were excluded 
from this study, as an associated portion of this project involved 
drawing blood. A more detailed explanation of the inclusionary 
and exclusionary criteria can be found elsewhere (29, 30). This 
study was carried out in accordance with the recommendations 
of the Institutional Review Boards at the University of Missouri 
and Vanderbilt University, with written informed consent 
from all participants over the age of 18 and consent from the 
parent/guardian and assent from those under the age of 18. All 
participants gave written informed consent in accordance with 
the Declaration of Helsinki. The study protocol was approved by 
the Institutional Review Boards at the University of Missouri and 
Vanderbilt University.

Assessment of Gastrointestinal Symptoms
Gastrointestinal symptoms were assessed based on parent or 
self-report using the Questionnaire of Pediatric Gastrointestinal 
Symptomatology-Rome III (QPGS-RIII) (31). Patients who were 
over the age of 18 and able to provide an accurate account of their GI 
symptoms, as determined by asking the caretaker and/or the patient 
if they could reliably report their GI symptoms over the month 
before participation in the study, completed the self-report version 
of the QPGS-RIII. Otherwise, the QPGS-RIII was completed by 
a parent or caretaker that could provide a reliable account of the 
patient’s GI functioning over the month before their participation 
in the study. A scoring rubric previously created by the research 
team was used to create continuous variables for upper and lower 
GI tract symptoms over the past month (29). Briefly, items from the 
QPGS-RIII were sorted into upper and lower GI tract symptoms, 
and the scores for each were summed to reflect an overall upper and 
lower GI score for each patient. Greater QPGS-RIII scores indicate 
greater frequency, severity, and duration of GI symptoms.

Assessment of Nutritional Intake
Omega-3 nutritional intake during this same period of time (1 
month before entering the study) for each patient was assessed 
using a food frequency questionnaire (FFQ) that was designed to 
assess omega-3 fatty acid intake as well as information that could 
be utilized to calculate micro- and macronutrient intake (32). 
The 152-item FFQ was developed based on foods that contain 
10 mg of n-3 fatty acids/medium serving from fish, animal, and 
plant sources. The FFQ was either completed by the patient’s 
parent or caregiver or by the patient. Responses were analyzed 

Abbreviations: ASD, autism spectrum disorder; GI, gastrointestinal; AS-ATN, 
Autism Speaks Autism Treatment Network.
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for nutritional intake using the online, publicly available United 
States Department of Agriculture Food Composition Database 
(33), which provides nutrient information for specific foods. 
A total monthly estimate of the patient’s nutritional intake was 
calculated by summing the nutrient information for each food 
based on the serving size and frequency of consumption. Total 
nutrient scores were created for both University of Missouri 
and Vanderbilt AS-ATN sites to determine if differences exist 
between midwestern and southern region diets. The individuals 
scoring the FFQs were blinded to the patient’s GI status.

RESULTS

Gastrointestinal Symptoms
Both sites had similar number of patients with upper and lower 
GI tract problems [t(113) = 1.608, p = 0.111]. Therefore, the 
two populations were pooled for the primary comparisons. In 
addition, upper GI tract problems were significantly correlated 

with lower GI tract problems (r = 0.411, p < 0.001). The most 
common GI disorder reported by the participants was functional 
constipation (42.5%), followed by irritable bowel syndrome 
(11.7%) and lower bowel pain associated with bowel symptoms 
(9.2%). A more detailed description of the GI disorders 
experienced by this study population as well as how the GI scores 
were calculated can be found in previous reports (29, 30).

Omega-3 and Dietary Nutrient Intake
See Table 1 for approximate mean monthly nutrient intake values 
across both the University of Missouri and Vanderbilt sites. First, as 
the nutrient variables were significantly skewed and non-normal, 
nonparametric Spearman rank correlations were conducted on the 
full dataset (i.e., without removing outliers), which do not make 
assumptions about the normal distribution of the data. In this way, 
we could assess the potential contribution of any extreme diets 
and picky eaters. Total GI tract symptoms were not significantly 
correlated with fatty acids (rs = 0.145, p = 0.20), gluten (rs = 0.114, 

TABLE 1 | Mean monthly nutrient intake values for the full sample.

Mean SD Range (with outliers)a N

Rome III Upper GI Score 4.5 4.6 0–20 116
Rome III Lower GI Score 17.6 11.8 0–50 118
Casein (g) 39.0 35.2 0–247 116
Gluten (g) 21.6 19.7 0–96 110
Water (g) 15,157.3 8,678.9 1,395.36–79,019.23 116
Energy (kcal) 19,410.6 8,187.4 6,700–72,793 116
Protein (g) 1,082.9 439.4 395.42–3,929.90 114
Total lipid fat (g) 766.6 352 169.59–2,897.07 115
Carbohydrate (by difference; g) 2,021.5 970.5 296.92–8,394.04 114
Dietary fiber (total; g) 234 147.3 2.20–865.95 117
Sugars (total; g) 779.3 538.3 25.14–4,447.32 114
Calcium (mg) 16,710 11,842 1,067–107,330 116
Iron (mg) 113.3 64.4 26.65–386.99 109
Magnesium (mg) 3,805.8 1,990.4 818–17,700 117
Phosphorous (mg) 20,161 10,452.2 4,614–91,666.50 117
Potassium (mg) 40,703.2 20,063.2 7,936–196,649 117
Sodium (mg) 24,292.4 10,906.4 6,224–90,283 113
Zinc (mg) 143.4 66.8 28.03–544.18 115
Vitamin C (total ascorbic acid; mg) 1,178.6 1,067.8 2.80–9,534.95 113
Thiamin (mg) 16.5 7.5 3.73–61.41 115
Riboflavin (mg) 26.3 15.8 3.54–137.25 117
Niacin (mg) 250.2 107.0 72.74–714.32 115
Vitamin B6 (mg) 28.7 15.5 6.84–189.69 112
Folate (DFE; µg) 3,436.4 2,094.2 384–23,399 114
Vitamin B12 (µg) 68.6 39.2 1.26–305.51 113
Vitamin A (RAE; µg) 8,091.1 5,379.1 126–46,020 115
Vitamin A (IU) 57,991.1 44,091.6 726–470,724.50 112
Vitamin E (alpha tocopherol; mg) 98.3 52.6 7.83–486.53 115
Vitamin D2 + D3 (µg) 75.7 67.6 2.50–339 114
Vitamin D (IU) 2,984.2 2,694.5 82.50–13,212.56 114
Vitamin K (phylloquinone; µg) 981.3 714.1 37–5,649.75 115
Total saturated fatty acids (g) 258.9 130.7 34.59–1,391.45 115
Total monounsaturated fatty acids (g) 263.7 128.6 43.68–1,173.70 112
Total polyunsaturated fatty acids (g) 161.4 79.1 16.68–537.98 115
Total trans fatty acids (g) 6.5 4.9 0.54–84.90 110

Cholesterol (mg) 3,139.3 1,535.5 50–10,945 111

aNote that the range reflects the full sample, including outliers.
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p = 0.336), casein (rs = −0.104, p = 0.357), water (rs = −0.059, p 
= 0.605), calories (rs = 0.137, p = 0.225), protein (rs = 0.113, p = 
0.319), fats (rs = 0.147, p = 0.193), carbohydrates (rs = 0.088, p = 
0.438), sugar (rs = 0.093, p = 0.412), vitamins (rs = 0.005, p = 0.962), 
minerals (rs = 0.068, p = 0.550), or cholesterol (rs = 0.132, p = 0.244). 
However, fiber was positively correlated with upper and lower GI 
tract symptoms (rs = 0.243, p = 0.030) when outliers were included. 
Furthermore, it is not unusual for extreme points to increase the 
strength of a correlation, and the sample included three participants 
who consumed over 656 g of fiber in the past month.

Next, we wished to reanalyze the data excluding the outliers. 
As such, 173 outlier values (3.7% of the data) were removed 
using the interquartile range rule (i.e., values >1.5 times the 
interquartile range), creating a normally distributed dataset that 
could be analyzed using Pearson correlations. See Table 1 for the 
number of patients remaining for each micro- and macronutrient. 

Estimated omega-3 fatty acids were not significantly correlated 
with upper or lower GI tract symptoms across both sites (r = 0.10, 
p = 0.304). Furthermore, upper and lower GI tract symptoms 
were not significantly correlated with the consumption of gluten, 
casein, water, calories, protein, fats, carbohydrates, fiber, sugar, 
or any vitamins, minerals, or cholesterol. See Table 2 for Pearson 
correlations between upper and lower GI tract problems and 
each nutrient intake value.

DISCUSSION

Previous research from this multidisciplinary, investigative 
team found associations between the stress response and GI 
symptoms among those with ASD (29, 30). General nutritional 
intake as well as consuming foods high in n3-PUFA may also, 
however, affect GI symptoms, or GI symptoms might affect diet. 
Thus, we sought to examine the association between nutritional 
intake and GI symptoms in the same group of individuals from 
the aforementioned study. The present study was conducted to 
specifically examine the effects of diets that are high in n-3 PUFA 
on GI problems in those with ASD. The results from this multisite 
study indicate no association between consumption of a diet 
that is high in n-3 PUFA and upper or lower GI tract symptoms 
in the study sample. Furthermore, micro- and macronutrients 
contained in the diet were also not significantly associated with 
upper and/or lower GI tract symptoms in the sample. These results 
suggest that previous relationships between stress reactivity and 
GI symptomatology are not due to dietary factors, at least those 
assessed herein, and begins to provide evidence against the 
concept of dietary factors impacting GI symptomatology or of 
GI symptomatology impacting diet in children with ASD. The 
isolated finding of a positive correlation between fiber intake 
and GI symptomatology before excluding outliers may result 
from unsuccessful attempts to manage the GI symptoms with 
high fiber intake. Indeed, dietary fiber has been shown to be 
associated with GI symptoms of abdominal pain, bloating, and 
constipation, flatulence, and diarrhea (34, 35). Therefore, parents, 
caratakers, and clinicians should be aware of this finding as well as 
recommended fiber intake (36, 37) when considering treatment 
of abdominal pain and constipation in children with ASD.

There are a number of limitations in this study that should be 
addressed. First, the study did not examine the effects of altered 
diets on GI functioning in the sample. As many individuals with 
ASD have altered diets, it is a possibile that a subgroup of autistic 
individuals with altered diets may have concomitant alterations in 
GI functioning. Thus, future research should examine the effects 
of altred diets on GI symptoms in ASD. Second, the present study 
utilized a food frequency questionnaire that contained a limited 
number of food items. While the questionnaire contains a wide 
range of food items, it is not exhaustive. Furthermore, it is not 
clear if taking dietary supplements by participants could be related 
to their GI symptoms. Future research may wish to utilize a food 
diary to log food items and amounts consumed per day as well as 
assess whether or not the participant is taking dietary supplements 
in an attempt to reduce ASD symptoms. Third, the sample was 
largely male and Caucasian, and so it is not clear if the results 

TABLE 2 | Correlation matrix for nutrient intake values and Questionnaire of 
Pediatric Gastrointestinal Symptomatology-Rome III (QPGS-RIII) upper and lower 
gastrointestinal (GI) tract symptom scores. 

Rome III Upper 
GI Score

Rome III Lower 
GI Score

Rome III Upper GI Score 1 0.411**
Rome III Lower GI Score 0.411** 1
Casein (g) −0.182 −0.084
Gluten (g) 0.003 0.122
Water (g) −0.034 −0.032
Energy (kcal) 0.071 0.107
Protein (g) −0.004 0.131
Total lipid fat (g) 0.095 0.142
Carbohydrate (by difference; g) 0.067 0.121
Dietary fiber (total; g) 0.180 0.166
Sugars (total; g) 0.088 0.096
Calcium (mg) −0.148 −0.020
Iron (mg) 0.155 0.150
Magnesium (mg) 0.021 0.091
Phosphorous (mg) −0.036 0.026
Potassium (mg) −0.022 0.041
Sodium (mg) 0.017 0.134
Zinc (mg) 0.093 0.176
Vitamin C (total ascorbic acid; mg) 0.176 0.093
Thiamin (mg) 0.008 0.055
Riboflavin (mg) −0.087 −0.015
Niacin (mg) 0.037 0.081
Vitamin B6 (mg) −0.017 −0.006
Folate (DFE; µg) 0.096 0.126
Vitamin B12 (µg) −0.016 0.012
Vitamin A (RAE; µg) −0.068 −0.002
Vitamin A (IU) −0.011 0.084
Vitamin E (alpha tocopherol; mg) 0.096 0.153
Vitamin D2 + D3 (µg) −0.086 −0.040
Vitamin D (IU) −0.112 −0.046
Vitamin K (phylloquinone; µg) 0.127 0.107
Total saturated fatty acids (g) −0.009 0.039
Total monounsaturated fatty acids (g) 0.119 0.137
Total polyunsaturated fatty acids (g) 0.140 0.112
Total trans fatty acids (g) 0.111 0.123

Cholesterol (mg) 0.033 0.076

**p < 0.001.
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transfer to female and other ethnicities. Fourth, the QPGS depends 
on an informant, usually a parent, to answer a questionnaire 
regarding their child’s GI functioning, including identification of 
the location of abdominal discomfort. Given that many children 
with ASD are nonverbal or have limited verbal abilities, it is 
possible that the GI scores may not be accurate for all participants. 
Future GI investigations should utilize formal gastroenterological 
evaluations or, at minimum, consider the use of ASD-specific 
measures of GI symptoms (38). Finally, the results presented herein 
will need to be replicated before drawing conclusions regarding the 
relationship between diet and GI disorders in ASD in the broader 
population. Larger samples would also allow incorporation of 
other co-occurring conditions to examine their relationships with 
the results from this study, as well as a better ability to recognize 
subtypes in the heterogenous ASD population.

CONCLUSION

The results from this study indicate no significant associations 
between dietary omega-3 and GI symptoms as well as dietary 
micro- and macronutrient intake and GI symptoms in a sample 
of 120 individuals with ASD, in whom relationships were 
previously observed and reported between stress reactivity and 
GI symptoms. These findings suggest that dietary changes do not 
appear to be driving GI symptoms nor do GI symptoms appear 
to impact dietary behavior among those with ASD.
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Autism spectrum disorder (ASD) is characterized by psychiatric and behavioral 
comorbidities. The Child Behavior Checklist (CBCL) provides valid and well-established 
measures of emotional, behavioral, and social problems in children and adolescents. The 
aim of the present study was to verify whether emotional, behavioral, and social problems 
were modulated by ASD symptom severity, cognitive development, gender, and age by 
analyzing the CBCL in a large group of children and adolescents with ASD. The results 
show that around 30% of participants with ASD exhibited internalizing problems and 
only 6% externalizing problems, with males exhibiting more internalizing problems than 
females. No correlation was found between CBCL scores and indices of ASD severity. 
However, higher CBCL Total Problems scores were found in older children and in children 
with lower cognitive abilities. The detection of behavioral and emotional problems allows 
children with ASD to undergo specific and individualized treatment that takes into account 
their psychopathological problems.

Keywords: neurodevelopmental disorders, emotional problems, behavioral problems, psychiatric comorbidity, 
autism spectrum disorder, Child Behavior Checklist

INTRODUCTION

Autism spectrum disorder (ASD) is characterized by persistent deficits in social communication 
and social interaction across multiple contexts as well as restricted, repetitive patterns of behavior, 
interests, or activities (1).

Psychiatric symptoms and behavioral disorders are frequently documented in people with ASD: 
about two-thirds of them are indeed reported to have at least one associated mental health condition 
(1). Although in the past, psychiatric symptoms in children and adults with ASD have been 
attributed to ASD itself, an increasing number of reports suggest that additional behavior disorders 
in people with ASD potentially indicate the presence of psychiatric and behavioral comorbidities 
and demand an additional diagnosis. Attention deficit and hyperactivity disorder (ADHD), anxiety 
and obsessive–compulsive disorder, and emotional disorders are just some examples of psychiatric 
comorbidities often reported in people with ASD (2–5). It has been observed that psychiatric and 
behavioral comorbidities generally lead to more severe impairments because of the cumulative effects 

305

https://www.frontiersin.org/journals/psychiatry#articles
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://doi.org/10.3389/fpsyt.2019.00535
https://www.frontiersin.org/journals/psychiatry#editorial-board
http://crossmark.crossref.org/dialog/?doi=10.3389/fpsyt.2019.00535&domain=pdf&date_stamp=2019-07-26
https://www.frontiersin.org/journals/psychiatry
www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry
https://creativecommons.org/licenses/by/4.0/
mailto:stefano.vicari@opbg.net
https://doi.org/10.3389/fpsyt.2019.00535
https://www.frontiersin.org/article/10.3389/fpsyt.2019.00535/full
https://www.frontiersin.org/article/10.3389/fpsyt.2019.00535/full
https://www.frontiersin.org/article/10.3389/fpsyt.2019.00535/full
https://www.frontiersin.org/article/10.3389/fpsyt.2019.00535/full
https://www.frontiersin.org/article/10.3389/fpsyt.2019.00535/full
https://loop.frontiersin.org/people/770248/overview
https://loop.frontiersin.org/people/96798/overview
https://loop.frontiersin.org/people/733942
https://loop.frontiersin.org/people/775682/overview
https://loop.frontiersin.org/people/775562/overview
https://loop.frontiersin.org/people/592896


Psychopathological Symptoms in ASDGuerrera et al.

2 Month 2019  |  Volume 10  |  Article 535Frontiers in Psychiatry  |  www.frontiersin.org

of having more than one disorder (6). Moreover, psychiatric 
and behavioral comorbidity can often cause more distress to 
caregivers than the ASD symptoms (7), interfering with help-
seeking behavior and thereby affecting the long-term prognosis 
(8). In the field of ASD, acceptance and help-seeking behavior 
lead to a more positive outcome. Indeed, diagnosis and early 
intervention before emotional, behavioral, and social problems 
are firmly ingrained have significant benefits for parental mental 
health, such as maximizing family acceptance and adjustment to 
their child’s disability, and an impact on child functioning (9).

According to the Diagnostic and Statistical Manual of Mental 
Disorders, Fifth Edition (DSM-5) (1), additional neurodevelopmental, 
mental, or behavioral conditions should be specified in ASD, 
raising the need for a behavioral, emotional, and psychiatric 
evaluation. The evaluation of co-occurring disorders and follow-up 
examinations are then recommended and will help to determine 
the level of care needed.

The Child Behavior Checklist (CBCL) is a well-established and 
widely used parent-completed measure of emotional, behavioral, 
and social problems in children and adolescents aged 1.5–18 years 
(10, 11). It was developed to assess a range of problem behaviors (10, 
11) and comprises several subscales, including Withdrawn Somatic 
Complaints, Anxious/Depressed, Rule-Breaking Behavior, Social 
Problems, Thought Problems, Attention Problems, and Aggressive 
Behavior. The measure provides scores for three summary scales 
(Internalizing, Externalizing, and Total Problems), seven or eight 
syndrome scales (for the age groups of 1.5–5 years and 6–18 years, 
respectively) representing different patterns of co-occurring 
emotional and behavioral problems, and five or six DSM-oriented 
scales (for the two age groups) derived through expert consensus. 
Each DSM-oriented scale reflects a broad emotional or behavioral 
problem that corresponds to a broad diagnostic category of the 
DSM (10). The power of the CBCL lies in a guided description of 
the child by the parents, whose fidelity in reporting symptoms is 
also widely recognized for symptoms of ASD (12).

There are a number of studies that provide data for the CBCL 
as a valid tool to assess co-occurring emotional and behavioral 
problems in children with ASD (13–17). The study by Pandolfi 
and colleagues (18) provides evidence to support the inclusion of 
the CBCL in screenings and diagnostic assessments for emotional 
and behavioral problems in a group of 76 youths with ASD. 
However, with respect to the factor validity of the CBCL, the 
sample size was too small to test the true hierarchical structure, 
and each subscale was therefore analyzed separately. The results 
suggest that the Total Problems scale is a valid measure for both 
emotional and behavioral problems, while the Internalizing 
Problems scale, with the Anxious/Depressed and the Withdrawn/
Depressed scales, is a sensitive measure for emotional problems. 
Nevertheless, the authors emphasized that the CBCL had lower 
specificity for assessing emotional problems in their group of 
youths with ASD than diagnostic outcomes based on categorical 
classification systems (DSM). Recently, Magyar and Pandolfi 
(2) evaluated the validity of the DSM-oriented CBCL scales for 
assessing depression and anxiety in 93 children and adolescents 
with ASD with or without intellectual disability. The results 
provide strong support for using the DSM-oriented Affective and 

Anxiety Problem scales to screen emotional disorders including 
depression and anxiety conditions in ASD.

However, in the cited studies, the numbers of participants are 
small, and the patient samples constitute only a minor proportion 
of the general population with ASD (19–21). Moreover, the 
CBCL has been proposed primarily for screening of ASD in 
clinical settings (13, 14, 16, 17, 22, 23), rather than for evaluating 
psychopathological conditions and behavioral and emotional 
problems in comorbidity with ASD.

The aim of the present study was to assess emotional, 
behavioral, and social problems in relation to ASD symptom 
severity, cognitive development, gender, and age by analyzing the 
CBCL in a large group of children and adolescents with ASD.

MATERIAL AND METHODS

Participants
Seven hundred thirty-five children and adolescents were 
recruited for this study, between January 2008 and December 
2017, at the Child and Adolescence Neuropsychiatry Unit of 
the Children Hospital Bambino Gesù, Rome, Italy. All children 
and adolescents were outpatients attending the unit for clinical 
assessments and rehabilitative follow-ups.

The chronological age of all participants ranged from 2.6 to 
17.8 years (mean age ± sd: 10.7 ± 2.4).

Neuropsychological and psychopathological evaluations 
were conducted by trained developmental psychiatrists and 
neuropsychologists. Patients recruited earlier than 2013 received 
a diagnosis of ASD according to the DSM Fourth Edition, Text 
Revised (DSM-IV-TR) criteria (24), while those recruited later 
were diagnosed according to the DSM-5 criteria (1).

Measures
Cognitive development was assessed by the nonverbal intelligence 
quotient (IQ) obtained from the Leiter-R (25) or Leiter-3 (26), or 
by the general quotient (GQ) obtained from the Griffiths Mental 
Development Scales—Extended Revised for age 2–8 (GMDS-ER 
2-8) (27). The Leiter-R and Leiter-3 offer a completely nonverbal 
measure of intelligence and evaluate the ability to reason by 
analogy, by matching and perceptual reasoning in general, 
irrespective of language and formal schooling. The brief IQ 
composite obtained from the Leiter-R is based on four subtests: 
Figure Ground, Form Completion, Sequential Order, and 
Repeated Patterns. Similarly, the complete IQ composite obtained 
from the Leiter-3 is based on four subtests: Figure Ground, Form 
Completion, Classification and Analogies, and Sequential Order.

The GMDS-ER 2-8 was administered when a child failed to 
complete the Leiter scales because of his/her reduced attentional 
resources. The GMDS-ER 2-8 was completed by 249 children 
(mean age ± sd: 4.2 ± 1.1), while the Leiter scales were completed 
by 153 children (mean age ± sd: 7.4 ± 3.1).

The gold-standard instruments used in this study to assess 
ASD symptoms were the following: the Autism Diagnostic 
Interview—Revised (ADI-R) (28), the Autism Diagnostic 
Observation Schedule—Generic (ADOS-G) (29), and the 
revised version ADOS-2 (30). The ADI-R is a parent-report 
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semi-structured interview for establishing a clinical diagnosis of 
ASD. It follows the DSM-IV-TR diagnostic criteria for ASD in 
children with a mental age of 18 months and above. The ADI-R 
generates algorithm scores for each of the three subdomains 
of autistic symptoms: qualitative impairments in reciprocal 
social behavior; qualitative abnormalities in communication; 
and restricted range of interests and/or stereotypic behaviors. 
The ADOS (29, 30) is a semi-structured direct assessment of 
communication, social interaction, and play or imaginative use 
of materials for individuals with a suspected diagnosis of ASD. 
The ADOS consists of four (29) or five (30) modules designed 
for children and adults with different language levels, ranging 
from nonverbal to verbally fluent. The ADOS was administered 
and scored by licensed clinicians who have demonstrated clinical 
proficiency on the instrument. In the analyses, raw total scores 
and comparison scores (CS) were considered for the ADOS-G 
and ADOS-2, respectively. For the ADOS-G, the calibrated 
severity score (31) (renamed “CS” in the ADOS-2) was not 
included in the analyses, given that the present study started 
prior to the development of this measure.

Behavioral problems were assessed by the Achenbach System 
of Empirically Based Assessment (ASEBA) questionnaire. The 
ASEBA family of instruments is well validated to study global 
psychopathology in children and adolescents (32). Several 
ASEBA measures that allow a comprehensive approach to 
identify functioning in youths include the CBCL 1.5–5 years 
and the CBCL 6–18 years. The parents completed the CBCL; 
they were requested to evaluate their child’s behavior during 
the preceding 6 months on a 3-point Likert scale for each item 
(0 = not true; 1 = somewhat or sometimes true; 2 = very true 
or often true). All scales of the CBCL have a t-score mean of 50 
and a standard deviation of 10, and different norms are provided 
for gender across age groups. The CBCL 1.5–5 comprises 
100 problem items identified on several subscales, including 
Emotionally Reactive, Anxious/Depressed, Somatic Complaints, 
Withdrawn, Sleep Problems, Attention Problems, and Aggressive 
Behavior. Moreover, scores on Internalizing, Externalizing, and 
Total Problems can be obtained. The Internalizing domain is 
a broad measure of emotional problems. It is an aggregate of 
anxiety and depression symptoms that subsumes four more 
narrowly focused syndrome scales: Emotionally Reactive, 
Anxious/Depressed, Somatic Complaints, and Withdrawn. The 
Externalizing domain is an aggregate measure of behavioral 
problems and includes Attention Problems and Aggressive 
Behavior. The Total Problems score quantifies the overall extent of 
both emotional and behavioral problems, based on responses to 
all CBCL items including those on the one remaining syndrome 
scale: Sleep Problems. In the CBCL 6–18, the 113-item scale 
is also subdivided into several subscales, namely Withdrawn/
Depressed, Somatic Complaints, Anxious/Depressed, Rule-
Breaking Behavior, Social Problems, Thought Problems, 
Attention Problems, and Aggressive Behavior. As for the CBCL 
1.5–5, scores on Internalizing, Externalizing, and Total Problems 
can be obtained. The Internalizing domain here subsumes three 
syndrome scales: Anxious/Depressed, Withdrawn/Depressed, 
and Somatic Complaints. The Externalizing domain includes 
the Rule-Breaking Behavior and Aggressive Behavior syndrome 

scales. The Total Problems is based on responses to all CBCL 
items including those on the three remaining syndrome scales: 
Social Problems, Thought Problems, and Attention Problems.

In the present study, Total Problems, Internalizing Problems, 
and Externalizing Problems scores were used as an estimate of 
behavioral and emotional problems. According to the normative 
data of the CBCL, a t-score ≤ 59 indicates non-clinical symptoms, 
a t-score between 60 and 64 indicates that the child is at risk for 
problem behaviors, and a t-score ≥ 65 indicates clinical symptoms 
(for demographical, cognitive, and psychopathological measures 
of participants, see Table 1).

Data Analysis
Student’s t-tests were used to compare Total, Internalizing, and 
Externalizing Problems t-scores of male and female children and 
adolescents. To correct for multiple comparisons, the level of 
significance was set at p ≤ 0.008, using the Bonferroni correction 
(6 comparisons).

Pearson’s correlation coefficient was used to study the 
relationship between Total, Internalizing, and Externalizing 
Problems scores as well as measures derived from the ADOS, 
cognitive development, and age. To correct for multiple 
comparisons, the level of significance was set at p ≤ 0.003, using 
the Bonferroni correction (15 comparisons).

RESULTS

Out of 735 patients with ASD, the parents of 472 children completed 
the CBCL. Concerning Total Problems of the CBCL, the results 
show that 49.2% of all participants (N = 232) who obtained scores 
in the non-clinical range (t-score ≤ 59), 16.1% (N = 76) were at risk 
(60 ≥ t-score ≥ 64), and 34.7% (N = 164) had clinical symptoms 
(t-score ≥ 65). In sum, around 50% of all children and adolescents 
had a score in a clinical range or were at risk, according to their 
Total Problems scores. Concerning Internalizing and Externalizing 
Problems of the CBCL, 32.6% of all participants (N = 154) obtained 
a non-clinical score. However, as for Internalizing Problems, 13.6% 
(N = 64) of individuals were at risk, and 16.3% (N = 77) had clinical 
symptoms. Regarding Externalizing Problems, 4.2% (N  = 20) of 

TABLE 1 | Demographic characteristics and cognitive and psychopathological 
measures of children and adolescents with autism spectrum disorder.

N M (SD)

Age 472 5.45 (2.94)
GQ 249 67.63 (21.27)
IQ 153 92.99 (23.29)
ADOS-G 315 13.90 (4.21)
ADOS-2 132 6.11 (1.53)
CBCL INT 472 60.50 (9.36)
CBCL EXT 472 61.34 (9.10)
CBCL TOT 472 56.47 (9.00)

GQ, general quotient; IQ, intelligence quotient; ADOS-G, Autism Diagnostic 
Observation Schedule—Generic total raw score; ADOS-2, Autism Diagnostic 
Observation Schedule-2 comparative score; CBCL INT, Child Behavior Checklist 
Internalizing Problems; CBCL EXT, Child Behavior Checklist Externalizing Problems; 
CBCL TOT, Child Behavior Checklist Total Problems.
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children were at risk, and 1.7% (N = 8) showed clinical scores. In 
sum, around 30% of participants with ASD scored in the clinical 
range or were at risk regarding their Internalizing Problems 
score, while only around 6% of participants showed Externalizing 
Problems (clinical or at-risk scores).

With regard to gender, 48.6% of male children with ASD (N = 
186) obtained scores in the non-clinical range for Total Problems, 
14.9% (N = 57) were at risk, and 36.6% (N = 140) showed clinical 
symptom scores. Of the female children, 51.7% with ASD (N = 
46) obtained scores in the non-clinical range for Total Problems, 
21.3% (N = 19) were at risk, and 27% (N = 24) showed clinical 
symptom scores. As for Total Problems mean scores, male and 
female children and adolescents did not differ (see Table 2).

For Internalizing Problems, 35.2% of the male patients with ASD 
(N = 135) showed scores in the non-clinical range, 22.5% were at 
risk (N = 86), and 42.3% showed significant symptoms (N = 162). 
Of the female patients with ASD, 52.8% (N = 47) showed scores in 
the non-clinical range for Internalizing Problems, 16.9% were at risk 
(N = 15), and 30.3% showed clinical symptom scores (N = 27). Male 
patients showed significantly higher scores on the Internalizing 
Problems scale than female patients (see Table 2).

As for Externalizing Problems, 62.9% of male patients with 
ASD (N = 241) obtained scores in the non-clinical range, 17.2% 
were at risk (N = 66), and 19.8% (N = 76) showed clinical 
problems. Of the female patients, 60.7% (N = 54) obtained scores 
in the non-clinical range, 21.3% were at risk (N = 19), and 18% 
(N = 16) showed clinical problems. Male and female patients did 
not differ regarding their Externalizing Problems mean scores.

Analyses of the relationship between CBCL and ADOS scores 
did not show any significant correlation. Specifically, the Total, 
Internalizing, and Externalizing Problems scores of the CBCL 
did not correlate with the raw total score of the ADOS-G or 
the CS of the ADOS-2. With regard to cognitive developmental 
measures, the GQ was found to be inversely correlated with 
Total Problems scores, with participants with lower GQ showing 
more symptoms. The IQ was not found to correlate with Total 
Problems scores. No correlation was found between cognitive 
developmental measures (GQ or IQ) and Internalizing and 
Externalizing Problems scores (see Table 3).

Concerning the relationship between age and CBCL scores, 
Total Problems scores were found to correlate with age, with 
older children exhibiting more symptoms. No correlation was 
found between age and Internalizing or Externalizing Problems 
(see Table 3).

DISCUSSION

The present study aimed at investigating whether emotional, 
behavioral, and social problems were modulated by ASD symptom 
severity, cognitive development, gender, and age by analyzing the 
CBCL in a large group of 472 children and adolescents with ASD.

The CBCL is one of the most widely investigated instruments 
to detect emotional and behavioral problems in children and 
adolescents. Many studies support its reliability and validity across 
different clinical groups [see, for example, Ref. (33)]. Earlier 
investigations have corroborated its factor structure, the consistency 
of its major scales and subscales, and its sensitivity for identifying 
emotional and behavioral problems. A number of studies using 
the CBCL have evaluated emotional and behavioral symptoms 
(34, 35) as well as psychopathological comorbidities in children 
with neurodevelopmental disorders by examining the correlations 
between CBCL scores, IQ, and gender. However, the CBCL has 
generally been proposed for supporting an ASD diagnosis in a clinical 
setting (18, 36), while very little is known about the development of 
internalizing and externalizing problems in isolation, and nothing is 
known about their joint development (37).

In the present study, CBCL scores were correlated with indices 
of ASD severity, cognitive developmental measures, and age. 
Differences between male and female patients regarding Total, 

TABLE 3 | Correlation between Child Behavior Checklist measures and indices of autism spectrum disorder, cognitive developmental measures, and age.

CBCL TOT CBCL INT CBCL EXT 

r p r P r p

ADOS-G 0.02 0.67 0.03 0.57 0.02 0.75
ADOS-2 −0.09 0.32 −0.07 0.45 −0.12 0.19
GQ −0.22 0.001* −0.17 0.007 −0.15 0.015
IQ 0.06 0.44 0.17 0.04 0.05 0.53
Age 0.2  <0.001* 0.12 0.012 0.11 0.02

CBCL TOT, Child Behavior Checklist Total Problems; CBCL INT, Child Behavior Checklist Internalizing Problems; CBCL EXT, Child Behavior Checklist Externalizing Problems; 
ADOS-G, Autism Diagnostic Observation Schedule—Generic total raw score; ADOS-2, Autism Diagnostic Observation Schedule-2 comparative score; GQ, general quotient; 
IQ, intelligence quotient.
* The level of significance was set at p ≤ 0.003 by using Bonferroni correction (15 comparisons).

TABLE 2 | Comparisons between males and females with autism spectrum 
disorder on Child Behavior Checklist scales.

Males Females

M (SD) M (SD) t-value (p)
CBCL INT 61.88 (8.94) 59.06 (9.49) 2.65 (0.008)*
CBCL EXT 56.60 (8.92) 55.87 (9.35) 0.70 (0.48)
CBCL TOT 60.83 (9.37) 59.10 (9.24) 1.57 (0.12)

CBCL INT, Child Behavior Checklist Internalizing Problems; CBCL EXT, Child 
Behavior Checklist Externalizing Problems; CBCL TOT, Child Behavior Checklist Total 
Problems.
* The level of significance was set at p ≤ 0.008 by using Bonferroni correction 
(6 comparisons).
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Internalizing, and Externalizing Problems scores of the CBCL 
were also evaluated.

Our results show that out of the 472 examined children, 
around 30% exhibited Internalizing Problems, with CBCL scores 
in the clinical or at-risk range, and with significantly higher 
scores for male than female children. However, concerning 
Externalizing Problems, only 6% of all participants had clinical 
or at-risk scores.

Similarly, an earlier study by Hartley and colleagues (22) reported 
that 29.6% of children with ASD had significant Internalizing 
Problems. However, the authors reported a higher percentage for 
Externalizing Problems (27.2%) than what we found in the current 
study. This discrepancy could be due to differences in participant 
characteristics, with younger children (mean age 3.5 years) involved 
in the study by Hartley and colleagues (20) and older children in our 
study (mean age 10.7 years old). Indeed, the Externalizing Problems 
scale is derived from Attention Problems and Aggressive Behavior 
items that may be displayed more prominently at younger ages.

A previous report (38) studied phenotypic expressions of 
behavioral problems in 215 preschool children (3 years old) by using 
CBCL in different clinical populations and typically developing 
children. The authors evidenced that children with ASD or cerebral 
palsy had more total symptoms and more internalizing problems 
than children with Down syndrome or typically developing 
children. Moreover, children with ASD showed more externalizing 
symptoms than typically developing children. A reduction of 
externalizing symptoms during early childhood in ASD was also 
documented. This result could explain why a small percentage of 
externalizing symptoms was found in our participants with mean 
age of 10.7 years old.

Psychiatric and behavioral comorbidities were also examined 
in studies that assessed the DSM-oriented subscale of CBCL (39) 
or single clinical subscales (40, 41). In particular, Georgiades 
and colleagues (40) explored in 335 preschool children with 
ASD the following CBCL subscales: Emotionally Reactive, 
Anxious/Depressed, Somatic Complaints, Withdrawn, Attention 
Problems, and Aggressive Behavior. Results showed that 39.2% of 
children with ASD were in the “clinical range” on the Withdrawn 
subscale, whereas 11.7% and 7.2% scored above the clinical cutoff 
on the Attention Problems and Emotionally Reactive subscales, 
respectively. In this preschool-age population, the study (40) 
documented higher prevalence of internalizing symptoms than 
externalizing symptoms.

Llanes and colleagues (41) used the CBCL (Parent and Teacher 
Report Forms) to evaluate the prevalence of ADHD symptoms 
and anxiety in 180 preschools (age range 4–5 years) and school-
aged children (age range 6–7 years) with ASD. In the study, parents 
reported anxiety symptoms in 31% of preschool children and in 50% 
of school-aged children and ADHD symptoms in 22% of preschool 
children and 45% of school-aged children. Even if authors did not 
report specific scores for Internalizing and Externalizing Problems 
scales, the study (41) showed more anxiety symptoms than ADHD 
symptoms at each age investigated, documenting a high percentage 
of internalizing problems. Moreover, in our study, children with 
ASD were older (mean age 10.7 years) than those in the study 
by Llanes and colleagues (41), and it could be that internalizing 
symptoms are more present in older than in younger children.

There are studies that did not use CBCL to investigate behavioral 
and emotional problems in individuals with ASD but adopted 
different diagnostic approaches and assessment batteries. Thus, it is 
difficult to compare our results with these studies, when researchers 
use different tools to assess comorbid psychopathology symptoms 
and diagnose psychiatric disorders.

For example, concerning an internalizing disorder such as 
anxiety, the prevalence rates of anxiety in children with ASD 
ranged from 11% to 84% in a literature review (42, 43).

The review by Skokauskas and Callager (44) highlighted 
that anxiety disorders represent the most common psychiatric 
comorbidity in individuals with ASD. For example, Caamaño and 
colleagues (45) found that 76% of children and adolescents with 
ASD presented anxiety symptoms and 56% attention problems; 
Amr and colleagues (46) found that 58.3% of children with ASD 
showed anxiety disorders and 13.3% a major depressive disorder 
(while only 31.6% and 23.3% presented ADHD and conduct 
disorders, respectively).

Although internalizing symptoms were frequently found 
associated with ASD, a wide range of externalizing symptoms 
were also documented in ASD. Sizing and colleagues (47) carried 
out a study on ADHD-like symptoms using 3 rating scales. 
Results revealed a high phenotypical overlap between ASD 
and ADHD (53%) that was interpreted by authors as the effect 
of difficulties in communicating needs and in attracting adult 
attention in children with ASD. Another study (5) used a parent 
interview (the Child and Adolescent Psychiatric Assessment) 
to assess emotional and behavioral problems in 112 children 
with ASD (age range 10–14 years). Results evidenced that the 
most common diagnoses were social anxiety disorder (29.2%), 
ADHD (28.2%), and oppositional defiant disorder (28.1%). 
Even if authors (5) found a high percentage of internalizing 
disorders (such as social anxiety disorder), it is difficult to 
compare their results with our results obtained by CBCL, which 
did not consider DSM-oriented scales and individual subscales.

Despite the different method adopted (the Problem Behavior 
scale of the Scales of Independent Behavior—Revised) (48), 
Shattuck and colleagues (49) examined internalizing and 
externalizing problems across 4.5 years in 241 individuals 
with ASD with a wide age range (from 10 years to 52 years). 
Similarly to our results, the authors found a higher prevalence 
of internalizing behaviors (hurtful to self, unusual or repetitive 
habits, withdrawal or inattentive behavior) than externalizing 
behaviors (hurtful to others, destructive to property, disruptive 
behavior) in individuals with ASD.

In our study, no correlation was found between CBCL 
scores and indices of ASD severity (ADOS-G raw total score 
and ADOS-2 CS), similarly to previous results that showed 
no relation (20).

Conversely, a correlation was observed between age and CBCL 
scores, with older children exhibiting more symptoms for Total 
Problems than younger ones. The higher percentage of behavioral 
problems in older children with ASD could be interpreted in 
the light of increasing social and environmental demands and 
resulting difficulties of older children in adjusting their behavior 
to changing environmental demands. Since the CBCL is 
completed by the parents, another possible interpretation is that 
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parents are more likely to have concerns regarding emotional 
and behavioral problems when their children are older. It is 
difficult, however, to compare our results with previous studies 
on the relation between age and CBCL scores, due to differences 
in analysis methods between studies. For example, the study by 
Hartley and colleagues (20) did not find a significant correlation 
between age and CBCL Externalizing Problems scores, but it 
documented a positive correlation between age and Internalizing 
Problems scores. Since the authors did not consider Total 
Problems scores in their analyses, it is difficult to compare our 
results with their findings (20).

A negative correlation was also found between CBCL Total 
Problems scores and cognitive developmental measures as 
evaluated by the GMDS-ER 2-8, since children with ASD with lower 
GQ had higher Total Problems scores. However, no correlation was 
found between IQ measured by the Leiter scales and CBCL Total 
Problems scores. This result could be explained by differences in 
the mean age of children evaluated using the GMDS-ER 2-8 and 
the Leiter scales. Indeed, the former group evaluated using the 
GMDS-ER 2-8 was younger (mean age 4.2 years) than the second 
group (mean age 7.4 years) evaluated using the Leiter scales. An 
early study conducted by Bölte and colleagues (19) in 77 children 
with ASD (54 male and 23 female children, with a mean age of 
11.3 years) found a significant influence of age and IQ on CBCL 
scores, with no gender differences in CBCL scores. It is, however, 
difficult to compare our results with the findings by Bölte and 
colleagues (19), since their CBCL scores were not normalized 
and their analyses were conducted on raw scores. More recently, 
Hartley and colleagues (20) studied correlations between CBCL 
Externalizing Problems, Internalizing Problems, and syndrome 
scale scores and characteristics such as cognitive functioning, 
gender, age, ethnicity, expressive language, and severity of autistic 
and adaptive behaviors in 169 children with ASD (mean age 
3.5 years). Similar to our results in a younger group of participants, 
they found that CBCL scores correlated with cognitive functioning 
scores, with a significant negative correlation between Internalizing 
and Externalizing Problems scores and cognitive functioning 
measures. Mensi and colleagues (21) also evaluated correlations 
between emotional and behavioral problems (derived from the 
CBCL 1.5–5 years) and the GQ (derived from the GMDS-ER 2-8), 
age, and ADOS and ADI-R scores in a group of 90 children with 
ASD with a mean age of 3.9 years who were diagnosed according 
to the DSM-IV criteria. Mothers and fathers completed the CBCL 
separately, and the authors showed a significant low-grade positive 
correlation between the children’s age and their CBCL scores on 
the Pervasive Developmental Disorders scale of the questionnaires 
completed by the mothers. No correlation with age was found 
in the questionnaires completed by the fathers. In the CBCL 
completed by both mothers and fathers, some positive correlations 
were identified between the Internalizing, Withdrawal, and 
Pervasive Developmental Disorders scores and the subscales 
relating to social interactions and behavior of the ADI-R. Beside 
these measures to confirm a diagnosis of ASD, the findings by 
Mensi and colleagues (21) on a relationship between CBCL scores 
and GMDS-ER 2-8 measures are in line with our results. An 
inverse correlation between the GMDS-ER 2-8 Language subscale 
and Total and Externalizing Problems scores for the fathers and 

Total Problems scores for the mothers was found. Furthermore, 
the study by Mensi and colleagues (21) emphasizes the importance 
of considering the different perspectives of the mother and the 
father to obtain a complete representation of the emotional and 
behavioral problems of the child.

The present study underlines the need to use instruments such 
as the CBCL in children with ASD, not just for screening and 
forming a diagnosis, but also for detecting emotional and behavioral 
problems. Indeed, our results point out that psychopathological 
comorbidities (especially internalizing symptoms) are present in a 
significant number of children with ASD (in 30% of the population 
investigated) and that they are related to gender (more present 
in males), age (more present in older children), and cognitive 
development (more present in children with lower GQ).

The detection of related conditions in ASD is a major concern 
for experts in the field (50). The inherent heterogeneity of ASD, 
with a variety of different symptom clusters, complicates the 
goal of identifying specific treatments. Several factors make it 
difficult to assess emotional and behavioral problems in many 
individuals with ASD. These include apparent symptom overlap 
between characteristics of ASD and symptoms of comorbidities 
(51). In recent years, there is a growing recognition of the need for 
individualization of treatment and approaches in ASD (52), and the 
detection of behavioral and emotional problems allows children 
with ASD to undergo more specific and individualized treatments 
that take into account their psychopathological problems.

We believe this study with a large sample size helps move 
the field toward more precise and valid measurements of 
psychopathologies in young children and adolescents with ASD, 
and our findings have implications for the quality of life and long-
term outcomes of those individuals. The present study has several 
limitations. First, since this is a retrospective study, a cause-and-
effect relationship cannot be determined, but it is useful for 
providing preliminary data and in guiding the development of 
future prospective studies. Clinical assessments of ASD were 
conducted over a period of 9 years, using different instruments to 
asses ASD such as the ADOS-G and the revised version ADOS-2. 
Therefore, analyses required us to include two different scores: 
raw total scores for the ADOS-G and comparison scores for the 
ADOS-2. Moreover, we analyzed data that were collected prior to 
the development of the calibrated severity score (included only in 
the ADOS-2), and it was thus not possible to consider this single 
valid measure to more accurately capture the core symptom 
severity of ASD.

Second, our analyses examined only three main areas of the 
CBCL questionnaire (Total Problems, Internalizing Problems, 
Externalizing Problems). By examining only these three scales, we 
did not analyze more discrete aspects of emotional and behavioral 
problems, such as individual subscales or DSM-oriented scales. 
Further studies are needed to assess the emotional and behavioral 
profile of children with ASD by using more CBCL scales and more 
objective assessment of psychiatric comorbidity.

Moreover, the CBCL questionnaire was completed by only 
one parent, while studies that analyze reports from both parents 
may be more informative.

Future studies should also examine emotional and behavioral 
problems of children with ASD against a typically developing 
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control group or other group with neurodevelopmental disorders to 
control for the nonspecific psychopathological comorbidity in ASD.

Finally, it’s difficult to distinguish how much of clinical scores 
on CBCL are affected by core ASD symptoms or by comorbid 
psychiatric, emotional, and behavioral problems. However, Hess 
and colleagues (53) documented that internalizing symptoms 
(worry/depressed, undereating, overeating, avoidant behavior, 
and repetitive behavior) should be taken into account in ASD 
since they were significantly different between individuals with 
and without ASD, whereas externalizing symptoms (conduct 
behavior and tantrum behavior) were not significantly different 
among those with and without ASD. Noordhof and colleagues 
(54) found that ASD-related problems assessed by CBCL 
constituted a specific domain of psychopathology that could be 
distinguished from the internalizing and externalizing.

In conclusion, our study assessed psychopathological 
comorbidities in a large group of children with ASD. Since 
psychiatric disorders can worsen symptoms of ASD, interfere with 
education, and reduce the benefits of treatment, more studies on 
the detection of these problems are needed and will allow children 
with ASD to receive appropriate therapies that take into account 
their emotional and behavioral problems.
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Background: Many individuals with autism spectrum disorder (ASD) engage in problem 
behavior, presenting significant challenges for those providing care and services for this 
population. Psychophysiological measures of arousal, such as electrodermal activity 
(EDA), may provide an early indication of subsequent problem behavior. However, 
variability in EDA patterns associated with behaviors may limit this predictive ability.

Methods: EDA data was sampled from eight individuals with severe ASD in a naturalistic 
setting, while participating in educational programming in a school setting at a residential 
facility for severely affected individuals with developmental disabilities, to examine 
variability in EDA patterns.

Results: An anticipatory rise in EDA only occurred 60% of the time prior to the problem 
behavior. Additionally, EDA after a problem behavior returned to median baseline levels 
only 45% of the time.

Conclusions: Heterogeneity of EDA responses in those with the most severe forms of 
ASD will be an important consideration in future studies utilizing psychophysiological tools 
such as EDA to anticipate problem behavior, including the need for monitoring of return to 
baseline after problem behaviors. Incorporation of this consideration may lead to greater 
reliability of these approaches to help anticipate and manage problem behaviors.

Keywords: autism spectrum disorder (ASD), electrodermal activity (EDA), skin conductance, problem behavior, 
stress, anxiety, intellectual disability

INTRODUCTION

Autism spectrum disorder (ASD) is a neurodevelopmental condition that is characterized by persistent 
deficits in social communication and restricted, repetitive patterns of behavior that occur early in 
development (1). Research has demonstrated that many individuals with ASD engage in aggression and 
other problem behaviors such as self-injurious behavior and irritability. For example, one study found that 
in a sample of 1,380 children with ASD, up to two-thirds became aggressive toward their caregivers, and 
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nearly half became aggressive toward others (2). Those individuals 
with ASD with greater intellectual impairment, often with 
significantly limited communication and social engagement skills, 
are at greater risk for the development of problem behaviors (3). 
Problem behavior poses many challenges for caregivers and service 
providers alike, with the potential to become worse over time (4). 
In order to attempt to reduce the occurrence of problem behavior, 
research has begun to explore the use of psychophysiological 
markers preceding problem behavior so that an intervention may 
occur prior to the onset of the behavior.

Among those with ASD, high levels of stress may manifest as 
problem behaviour (5). Additionally, emotional regulation appears 
to be impacted in general in ASD (6). Knowing the physiological 
stress state of individuals with ASD may allow caretakers and service 
providers to intervene prior to the occurrence of problem behavior. 
Furthermore, better understanding environmental correlates 
of physiological responses can help to develop more precise 
treatments through control of or manipulation of these factors. One 
psychophysiological technique to assess an individuals’ internal 
stress state is the measurement of electrodermal activity (EDA). 
Increases in EDA indicate activation of the sympathetic nervous 
system (the “fight-or-flight” response of the autonomic nervous 
system), which is measured by assessing changes in electrical 
conductivity between two electrodes placed in close proximity 
to each other on the skin. Activation of the sympathetic nervous 
system results in secretion of sweat, which conducts electricity, from 
eccrine sweat glands throughout the body. Eccrine sweat glands 
are only innervated by the sympathetic branch of the autonomic 
nervous system, so increases in EDA can be, in part, attributed to 
increases in physiological arousal. EDA is typically measured from 
areas of the body with a high density of eccrine sweat glands, such 
as the palms of the hands or soles of the feet, but can also reliably 
measure sweat secretion when placed on other areas of the body 
such as the wrist or immediately above ankle (7). Measurement of 
EDA has been shown to be well-tolerated in ASD and is sensitive to 
changes in arousal and emotional states in this population (8–10). 
However, changes in EDA in response to an arousing stimulus, vary 
widely in ASD. For example, abnormal baseline EDA as well as both 
hypo- and hyperactivities in response to human faces have been 
shown in ASD (11). Typically, EDA returns to baseline shortly after 
the application of an arousing stimulus. However, some children 
with ASD fail to return to their baseline EDA after the occurrence 
of an environmental stimulus (11), suggesting that a large stress 
response may continue to affect behavior long after the occurrence 
of a stressful event, including the engagement in problem behavior. 
A recent study found a relationship between EDA and externalizing 
behavior problems during compliance-oriented play tasks (12). 
However, EDA was relatively low while the individual engaged in 
the problem behavior, suggesting heterogeneity in the autonomic 
nervous system response to task demands in ASD. Furthermore, 
greater variability in EDA in response to a battery of naturalistic and 

structured parent–child, child alone, and direct testing tasks has been 
shown to be associated with overall ASD severity (13), suggesting 
that EDA may be a promising predictor of problem behavior in 
ASD. In light of this, research is now beginning to explore the utility 
of psychophysiological markers to anticipate problem behaviors in 
ASD. One recent study has utilized multimodal psychophysiological 
arousal to successfully predict aggression in minimally verbal ASD 
patients in a naturalistic setting (14).

A great amount of heterogeneity exists in ASD, which can 
complicate research efforts when examining data at the group level. 
As such, identification of subtypes within ASD may lead to more 
effective treatments (15, 16). Psychophysiological data has recently 
been used to identify relationships between co-occurring symptoms 
in ASD, such as gastrointestinal symptoms, irritability, and sleep 
problems (8). Therefore, while psychophysiological data may also be 
useful to assess the internal stress state of individuals with ASD in 
a variety of settings, it is important to examine the heterogeneity of 
this response. Understanding this variability will be important in the 
development of tools to anticipate the onset of behaviors, which may 
help lead to more individualized treatment approaches. This will be 
of a particularly acute need in the most severely affected individuals, 
for whom problem behaviors are more frequent (3).

The present study first examined the feasibility of collecting EDA 
data from individuals with severe ASD in a naturalistic setting, while 
participating in skill acquisition in a school setting at a residential 
facility for severely affected individuals with developmental 
disabilities. The lab school at The Center for Discovery (TCFD) 
utilizes discreetly mounted video cameras and microphones 
in classrooms to collect behavioral data, while students wear 
physiological data collection sensors to gain a better understanding 
of the physiological correlates associated with learning and behavior 
in individuals with ASD. As such, we wished to examine the 
feasibility of examining psychophysiological variables in individuals 
with severe ASD as they are related to problem behavior. The 
beginning and end of problem behaviors were identified through 
video recordings and were confirmed by trained staff at TCFD. 
The associated EDA (i.e., time locked to the EDA recordings) was 
monitored prior to the occurrence of the initial problem behaviors 
as well as immediately after the cessation of the problem behavior, to 
examine individual variability in this particular psychophysiological 
variable as it related to problem behavior.

METHODS

Participants
Eight individuals with ASD (age = 15.9 years ± 2.5 std. dev., 
range = 13–20, all male, 6 Caucasians, 2 Hispanics) were examined 
(see Table 1 for descriptive statistics). Diagnosis of ASD was made 
by a licensed psychologist and corroborated with scores from the 
Autism Spectrum Rating Scales (ASRS) DSM-IV-TR scale (17), 
a 70-item parental report of how often their child displayed each 
behavior associated with ASD in the past 4 weeks derived from 
DSM-IV-TR criteria for ASD (17). The ASRS is administered 
annually for all students. ASRS scores for this study correspond 
to the year of EDA data collection. The students’ scores from the 
ASRS DSM-IV-TR scale all fell within the elevated (65–69) or 

Abbreviations: ASD, autism spectrum disorder; EDA, electrodermal activity; 
TCFD, The Center for Discovery; ASRS, Autism Spectrum Rating Scales; DSM-
IV-TR, Diagnostic and Statistical Manual of Mental Disorders IV—Text Revision; 
IQ, intelligence quotient; ABAS, Adaptive Behavior Assessment System; VABS, 
Vineland Adaptive Behavior Scales; CTONI-2, Comprehensive Test of Nonverbal 
Intelligence—Second Edition; std. dev, standard deviation.
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very elevated (70–85) ranges (mean 76.5 ± 6.0 std. dev.) (Table 1), 
supporting that the students all had symptoms directly related to 
the DSM-IV-TR diagnostic criteria for ASD. Intelligence quotient 
(IQ) scores were obtained from administration of either the 
Stanford–Binet Intelligence Scales—5th Edition for students with 
verbal abilities (18), or the Comprehensive Test of Non-Verbal 
Intelligence—2nd Edition (CTONI-2) for those who were non-
verbal (19). IQ scores were able to be obtained from only five of the 
eight students due to compliance issues. For those five students, 
IQ scores were 3.6 standard deviations below the mean (mean 
IQ 46.6  ± 5.5 std. dev.). Furthermore, adaptive behaviors were 
assessed by the Adaptive Behavior Assessment System (ABAS) 
General Adaptive Composite (20) score or the Vineland Adaptive 
Behavior Scales (VABS) Adaptive Behavior Composite (21) score. 
As both measures were normalized to a mean of 100, an average 
score was calculated as an overall estimate of adaptive behavior. 
On average, the adaptive behavior scores for the students were 3.8 
standard deviations below the mean (mean 43.0 ± 7.4 std. dev.).

The study was approved by the Institutional Review Board at 
TCFD. All data were collected from students with ASD enrolled 
at the TCFD, located in Hurleyville, NY. Due to the severity of 
the patient population, consent was provided by the parent/legal 
guardian, and assent was also obtained for those with the capacity 
to respond after explanation through an explicit social story. The 
data were processed and analyzed at the University of Missouri, 
which was approved by the Health Sciences Institutional Review 
Board through a reliance agreement with TCFD. Research staff 
at TCFD recorded problem behavior and EDA data for the eight 
students over 1 year in the lab school setting at TCFD.

Behavior Monitoring
Monitoring was done while students were engaged in a classroom-
based behavior intervention plan, where interventions were 
targeting specific behaviors. Occurrences of each problem behavior 
were noted by educational and residential staff trained to document 
these behaviors, as part of the standard procedure. The onset and 
offset of the each problem behavior was notated in Noldus The 
Observer XT software (Noldus Information Technology, Leesburg, 

VA). The resulting onset and offset of problem behaviors were then 
used as endpoints for the EDA analysis.

For the EDA analysis, only the first occurrence of a problem 
behavior was analyzed per session. This was implemented to prevent 
the occurrence of additive effects of previous problem behaviors on 
EDA, which may confound the results. Thus, if a participant engaged 
in problem behavior at 10 min into a session, then EDA analyses 
were only carried out on that problem behavior, and subsequent 
problem behaviors during the session were not analyzed. Overall 
behavioral profile for each student was also tracked, as documented 
by staff, for all behaviors at any point during the session (see Table 2 
for distribution of behaviors among students).

Electrodermal Activity Procedures
EDA data were obtained using a Q-Sensor pod wristband 
(Affectiva Inc., Cambridge, MA), with a sampling rate of 32Hz, 
which was placed with Ag/AgCl dry electrodes, for extended 
use, to the wrist of the non-dominant hand. If the student 
would not tolerate a wrist-worn sensor, then the sensor was 
applied to the student’s ankle (22). Once the EDA site was 
selected (i.e., wrist or ankle), the sensor was always applied 
to the same site for each child and across time. Though the 
ankle is not the most optimal location from which to collect 
EDA (23), this location has been used in previous research in 
individuals with neurodevelopmental disorders when tolerance 
to a biosensor is an issue (24). All Q-sensor data were obtained 
while the students were in a temperature-controlled classroom 
with the classroom thermostat kept at a consistent temperature 
for the duration of the study. During baseline data collection, 
all students were expected to stationary and in their seats 
performing classroom activities. The Q-sensor devices were 
time-synchronized daily with the same computer system that 
has the video recording software to ensure synchronization. At 
the start of each video session, the Q-sensor button was pressed 
at the time of recording as an additional time-stamp. Next, EDA 
data from the Q-Sensor were downloaded onto a computer and 
processed using Affectiva Software (Affectiva Inc., Cambridge, 
MA). The EDA data were visually inspected by the first author, 

TABLE 1 | Participant demographics and descriptive statistics.

ID Age Gender Ethnicity Intelligence 
quotient (type) (M = 

100, SD = 15)

Adaptive 
functioning

ASRS T-score 
(M = 50, 
SD = 10)

Co-occurring 
conditions

S01 18 M Caucasian 44 (NV) 41 (ABAS) 82 OCD, ADHD,
constipation

S06 15 M Caucasian 52 (SB abbreviated) 45 (VAB) 84 OCD, ADHD,
vomiting

S07 13 M Caucasian 42 (NV) 35 (VAB) 74 Constipation
S08 15 M Caucasian NS 38 (VAB) 85 Movement disorder
S09 13 M Hispanic NS 59 (VAB) 68 None
S11 15 M Caucasian NS 35 (VAB) 76 Constipation,

ADHD, GERD
S12 20 M Caucasian 53 (NV) 48 (ABAS) 70 Constipation
S13 18 M Hispanic 42 (NV) 43 (ABAS) 73 Constipation

NV, non-verbal; SB, Stanford–Binet; NS, attempted but unable to obtain score; ABAS, Adaptive Behavior Assessment System General Adaptive Composite; 
VAB, Vineland Adaptive Behavior Scales Adaptive Behavior Composite; OCD, obsessive-compulsive disorder; ADHD, attention-deficit hyperactivity disorder; 
ODD, oppositional defiant disorder; ASRS, Autism Spectrum Rating Scales; GERD, gastroesophageal reflux disease.
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who has over a decade of experience working with EDA data, 
for significant motion artifacts within 5 min of the start of 
the problem behavior, during the problem behavior, and 
immediately after each problem behavior. Visual inspection of 
the EDA data was critical for this particular study due to the 
severity of the patient population resulting in frequent issues 
with behaviors resulting in the potential for significant artifacts 
due to motion. EDA data were excluded from the final analysis 
if visual inspection of the accelerometer data from the Q-sensor 
indicated a significant amount of motion corresponded 
with significant motion artifacts in the EDA data during the 
timepoints of interest. Consistent with previous research from 
our team (8, 9), baseline EDA was determined by taking the 
median of 5 min of EDA data during the beginning of each 
session. Baseline periods did not include problem behaviors. 
Median baseline EDA was used instead of mean baseline EDA 
as the data were typically skewed in a negative direction which 
would influence mean scores. Next, the anticipatory EDA rise 
time was determined by examining EDA data 5 min prior to 
the onset of the problem behavior. An anticipatory rise in EDA 
was defined by the presence of at least two skin conductance 
responses of at least 0.03µS, followed by a gradual increase in 
the slope of EDA after the SCR during the 5-min period prior 
to the problem behavior. This method was chosen as it involves 
both tonic and phasic elements of skin conductance such that a 
skin conductance response that was due to motion was unlikely 
to satisfy the criteria for an anticipatory rise in EDA as it likely 
wouldn’t be followed by an increase in the slope of the EDA. A 
threshold of 0.03µS and even as low as 0.01μS has been shown to 
be common in the literature as a skin conductance response (23, 
25). Next, latency to return to baseline EDA after the student 
engaged in problem behavior was determined by examining the 
amount of time between the point in time where the student 
stopped engaging in the problem behavior and the point where 
the EDA returned to the median baseline score. EDA records 
were also monitored for whether or not they returned to 

their median baseline EDA level, with an average duration of 
monitoring for return to baseline of at least 20 min (average 
duration = 134  min, ± 72  min. std. dev., range 20–242  min.) 
after engaging in problem behavior, and so frequency of this 
occurrence was  tracked within each individual and for the 
overall group of students.

Analysis
Frequencies of BIP and EDA associated with the behaviors were 
reported overall for each student. Incidence of anticipatory rise 
prior to behaviors and recovery of EDA after behaviors was 
also documented.

RESULTS

Frequency of Problem Behaviors
To demonstrate the range of behaviors among the students, 
behavior frequency each participant engaged in over the year-
long period assessed is depicted in Figure 1. Overall, most of the 
8 students engaged in more than one type of behavior, except 
for student 11 who only engaged in self-injurious behavior. For 
all of the documented behaviors across all of the students, the 
most common problem behavior was self-injurious behavior, 
followed by aggression, inappropriate social behavior, non-
compliance, and elopement.

Quality of EDA Signal
Initially, the EDA data were visually inspected by an 
experienced psychophysiology researcher (BF) for artifacts 
as the Q-sensors were placed either on the wrist or the ankle 
of the students. Any cases with significant artifacts in EDA 
during the times that were analyzed, as defined by a visual 
analysis of motion from accelerometer data in the x, y, and 
z directions at the same time as significant EDA artifacts 
were noted, or DC shift, indicating either loose or no contact 
between the skin and the Q-sensor (25), were excluded from 

TABLE 2 | Frequency and percentage of the occurrence of an anticipatory rise in EDA prior to the problem behavior, mean anticipatory rise time, number of times that 
a student returned to baseline EDA after engaging in problem behavior, and the mean time for EDA to return to baseline. Note for S13, no statistics for anticipatory rise 
and return to baseline were able to be calculated as the student’s repetitive behavior was continuous for the duration of each session.

ID PB assessed Valid EDA 
records

Number of times 
anticipatory rise 
prior to PB (%)

Mean EDA 
prior to PB 
(µS) (SD)

Mean anticipatory 
rise time (s) (SD)

Number of times 
returned to BL 

after PB (%)

Mean time to 
return to BL (s) 
(SD)

S1 Jumping in seat 9 6 (67%) 0.99 (0.85) 590 (466) 5 (56%) 2,165(673)
S6 Repetitive body 

hitting
11 6 (55%) 1.09 (1.66) 1,076 (1099) 6 (55%) 2,436 (1, 919)

S7 General 
classroom 
disruption

9 8 (89%) 2.22 (1.92) 945 (1, 201) 2 (22%) 4,939 (2, 742)

S8 Aggression 8 1 (13%) 0.74 (0.81) 681 (0) 2 (25%) 3,759 (356)
S9 Out of seat 9 5 (56%) 0.48 (0.42) 403 (399) 8 (89%) 6,389 (4, 289)
S11 Self-injurious 

behavior
9 8 (89%) 0.89 (0.61) 490 (385) 5 (56%) 3,536 (4, 138)

S12 Agitation 7 3 (43%) 0.18 (0.20) 95 (86) 0 (0%) X
S13 Repetitive motor 

movement
X X X X X X

TOTAL 8 62 37 (60%) 0.94 (0.64) 611 (306) 28 (45%) 3,870 (1, 586)

s, seconds; SD, standard deviation; BL, median baseline EDA level; PB, problem behavior; µS, microsiemens.
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the final analysis. Significant EDA artifacts were defined as 
an immediate drop in EDA to 0, indicating DC shift, or when 
“spikes” or rapid increases in EDA data appeared and were at 
least three standard deviations above the mean. This typically 
corresponded with rapid fluctuations in accelerometer data 
in x, y, and z directions and was present during periods 
when the student engaged in problem behavior that resulted 
in movement of the arms and/or legs. Artifacts in the EDA 
data were easily detected as they tended to be characterized 
by quick “spikes” in the EDA data that aren’t physiologically 
likely, followed by DC shift, indicating that contact between 
the EDA sensor and the skin was broken. Visual inspection of 
each EDA record yielded 22 records that contained a significant 
amount of artifact, according to the visual analysis mentioned 
above, that rendered the data unreliable, and so they were 
excluded from the final analysis. Each of these 22 records were 
associated with participant behaviors. This yielded a total of 
62 valid records that were suitable for analysis.

Anticipatory Rise Time Prior to 
Problem Behavior
The presence or absence of an anticipatory rise in EDA prior to a 
student engaging in problem behavior was analyzed. On average, 
across all episodes of problem behavior documented, across all 
students, the students displayed an anticipatory rise in EDA 
prior to engaging in problem behavior 60% of the time. However, 
individuals varied in the frequency with which an anticipatory rise 
in EDA was observed before the onset of the problem behavior 
(see Table 2). Of note, the students with the greatest incidence 
of anticipatory rise in EDA had primarily engaged in general 
classroom disruption behaviors and self-injurious behavior, while 
the student with the least amount of times of an anticipatory rise 
had primarily engaged in aggression (see Table 2).

Recovery of EDA to Baseline After 
Problem Behavior
On average, across all problem behaviors documented, the 
students’ EDA returned to median baseline values 45% of 
the time after engaging in problem behavior. Individuals also 
varied in the frequency with which EDA returned to median 
baseline levels after cessation of the problem behavior. Of 
note, the student who returned the most frequently to their 
median baseline EDA primarily engaged in out-of-seat 
behavior, while the student who returned the least amount 
of times to their median baseline EDA primarily displayed 
agitation (see Table 2).

Examples of the different types of EDA responses are 
illustrated in Figure 2. For some problem behavior, the EDA 
pattern was characterized by a gradual increase in EDA 
leading up to the problem behavior, a peak in EDA while 
the individual was engaged in the problem behavior, and 
then a gradual decrease in EDA following discontinuation 
of the problem behavior. For some problem behavior, the 
EDA pattern was characterized by no build-up in EDA prior 
to the engagement of the problem behavior, with a gradual 
increase in EDA during engagement in the problem behavior, 
followed by a decrease in EDA following discontinuation in 
the behavior. For other episodes of problem behavior, the 
EDA pattern was characterized by an increase in EDA prior to 
engagement in the problem behavior which was followed by a 
decrease in EDA during engagement of the problem behavior 
(see Figure 2 for examples of each response pattern).

DISCUSSION

The findings from this exploratory study suggest that examining 
the relationship between EDA and problem behaviors is feasible in 

FIGURE 1 | (A) Frequency counts of the types of problem behaviors engaged in over 1 year for each student in the sample. (B) Total number of behaviors engaged 
in by the sample over 1 year and proportion of the whole that each behavior represents.
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a naturalistic setting in a severely affected population with ASD. 
There was some loss of data due to artifact, which was expected 
due to the level of functioning of the students and the assessment 
of EDA prior to and during the engagement of problem behavior 
that involves motion, rather than in a well-controlled laboratory 
setting. However, given the exploratory nature of the study, the 
findings suggest that the collection of EDA in a population with 
severe ASD is possible, but investigators should be aware of a 
number of limitations that are likely to occur in this population.

Variability was found in the incidence of changes in EDA 
prior to the occurrence of problem behavior, during the problem 
behavior, and after the occurrence of a problem behavior, targeting 
a unique set of severely affected individuals in a residential setting. 
The results indicate that 60% of the total episodes of problem 
behavior documented were associated with an anticipatory rise in 
EDA prior to engaging in problem behavior. This has important 
implications for efforts to utilize psychophysiological markers as a 
predictor of problem behaviors (14). This finding could also have 
significant implications for the prediction and management of 
problem behavior in a classroom setting of individuals who are 
severely affected by ASD. For those cases where an anticipatory 
rise was found, the average amount of time that EDA rose prior 
to engaging in problem behavior was over 10 min, providing a 

window of opportunity for intervention to occur prior to the 
occurrence of problem behavior. However, this would not be 
helpful in all cases, as many behaviors were not associated 
with an anticipatory rise in EDA. Further monitoring of these 
individuals may be helpful to understand other factors that might 
predict behaviors, and in how many of these individuals do other 
psychophysiological variables contribute predictive information. 
Given the variability in behavioral profiles of individuals with 
ASD in this study, future work will need to determine whether 
specific behavioral profiles are associated with certain patterns of 
EDA change, allowing improved specificity for the psychophysical 
prediction efforts. Many have suggested that understanding the 
psychophysiological underpinnings of problem behavior in ASD 
is important for predicting when an individual with ASD is likely 
to engage in problem behaviour (12, 26), but the distinct patterns 
of EDA suggest that different treatment strategies may be more 
effective for each type of EDA response pattern. For example, 
individuals with ASD that display a steady increase in EDA prior 
to engaging in problem behavior may respond best from cognitive 
and/or behavioral interventions to reduce anxiety. Additionally, 
pharmacological treatment with agents targeting stress reactivity 
may also provide benefit in this subtype. For example, propranolol, 
an agent utilized in other conditions associated with altered 

FIGURE 2 | Examples of skin conductance level traces by behavioral subtype. For all images, the blue-shaded area represents the time period of an individual 
engaging in problem behavior. The left-most blue pin represents the beginning of the problem behavior, and the right-most pin represents the end of the problem 
behavior. (A) No EDA build-up prior to engaging in problem behavior (in this example, jumping in seat); (B) EDA build-up prior to engaging in problem behavior 
(in this example, jumping in seat); (C) EDA build-up prior to engaging in problem behavior (in this example, repetitive body hitting) and subsequent reduction with 
engagement in problem behavior. The x-axis is EDA in microsiemens, and the y-axis is time (marked at the top of each EDA record).
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stress reactivity (27), has been shown to increase conversational 
reciprocity in ASD (9), making it a potential candidate drug for 
the treatment of anxiety-related behaviors in ASD. However, 
those without an increase in EDA prior to engaging in problem 
behavior may benefit from behavioral or pharmacological 
interventions targeting impulse control.

In this sample, we also identified that over half of the students 
did not reliably return to their initial resting baseline EDA after 
engaging in problem behavior. This suggests that, in future work 
examining the relationship between EDA and behaviors, it will 
be critical to account for the potential confound of a lack of 
returning to baseline from previous behaviors for EDA, and which 
behavioral profiles are associated with lack of return to baseline. 
Additionally, this raises the possibility that interventions after the 
cessation of behavior might be beneficial in some individuals, 
targeting de-escalation.

A number of limitations to the present study should be 
noted, as they affect the generalization of the results across a 
broad range of individuals with ASD. First, the students in this 
study ranged in age from 13 to 20 years, with an average age of 
16, were all male and have severe ASD. As such, it is not clear 
how this generalizes to all individuals with ASD, and so future 
studies will need to examine data from a more diverse sample 
of individuals. Second, detailed data from only eight individuals 
were analyzed for this study, and so future research should aim to 
examine these results in a much larger group of individuals with 
ASD, which would also allow the examination of the impact of 
co-occurring conditions and medications on the EDA/problem 
behavior relationship. However, this remains of interest for the 
management of those with the most severe problem behaviors, 
who were studied herein, and the variability that will be important 
in future psychophysiological monitoring in this type of setting.

Finally, when planning psychophysiological experiments in 
those with severe ASD, careful consideration should be given to 
the testing environment, the problem behaviors engaged in by 
the individual(s) to be studied, and the tolerance of biosensors 
on the individual. For instance, if data collection will be indoors 
and outdoors, EDA would not be an appropriate measure given 
that EDA readings can be influenced by changes in hydration 
status, relative humidity, or sweat, for example (23, 28, 29). In 
this case, it may be better to collect electrocardiogram (ECG) to 
analyze heart rate variability (HRV), which provides information 
about sympathetic as well as parasympathetic nervous system 
functioning. Further, if an individual engages in arm flapping or 
elopement—for example, collection of data from the wrist or leg 
may not be appropriate given the high probability that the data will 
contain motion artifact. To this point, EDA data from student 13 

in this study was unable to be analyzed due to significant motion 
artifact from repetitive motor movements (Table 2). In this case, 
investigators may consider the use of a physiological apparatus that 
is affixed to the trunk of the body that is less susceptible to motion 
artifact. As such, there are a number of limitations of collecting 
EDA data from those with severe ASD, but with careful planning, 
such studies are possible and add a wealth of knowledge on those 
more severely affected.
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Background: Autism spectrum disorder (ASD) is an early-onset and lifelong 
neurodevelopmental condition frequently associated with intellectual disability (ID). 
Although emerging studies suggest that ASD is associated with premature ageing and 
various medical comorbidities, as described for ID, data are scarce.

Objectives: To determine the comorbidity burden and its association with distinct 
clinical presentation in terms of ASD severity, adaptive skills, level of autonomy, and drug 
exposure in a well-phenotyped sample of individuals with ASD-ID—the EFAAR (Frailty 
Assessment in Ageing Adults with Autism Spectrum and Intellectual Disabilities) cohort.

Methods: A total of 63 adults with ASD-ID, with a mean age of 42.9 ± 15.1 years, were 
recruited from 2015 to 2017 from nine specialized institutions. They underwent detailed 
clinical examinations, including screening for comorbidities, ASD severity [Childhood 
Autism Rating Scale (CARS)], adaptive functioning [Vineland Adaptive Behavior Scale II 
(VABS-II)], autonomy [activities of daily living (ADLs)], and drug use [polypharmacy and the 
Drug Burden Index (DBI)]. The comorbidity burden was evaluated using the Cumulative 
Illness Rating Scale (CIRS-G) and its sub-scores [the severity index (CIRS-SI) and severe 
comorbidity (CIRS-SC)].

Results: We found a large range of comorbidities, including gastrointestinal disorders 
and mental and neurological diseases. Overall, 25% of our ASD-ID sample had chronic 
kidney disease with the associated increased cardiovascular risk factors. The comorbidity 
burden was high (mean CIRS-G total score of 10.6 ± 4.8), comparable with that observed 
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among patients older than those in our population hospitalized in geriatric departments. 
Furthermore, the comorbidity burden positively correlated with age, decreased autonomy, 
and polypharmacy.

Conclusion: The severity of the comorbidity burden associated with premature ageing in 
adults with ASD and ID highlight their crucial need of personalized medical care.

Keywords: autism spectrum disorder, intellectual disability, ageing, comorbidity burden, CIRS

INTRODUCTION

Ageing is a dynamic process, resulting in decreased physiological 
reserves that can lead to impaired adaptive capacities in elderly 
individuals. In the general population, ageing results in increased 
multimorbidity (defined as two or more chronic conditions) (1), 
leading to disability (2), polypharmacy (defined as five or more 
medications per day) (3), and mortality (4).

Autism spectrum disorder (ASD) is a neurodevelopmental 
disorder characterized by social and communication impairment 
associated with repetitive and restrictive behaviors (5). One 
individual in 68 has an ASD in the United States (6) and one in 
100 in France (7), making it a relatively common condition (8). 
Its clinical presentation is heterogeneous, and psychiatric and 
somatic comorbidities are both variable and frequent (9).

Aside from ASD patients having a higher mortality rate than 
that of the general population, little is known about ageing in 
ASD (9). Several studies have hypothesized a pathological ageing 
trajectory in ASD (10, 11), related to a high rate of comorbidities, 
particularly feeding (12, 13) and gastrointestinal disorders (14, 
15), which have been reported in almost 90% of cases. Seizure 
disorders (16), immune dysregulation (17), and cardiovascular 
diseases (18) are also common and reported in one third 
of individuals.

In addition, intellectual disability (ID), found in 32% of 
ASD individuals (9), is commonly associated with a large 
range of medical comorbidities, such as nutritional deficiencies, 
cardiovascular diseases (18), polypharmacy (19), and multi-
morbidity (20), and may contribute to the increased risk of 
premature ageing of ASD patients (11, 21, 22).

We hypothesized that the cumulative weight of comorbidity 
associated with ASD and ID may lead to premature ageing of 
adult patients with ASD and comorbid ID (ASD-ID). However, 
there have been few observational studies to investigate the 
impact of comorbidities on ageing trajectories in adults with 
ASD. Here, we aimed to determine the comorbidity burden in 
a well-phenotyped cohort of adults with ASD-ID, the EFAAR 
(Frailty Assessment in Ageing adults with Autism Spectrum 
and Intellectual Disabilities) cohort, using the Cumulative 
Illness Rating Scale (CIRS-G) and its sub-scores [the severity 
index (CIRS-SI) and severe comorbidity (CIRS-SC)]. We explored 
the predictive factors of such a comorbidity burden in terms 
of age, ASD severity, adaptive functioning, autonomy, and 
drug use. Secondary objectives were to better characterize 
the medical comorbidities associated with ASD-ID during 
adulthood and the pre-elderly period and determine those 

comorbidities that are more frequently associated with each 
clinical feature.

MATERIALS AND METHODS

Study Design and Population
The EFAAR study is an ongoing prospective multicentric study. 
Participants were recruited from nine medico-social institutions in 
the south of France between 2015 and 2018. These institutions 
are the place of both residence and care of participants. 
Participants with a diagnosis of ASD [according to the Diagnostic 
and Statistical manual of Mental Disorders (DSM-5) criteria] 
and an ID [established according to the American Psychiatric 
Association (APA, 2013)] were invited to participate in the 
EFAAR study. Inclusion criteria included being over the age of 20 
years and being institutionalized in a medico-social institution 
of Languedoc-Roussillon (South of France). The exclusion 
criterion was having Down syndrome, known to be a cause of 
premature ageing (23). Among the 65 participants (recruited in 
nine centers), two aged 65 years were excluded (one declined 
and one dropped out after moving away from Languedoc 
Roussillon). In total, the EFAAR cohort included 63 participants 
who underwent a thorough clinical examination at baseline 
focused on frailty assessment. They will be followed up over 5 
years, during which time certain health events will be recorded 
annually through phone interviews with the health workers 
(falls, hospitalizations, and death). The present study is based on 
baseline examination data.

Baseline Examinations
Baseline examinations were carried out within the medico-
social institution of the participant to reduce anxiety due to the 
assessment and evaluate each patient during a stable phase of 
their disease.

ASD severity was assessed using the Childhood Autism 
Rating Scale (CARS) (24), a standardized scale that evaluates the 
intensity of autism symptoms across 15 domains, each scored 
from 1 to 4. The total score is the sum of each of the 15 sub-scores 
(range 15–60, with a higher score indicating higher severity). 
This evaluation was completed by three of the authors (SM, SC, 
or SC). The three investigators reached a consensus to determine 
the CARS total score.

The intellectual quotient (IQ) was assessed using the Raven 
Progressive Matrices. However, none of the participants could 
understand the test instructions or requirements. A developmental 
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quotient (DQ) was calculated to confirm the ID, according to 
Stern’s formula (25): developmental age (defined based on the daily 
life sub-score of the VABS-II)/chronological age * 100.

Adaptive functioning was assessed by the Vineland Adaptive 
Behavior Scale II (VABS-II) (26), a semi-structured interview 
conducted with the health worker of the participant. Three sub-
scores (communication, daily life, and social skills) (Vineland II, 
2004) were calculated, with a higher score indicating a less severe 
impairment of adaptive functioning (27).

Autonomy was assessed using the Katz index of independence 
for six activities of daily living (ADLs), which included bathing, 
dressing, toileting, transferring, continence, and feeding (28). 
A score of 1 (if the patient needs no assistance for the specific 
ADL), 0.5 (if the patient needs supervision, direction, or 
assistance), or 0 (if the patient needs total care) was attributed 
for each activity. A total score of 6 represents full autonomy, 4 a 
moderate impairment of autonomy, and <2 a severe impairment 
of autonomy (29).

Baseline Treatment Record
Data on daily treatment were collected from the medical 
records. Polypharmacy was defined as the prescription of 
≥5 medications daily (30). The Drug Burden Index (DBI) 
was used to assess the sedative and anticholinergic burden 
of medication (31). The DBI was calculated using the 
anticholinergic burden calculator developed by the Instituto 
de BIomedicina de Sevilla (IBIS), available on the Internet 
(http://www.anticholinergicscales.es/calculate). The DBI 
is the sum of anticholinergic and sedative effects of every 
treatment taken by the participant. This effect is calculated 
using the formula D/(δ + D), in which D is the daily dose 
taken by the participant and δ the minimum efficacious daily 
dose approved by the Food and Drug Administration (FDA) 
and ranges from 0 to 1 for each drug (32). The DBI score is 
higher if participants take high doses and multiple drugs with 
sedative and anticholinergic effects.

Assessment of Baseline Comorbidities
Screening for 49 diseases (listed in Table 2) was performed.

The Dementia Screening Questionnaire for Individuals 
with Intellectual Disabilities (DSQIID) (33) was completed 
by the referent health worker of the participant to screen for 
neurocognitive conditions. The first part of this questionnaire 
targets the participant’s abilities, the second targets the 
behavior and symptoms usually associated with dementia 
in people with ID, and the third includes 10 comparative 
questions. Dementia is suspected for a total score (sum of the 
second and third parts) of ≥20.

Mental health conditions were assessed using the Reiss Scale 
(34), designed to screen for mental disorders in people with 
ID and aged over 12 years. This 38-item scale includes eight 
sub-scales: aggressive behavior, autism, psychosis, paranoia, 
depression (behavior symptoms), depression (physiological 
symptoms), dependence, and avoidance. There are also six 
maladaptive items, including drug abuse, hyperactivity, self-
harm, sexual disorders, suicidal tendencies, and theft. The 

questionnaire was completed by the referent health worker. 
Each item is scored from 0 to 2 (0, no problem; 1, problem; 2, 
severe problem). The presence of co-occurring mental disorders 
is considered for a score ≥9 for the 26 selected items. The Reiss 
Scale is used to determine whether the presence of a mental 
problem for an ID patient has been sufficiently demonstrated. 
Each sub-scale shows good internal validity (between 0.72 and 
0.81), and the French version, developed by Lecavalier and Tassé, 
shows satisfactory adequacy with the original version of the Reiss 
Scale (35). A mental disorder was suspected when a current 
co-occurring psychiatric disease was diagnosed, except ASD 
and ID. The diagnosis of a mental disorder was established on 
the basis of a body of evidence: psychiatric symptoms detected 
by the Reiss Scale, in particular depression and hyperactivity, 
and the clinical evaluation of investigators (a practitioner and 
a psychologist).

Other comorbidities were evaluated by examining the medical 
record (in collaboration with the participant’s general practitioner), 
the last biological checkup (completed in the year of inclusion), 
and medical examinations of the participant carried out by one 
of the authors (SC or SM).

Among the 49 diseases, 44 were grouped into 14 categories 
of chronic health conditions (detailed in Table 2) to provide an 
overview of the prevalence of the comorbidity categories.

Determination of the Comorbidity Burden
The revised CIRS-G (36) is the gold standard to evaluate the 
presence of comorbidities and their medical burden. A total 
of 14 organ-specific categories are assessed (cardiac, vascular, 
hematopoietic, respiratory, eye–ear–nose–throat, upper 
gastrointestinal, lower gastrointestinal, liver, genitourinary 
system, musculo-skeletal system, neurology, endocrine/
metabolic and breast, and psychiatry) (37), with a score 
between 0 and 4 for each category. 0 indicates no problem, 
1 a mild or past significant problem, 2 a moderate problem 
requiring regular first-line treatment, 3 a severe and chronic 
problem requiring second-line treatment, and 4 an extremely 
severe problem requiring acute treatment and involving 
severe disability. The CIRS-G total score is the sum of each 
organ-system score.

The severity index (CIRS-SI) is defined as the CIRS-G total 
score divided by the total number of categories with a score > 1. 
The participants were separated into two groups according to 
the CIRS-SI: the low-severity index group (CIRS-SI ≤2) and the 
high-severity index group (CIRS-SI >2), as previously described 
in other studies using these scores (37, 38).

Statistical Analysis
For analyses of the clinical characteristics associated with the 
comorbidity burden (CIRS), regression models were used to 
estimate the association between clinical factors and the CIRS-G 
score, and CIRS-SI and CIRS-SC components. For analyses of the 
CIRS-G score, linear regression models were used in which the 
CIRS-G score was normalized by logarithmic transformation. For 
the binary components of the CIRS-SC score, logistic regression 
models were generated. The predictive ability of the models, that 
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is, the concordance rates between the predicted and observed 
responses, were calculated. The alpha-to-enter was set at 0.2 and 
alpha-to-exit at 0.10. The significance of adding or removing 
a variable from the multivariate models was determined by the 
maximum likelihood ratio test. The goodness of fit of the models 
was assessed using the Hosmer and Lemeshow test.

First, we described the comorbidities by calculating the 
prevalence of each in our population. An overview was provided 
by categorizing the comorbidities into 14 chronic health 
conditions and calculating the prevalence of each.

Second, we examined the association between comorbidities 
and clinical characteristics (ASD severity (CARS), level of 
adaptive functioning (VABS-II scores), level of autonomy (ADL), 
polypharmacy, and sedative and anticholinergic burden (DBI)). The 
ADL was analyzed using three sub-groups: low autonomy for a score 
of 0, 1, or 2; moderate autonomy for 3 or 4; and preserved autonomy 
for 5 or 6. Analysis of variance (ANOVA), χ2, Student–Fisher, or 
Mann–Whitney tests were applied, depending on the nature of the 
variables (continuous, dichotomous, or categorized in three levels).

Third, we used multivariate analysis to determine which 
comorbidity significantly associated with a clinical feature had 
a dominant effect on this clinical characteristic. The models 
were adjusted for age. Analysis of covariance (ANCOVA) tests 
were used for continuous variables (CARS, VABS-II sub-scores, 
and DBI), polytomous logistic regression for ADL, and logistic 
regression for dichotomous variables (polypharmacy).

All values are expressed as a percentage or mean ± standard 
error. The significance level used was 5%. Statistical analyses were 
performed using SAS version 9.3 (SAS institute, Cary, NC, USA).

RESULTS

Patient Characteristics
Overall, 63 adults, with a mean age of 43±15.1 years, were 
included in our study. The male-to-female ratio was 3.7. Their 
clinical characteristics are shown in Table 1. They had a severe 
ASD, according to the CARS score (38.9 ± 6.6) and a profound ID, 
according to the DQ score (57 participants had a DQ score < 20, 

and 5 had a DQ score between 20 and 30). Gender had no effect 
on the clinical characteristics (p > 0.05).

The comorbidity rates are listed in Table 2, with the three 
most frequent being constipation (54%), epilepsy (28.6%), and 
chronic kidney disease, essentially chronic renal failure (25.4%). 
Chronic health conditions are also shown in Table 2, the 
most prevalent being gastrointestinal disorders, essentially 
constipation (55.56%), mental diseases, essentially hyperactivity 
and depression (39.68%), and neurological diseases, essentially 
epilepsy (36.51%). In addition, 28.5% of participants had at least 
one cardiovascular risk factor (hypertension, diabetes, obesity, 
or dyslipidemia).

Association Between Clinical 
Characteristics and Comorbidities in 
ASD-ID Patients
We examined the extent to which the seven clinical characteristics 
of ASD-ID patients [ASD severity (CARS), adaptive functioning 
(VABS-II sub-scores), autonomy (ADL), polypharmacy, and 
sedative and anticholinergic burden (DBI)] are associated with 
each comorbidity and performed multivariate analyses adjusted 
for age to determine the weight of such comorbidity on these 
seven clinical characteristics (Table 2).

A more severe ASD was associated with epilepsy, whereas 
lower ASD severity was associated with chronic kidney disease 
and chronic liver disease, as well as cardiovascular risk factors 
(p value of 0.03). Multivariate analysis showed that only epilepsy 
was correlated with ASD severity (p value of 0.0128, adjusted R2 
of 0.217; having epilepsy increased the CARS score by 5.13).

Lower VABS-II communication sub-scores were associated 
with chronic kidney disease, dyslipidemia, and chronic anemia. 
Higher scores were associated with psoriasis and eczema. After 
multivariate analysis, psoriasis and eczema still were correlated 
with the VABS-II communication sub-score (p value of 0.0036, 
adjusted R2 of 0.189; having psoriasis or eczema increased the 
communication sub-score by 9.8). Constipation was the only 
comorbidity associated with lower VABS-II social skills sub-
scores (p value of 0.001). Lower VABS-II daily-life sub-scores were 

TABLE 1 | Characteristics of the population in the EFAAR study.

Total sample Women (n = 17) Men (n = 46) Gender effect 
(p value)

Age (years) 42.9 ± 15.1 (21–68) 47.5 ± 14 (23–63) 41.3 ± 15.2 (21–68) 0.21

ASD severity (CARS) 38.9 ± 6.6 (25–52) 37.6 ± 7 (25–51.5) 39.4 ± 6.5 (25–52) 0.36

Adaptive functioning (VABS-II)

SS communication 23.1 ± 7.2 (20–73) 25.4 ± 12.8 (20–73) 22.2 ± 3.2 (21–38) 0.42

SS daily life 23.6 ± 5.7 (20–47) 22.5 ± 2.9 (20–33) 24 ± 6.4 (21–47) 0.92

SS social skills 20.7 ± 2.9 (20–37) 20 ± 0 (20–20) 20.1 ± 3.4 (20–37) 0.22

Autonomy level (ADL) 4.2 ± 1.6 (0–6) 3.8 ± 1.6 (0–6) 4.4 ± 1.6 (0–6) 0.13

Polypharmacy 58.7% 70.6% 54.3% 0.25

Sedative and anticholinergic 
burden (DBI)

2 ± 1 (0-5.5) 1.9 ± 1 (0–4.1) 2.1 ± 1.1 (0−5.5) 0.73

Values are expressed as percentages or the means ± standard deviation (minimum–maximum).
For the gender effect, the association between gender and every clinical characteristic was assessed using the mean comparison for continuous variables and the χ2 test for 
dichotomous variables.
ADL, activities of daily living; CARS, Childhood Autism Rating Scale; DBI, Drug Burden Index; SS, sub-scores at the VABS-II; VABS-II, Vineland Adaptive Behavior Scale II.
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TABLE 2 | Prevalence of the 14 chronic health conditions and the 49 chronic diseases and their association with clinical characteristics (values depict those without comorbidity vs those with comorbidity).

Chronic health 
condition

Prevalence 
(%)

Comorbidity Prevalence 
(%)

ASD 
severity 
(CARS)

Adaptive functioning (VABS-II) ADL Polypharmacy DBI

SS 
communication

SS daily life SS social 
skills

Low category 
(0–2)

Hypertension 13.56 Hypertension
13.56 39.6 ± 6.3 

vs 35.9 ± 7
23.1 ± 7.7 

vs 23.5 ± 5.5
20.8 ± 3.3 
vs 20 ± 0

23.9 ± 6.3  
vs 22.9 ± 2

19.6%  
vs 0%

54.9%  
vs 75%

2 ± 1.1  
vs 1.9 ± 0.8

Eye disease 17.46

Glaucoma 0 – – – – – – –

Blindness and low vision 17.46 39 ± 6.8 
vs 38.5 ± 6

23.1 ± 7.7  
vs 23 ± 4.7

20.8 ± 3.3 vs 
20 ± 0

24 ± 6.2  
vs 21.6 ± 0.5

15.4%  
vs 18.2%

61.5%  
vs 45.5%

2.1 ± 1.1  
vs 1.8 ± 1

Cardiovascular 
disease

15.87

Coronary heart disease 0 – – – – – – –

Atrial fibrillation 0 – – – – – – –

Heart failure 7.94 38.9 ± 6.7 
vs 38.6 ± 6

23.2 ± 7.5  
vs 21.8 ± 0.5

20.8 ± 3.3 vs 
20 ± 0

23.7 ± 5.9  
vs 22.6 ± 1.3

15.5%  
vs 20%

60.3%  
vs 40%

2.1 ± 1.1  
vs 1.6 ± 0.8

Orthostatic hypotension 17.86 37.9 ± 6.2 
vs 38.2 ± 8.3

22.8 ± 4.4  
vs 21.8 ± 0.5

21.9 ± 4.7 vs 
20 ± 0

26.9 ± 8.4  
vs 21.8 ± 0.5

4.3%  
vs 0%

39.1%  
vs 100%*

1.7 ± 1  
vs 2.2 ± 1

Peripheral vascular disease 4.76 39.3 ± 6.6 
vs 31.7 ± 1.5

23.1 ± 7.4  
vs 22 ± 0

20.7 ± 3 vs 
20 ± 0

23.7 ± 5.8  
vs 22 ± 0

16.7%  
vs 0%

58.3%  
vs 66.7%

2 ± 1.1  
vs 2.3 ± 0.8

Endocrine 
disorder

26.98

Diabetes 3.17 39.1 ± 6.7 
vs 34.3 ± 3.2

23.1 ± 7.3  
vs 22 ± 0

20.7 ± 3 vs 
20 ± 0

23.7 ± 5.8  
vs 20 ± 0

16.4%  
vs 0%

57.4%  
vs 100%

2 ± 1.1  
vs 2.2 ± 0.7

Thyroid disorders 11.11 39 ± 6.9 
vs 38.7 ± 4.5

23 ± 7.4  
vs 23.7 ± 5.9

20.8 ± 3.1 vs 
20 ± 0

23.9 ± 6  
vs 21.6 ± 0.5

16.1%  
vs 14.3%*

55.4%  
vs 85.7%

2 ± 1  
vs 2.5 ± 1.6

Obesity 4.76 39.1 ± 6.6 
vs 35.8 ± 8.5

22.7 ± 7  
vs 30.3 ± 8.3

20.5 ± 2.6  
vs 24.3 ± 7.5*

23.4 ± 5.2  
vs 29 ± 13

16.7%  
vs 0%

58.3%  
vs 66.7%

2 ± 1.1  
vs 2.5 ± 0.7

Dyslipidemia 12.7 39.3 ± 6.6 
vs 36.4 ± 6.6

23 ± 7.6  
vs 23.3 ± 4*

20.6 ± 2.7  
vs 21.6 ± 4.6

23.6 ± 5.7  
vs 25 ± 5.7

16.4%  
vs 12.5%*

58.2%  
vs 62.5%

2 ± 1.1  
vs 2.3 ± 1

Other endocrine disease 3.17 38.9 ± 6.6 
vs 40 ± 8.5

23.1 ± 7.3  
vs 21 ± 0

20.7 ± 3  
vs 20 ± 0

23.6 ± 5.7  
vs 25 ± 5.7

14.8%  
vs 50%

59%  
vs 50%

2 ± 1.1  
vs 1.9 ± 0.2

Joint disease 15.87

Rheumatoid arthritis. Other 
inflammatory polyarthropathies and 
systematic connective tissue disorders

0 – – – – – – –

Arthrosis 1.59 39 ± 6.6 
vs 32.5

23.1 ± 7.3  
vs 22

20.7 ± 3  
vs 20

23.7 ± 5.7 
vs 22

16.1%  
vs 0%

59.7%  
vs 0%

2 ± 1.1  
vs 1.8

Osteoporosis with fracture 3.17 38.8 ± 6.5 
vs 43.3 ± 11.7

23.1 ± 7.3  
vs 21 ± 1.4

20.7 ± 3  
vs 20 ± 0

23.7 ± 5.8  
vs 21 ± 1.4

14.8%  
vs 50%

57.4%  
vs 100%

2 ± 1  
vs 2.9 ± 1.7

Other chronic joint disease 11.11 39.1 ± 6.3 
vs 37.5 ± 9.2

23.3 ± 7.6  
vs 21.4 ± 0.5

20.8 ± 3.1  
vs 20 ± 0

23.9 ± 6  
vs 21.4 ± 0.5

16.1%  
vs 14.3%

57.1%  
vs 71.4%

2 ± 1.1  
vs 1.8 ± 1

(Continued)
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TABLE 2 | Continued

Chronic health 
condition

Prevalence 
(%)

Comorbidity Prevalence 
(%)

ASD 
severity 
(CARS)

Adaptive functioning (VABS-II) ADL Polypharmacy DBI

SS 
communication

SS daily life SS social 
skills

Low category 
(0–2)

Lung disease 7.94

Chronic obstructive pulmonary 
disease

3.17 38.9 ± 6.6  
vs 39.5 ± 9.9

22.9 ± 7.1  
vs 29.5 ± 10.6

20.7 ± 3  
vs 20 ± 0

23.7 ± 5.8  
vs 22 ± 0

16.4%  
vs 0%

57.4%  
vs 100%

2 ± 1.1  
vs 1.6 ± 0.3

Asthma 4.76 38.9 ± 6.7  
vs 38.8 ± 6.7

23.2 ± 7.4  
vs 21 ± 0

20.7 ± 3  
vs 20 ± 0

23.5 ± 5.8  
vs 25.7 ± 4.2

16.7%  
vs 0%

58.3%  
vs 66.7%

2 ± 1  
vs 2.2 ± 1.5

Bronchiectasis 0 – – – – – – –

Gastrointestinal 
disease

55.56

Inflammatory bowel disease 0 – – – – – – –

Diverticular disease of intestine 1.59 39.1 ± 6.6 
vs 30

23.1 ± 7.3  
vs 22

20.7 ± 3 
vs 20

23.7 ± 5.7 
vs 22

16.1%  
vs 0%

58.1%  
vs 100%

2 ± 1.1  
vs 2.6

Dyspepsia 11.11 39.3 ± 6.4  
vs 36.5 ± 7.9

23.1 ± 7.7  
vs 22.9 ± 3.8

20.6 ± 2.7  
vs 21.4 ± 4.3

23.5 ± 5.4  
vs 24.1 ± 7.5

14.8%  
vs 22.2%

53.7%  
vs 88.9%

2 ± 1.1  
vs 2.2 ± 0.7

Irritable bowel syndrome 0 – – – – – – –

Constipation 53.97 38.1 ± 6.7  
vs 39.6 ± 6.6

23.2 ± 4.7  
vs 22.9 ± 8.9

21.5 ± 4.2  
vs 20 ± 0*

26 ± 7.7  
vs 21.6 ± 0.8**

13.8%  
vs 17.6%*

27.6%  
vs 85.3%***

1.6 ± 0.8  
vs 2.3 ± 1.1**

Mental disease 39.68

Depression 11.11 38.8 ± 6.5  
vs 39.4 ± 8

22.1 ± 2.9  
vs 30.7 ± 19.6*

20.8 ± 3.1  
vs 20 ± 0

23.6 ± 5.9  
vs 23.6 ± 4.4

16.1%  
vs 14.3%

57.1%  
vs 71.4%

2 ± 1  
vs 2.1 ± 1.4

Anxiety and other neurotic stress-
related and somatoform disorders

3.17 39 ± 6.7  
vs 36.5 ± 5

23.1 ± 7.3  
vs 21.5 ± 0.7

20.7 ± 3  
vs 20 ± 0

23.7 ± 5.8  
vs 21.5 ± 0.7

16.4%  
vs 0%

57.4%  
vs 100%

2 ± 1  
vs 2.6 ± 1.2

Alcohol problems 0 – – – – – – –

Other psychoactive substance 
misuse

0 – – – – – – –

Schizophrenia. Related non-organic 
psychosis

3.17 39.2 ± 6.5  
vs 30.3 ± 6.7

22.3 ± 3.4  
vs 47.5 ± 36.1

20.7 ± 3  
vs 20 ± 0

23.7 ± 5.8  
vs 22 ± 0

16.4%  
vs 0%

57.4%  
vs 100%

2 ± 1.1  
vs 1.6 ± 0.3

Hyperactivity 22.22 38.2 ± 6.7  
vs 41.4 ± 5.7

22.5 ± 3.7  
vs 25 ± 13.8

20.9 ± 3.3  
vs 20 ± 0

24 ± 6.3  
vs 22.2 ± 2.2

10.2%  
vs 35.7%

51%  
vs 85.7%*

1.9 ± 1  
vs 2.4 ± 1.1

Anorexia or bulimia 9.52 39.1 ± 6.5  
vs 37 ± 7.8

23.1 ± 7.5  
vs 22.8 ± 3.1

20.6 ± 2.8  
vs 21.7 ± 4.1

23.4 ± 5.1  
vs 25.8 ± 10.4

15.8%  
vs 16.7%

59.6%  
vs 50%

2 ± 1.1  
vs 1.9 ± 0.5

Stroke 3.17 Stroke and transient ischemic attack
3.17 38.9 ± 6.7  

vs 38.5 ± 2.8
23.1 ± 7.3  
vs 22 ± 0

20.7 ± 3 vs 
20 ± 0

23.7 ± 5.8  
vs 22 ± 0

16.4%  
vs 0%

57.4%  
vs 100%

2 ± 1.1  
vs 2.2 ± 0.6

Cancer 3.17 Cancer in last 5 years
3.17 38.9 ± 6.7  

vs 38.3 ± 4.6
22.3 ± 3.4  

vs 47.5 ± 36.1
20.7 ± 3  
vs 20 ± 0

23.7 ± 5.8 
vs 22

16.4%  
vs 0%

57.4%  
vs 100%

2 ± 1.1  
vs 2.1 ± 0.4

Kidney disease 25.39 Chronic kidney disease
25.39 40.6 ± 6.4  

vs 35.2 ± 6.9**
22.1 ± 3.1  

vs 26.7 ± 13.2**
20.8 ± 3.3  

vs 20.8 ± 3.3
24 ± 6.3  

vs 23.3 ± 5.5
22.2%  

vs 6.3%
58.3%  

vs 68.8%
2 ± 1.2  

vs 2.1 ± 0.8

(Continued)
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TABLE 2 | Continued

Chronic health 
condition

Prevalence 
(%)

Comorbidity Prevalence 
(%)

ASD 
severity 
(CARS)

Adaptive functioning (VABS-II) ADL Polypharmacy DBI

SS 
communication

SS daily life SS social 
skills

Low category 
(0–2)

Neurological 
disease

36.51

Parkinson’s disease 7.94 39.1 ± 6.7  
vs 36.6 ± 5.2

23.2 ± 7.5  
vs 21.6 ± 0.6

20.7 ± 3.1  
vs 20 ± 0

23.7 ± 5.9  
vs 22.4 ± 1.5

17.2%  
vs 0%

58.6%  
vs 60%

2 ± 1.1  
vs 2.4 ± 1

Epilepsy 28.57 37.2 ± 6.3  
vs 43.3 ± 5.3***

23.4 ± 8.2  
vs 22.2 ± 4

20.6 ± 2.4  
vs 20.9 ± 4

24 ± 5.9  
vs 22.7 ± 5.2

11.1%  
vs 27.8%

57.8%  
vs 61.1%

2 ± 1.1  
vs 2.1 ± 0.9

Dementia 3.17 39.2 ± 6.4  
vs 30 ± 7.1

22.3 ± 3.4  
vs 47.5 ± 36.1

20.7 ± 3  
vs 20 ± 0

23.7 ± 5.8  
vs 22 ± 0

16.4%  
vs 0%

57.4%  
vs 100%

2 ± 1.1  
vs 2.4 ± 0.8

Migraine 3.17 38.9 ± 6.6  
vs 38 ± 8.5

23.1 ± 7.3  
vs 21.5 ± 0.7

20.7 ± 3  
vs 20 ± 0

23.7 ± 5.8  
vs 21.5 ± 0.7

16.4%  
vs 0%

59%  
vs 50%

2 ± 1.1  
vs 1.9 ± 0.3

Multiple sclerosis 0 – – – – – – –

Liver disease 7.94

Viral hepatitis 0 – – – – – – –

Chronic liver disease 7.94 39.4 ± 6.1  
vs 33.4 ± 10.4*

22.9 ± 7.3  
vs 25.2 ± 5.5

20.3 ± 2.3  
vs 24.6 ± 6.4**

3 ± 4.2  
vs 31 ± 13.3

15.5%  
vs 20%

56.9%  
vs 80%

2 ± 1  
vs 2.5 ± 1.1

Immune 
dysfunction

23.81

Allergy 9.84 38.6 ± 6.6  
vs 41.1 ± 6.5

22.4 ± 3.6  
vs 27 ± 17.3

20.8 ± 3.2  
vs 20 ± 0

23.9 ± 6.1  
vs 22 ± 1.9

16.7%  
vs 11.1%

57.4%  
vs 66.7%

2 ± 1.1  
vs 1.6 ± 1

Psoriasis or eczema 1.59 38.7 ± 6.8  
vs 40.9 ± 4.2

22 ± 2.8  
vs 33.2 ± 20.5**

20.5 ± 2.2  
vs 22.8 ± 6.9

23.4 ± 5.4  
vs 25.5 ± 8.6

14%  
vs 33.3%

61.4%  
vs 33.3%

2 ± 1.1  
vs 2 ± 0.5

Others

 Undernutrition 4.76 38.6 ± 6.7  
vs 44.3 ± 1.8

23.2 ± 7.4  
vs 21.3 ± 0.6

20.7 ± 3  
vs 20 ± 0

23.7 ± 5.8  
vs 21.3 ± 0.6

16.7%  
vs 0%

56.7%  
vs 100%

2.1 ± 1  
vs 0.9 ± 0.8*

Hearing loss 9.52 39 ± 6.6 
vs 33

23.1 ± 7.3  
vs 22

20.7 ± 3 
vs 20

23.7 ± 5.7 
vs 22

16.1%  
vs 0%

58.1%  
vs 100%

2 ± 1  
vs 3.2

Chronic anemia 17.54 38.4 ± 6.9  
vs 42.1 ± 5.44

23.7 ± 8.3  
vs 21.2 ± 0.6*

20.9 ± 3.4  
vs 20 ± 0

24 ± 6.3  
vs 21.6 ± 1.4

19.1%  
vs 10%

57.4%  
vs 90%

2 ± 1  
vs 2.1 ± 1.3

Painful condition 4.76 38.9 ± 5.8  
vs 43.6 ± 8.8

23.3 ± 7.7  
vs 21.3 ± 0.8

20.8 ± 3.1  
vs 20 ± 0

23.9 ± 6  
vs 21.3 ± 0.8

14.5%  
vs 33.3%

56.4%  
vs 66.7%

1.9 ± 1.1 
 vs 2.7 ± 0.9

Prostate disorders 14.29 38.8 ± 6.7  
vs 40.5 ± 4.6

23.2 ± 7.4  
vs 21.3 ± 0.6

20.7 ± 3  
vs 20 ± 0

23.7 ± 5.8  
vs 21.3 ± 0.6

16.7%  
vs 0%

58.3%  
vs 66.7%

2 ± 1.1  
vs 2.2 ± 0.9

Among 49 chronic diseases, 44 are placed into 14 chronic health conditions detailed in the first column. Prevalence is expressed as a percentage.
The results for continuous variables for the group without comorbidities versus that with are expressed as the means ± standard error.
The results for dichotomous variables for the group without comorbidities versus that with are expressed as percentages. For polypharmacy, results are expressed in percentage for the group without versus with the comorbidity. 
For example, 54.9% of patient without hypertension have polypharmacy, whereas 75% of patients with hypertension have polypharmacy. For ADL category, results are expressed in percentage of patients without versus with the 
comorbidity only for the “low autonomy” category (ADL score between 0 and 2). For example, 19.6% of patients without hypertension have a low score at ADL, whereas 0% of patients with hypertension have a low score at ADL.
ANOVA, χ2, Student–Fisher, or Mann–Whitney tests were applied, depending on the nature of the variables (continuous, dichotomous, or categorized in three levels). p values are expressed as ranges. No symbol: nonsignificant 
(p value > 0.05), *0.05 ≤ p < 0.01, **0.01 ≤ p < 0.001, ***p ≤ 0.001.
ADL, activities of daily living; CARS, Childhood Autism Rating Scale; DBI, Drug Burden Index; SS, sub-scores at the VABS-II; VABS-II, Vineland Adaptive Behavior Scale II.
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associated with constipation, whereas higher scores were associated 
with obesity and chronic liver disease. After multivariate analyses, 
chronic liver disease and age still were correlated with daily-life 
sub-scores (respectively p = 0.02 and 0.004, respectively, adjusted 
R2 of 0.256; having chronic liver disease increased the daily-life 
sub-score by 4.4, and being older decreased the daily-life sub-
score by 0.05).

The ADL score was associated with thyroid disorders, 
dyslipidemia, and constipation (see Supplementary Table 1 for 
details). No associations remained after multivariate analyses.

Higher polypharmacy was associated with orthostatic 
hypotension, constipation, and hyperactivity symptoms. Logistic 
regression showed that polypharmacy is associated with an 11.8-
fold increased risk of constipation (OR = 11.8; 95% CI 3.25–42.97). 
Similarly, a high DBI was associated with constipation, whereas 
a low DBI was associated with undernutrition. The variable 
“undernutrition” could not be entered into the multivariate 
model because only three patients showed undernutrition.

Determination of Comorbidity Burden
The mean CIRS-G total score was 10.6±4.8. In univariate analyses, 
the log(CIRS-G total score) was significantly associated with age 
(p < 0.0001), low Vineland II daily-life and social-skills sub-
scores (p = 0.03 and 0.01, respectively), a low level of autonomy 
assessed by the ADL (p < 0.001), polypharmacy (p = 0.0001), and 
a sedative and anticholinergic burden assessed by the DBI (p = 
0.005). The results of multivariate analyses for the log(CIRS-G 

total score) are shown in Table 3. The CIRS-G total score 
was significantly predicted by age (p = 0.001), polypharmacy 
(p < 0.0001), and a low level of autonomy assessed by the ADL 
(p < 0.0001) (R2 of 0.55, p < 0.0001). Univariate and multivariate 
analyses performed for the CIRS-G total score without logarithmic 
transformation gave similar results. Furthermore, inflammation 
(defined as a C-reactive protein concentration >5 mg/mL) was 
significantly associated with the log(CIRS-G total score) (p = 
0.004), but not age (p = 0.17).

The mean CIRS-SI was 2.46 ± 0.5, with 73% of participants 
in the high-severity index group. Univariate analyses showed no 
significant associated factors for the CIRS-SI.

The mean CIRS-SC score was 1.79 ± 1.03, with 49% of participants 
in the high-severity comorbidity group. Univariate analyses showed 
that the high-severity comorbidity group was older (p = 0.005) and 
had lower Vineland II daily-life and social-skills sub-scores (p = 0.02 
and 0.04, respectively), a lower level of autonomy assessed by the 
ADL (p = 0.02), more frequent polypharmacy (p = 0.003), and a 
higher sedative and anticholinergic burden assessed by the DBI (p = 
0.001). The results of logistic regressions are shown in Table 4. They 
showed that the older the participants and the higher their DBI, the 
higher the CIRS-SC score (OR = 1.1, p = 0.0025, and OR = 3.1, p = 
0.002, respectively).

Given the high and unexpected prevalence of chronic kidney 
diseases, we explored the possible causes of such kidney impairment. 
There was a positive correlation between age and cardiovascular risk 
factors (p = 0.02), age and chronic kidney disease (p = 0.005), and 
cardiovascular risk factors and chronic kidney disease (p = 0.0009).

DISCUSSION

We provide a detailed qualitative and quantitative description of 
comorbidities in a well-phenotyped cohort of adult patients with 
ASD and ID. Our analyses provide new information concerning 
the weight of such comorbidities by showing that the comorbidity 
burden is associated with age, autonomy, polypharmacy, and 
sedative and anticholinergic burden. Our study is the first to 
explore the comorbidity burden in ageing ASD-ID patients using 
the CIRS-G. The distribution of comorbidities shows the extent 
to which they are common in ASD-ID patients during adulthood 
and the pre-elderly period. Analyses of the associations between 
such comorbidities and the clinical characteristics of ASD could 
indicate future directions to promote personalized medicine for 
ageing ASD patients.

Potential Shortcomings and Limitations 
of the Interpretations
The EFAAR study is the first with a multicentric and prospective 
design carried out on adult patients with ASD-ID in France. With 
only 63 patients, our ASD-ID cohort may not be representative 
of all people with ASD-ID in France. In addition, our patients 
were recruited from medico-social institutions. They were not 
hospitalized at the time of the assessment and were considered 
to be stable. Nevertheless, we may have selected individuals 
with more severe ASD-ID, as shown by the mean DQ. Thus, the 

TABLE 3 | ANCOVA analysis of CIRS total scores (log CIRS tot) by covariable 
[selected forward with the best Akaike information criterion (AIC)]. 

log CIRS-G

Beta (SE) [95% CI] p value

Intercept 2.1 (0.2) [1.3; 2.7] <0.0001
Age 0.009 (0.003) [0.003; 0.01] 0.001
SS daily life – – –
SS social skills – – –
ADL −0.1 (0.02) [−0.1; −0.04] <0.0001
Polypharmacy 
(1/0)

0.4 (0.08) [0.1; 0.5] <0.0001

DBI – – –
R² total 0.55   

Linear regressions were used when the CIRS-G score was normalized by logarithmic 
transformation because of its distribution. Dashes indicate that the variable was not 
entered into the model.
SE, standard error; CI, confidence interval; ADL, activities of daily living; DBI, Drug 
Burden Index; SS, sub-score at VABS-II (Vineland Adaptive Behavior Scale II).

TABLE 4 | Logistic regression analysis of factors related to CIRS-SC categories.

Risk factors Unit ORa* 95% CI p value

Age 5 1.1 (1.1; 1.7) 0.0025
DBI 1 3.1 (1.4; 6.6) 0.002

*Adjusted odds ratio; concordance rate: 83.5%; Hosmer and Lemeshow test = 0.17.
The UNITS statement makes it possible to specify the units of change for continuous 
explanatory variables so that customized odds ratios can be estimated.
DBI, Drug Burden Index.
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high comorbidity burden and rates found in our study should 
be interpreted with caution, because it refers to a very specific 
population with a very severe ASD-ID disorder. The severe ID 
observed in our population could be the most important cause of 
the observed high comorbidity burden.

The homogeneity of the profound ID prevented us from using 
the level of ID as a variable in univariate and multivariate analyses. 
Thus, the results of this preliminary study need to be confirmed 
in a larger cohort of ageing people with ASD, with or without ID, 
to better understand the effect of ID on the comorbidity burden.

The colinearity of the clinical characteristics and certain 
comorbidities also make interpretation of the univariate analyses 
difficult.

Furthermore, there are no previous studies concerning ageing 
with ASD-ID. Thus, we can compare our results only with those 
obtained for ageing people with ID.

Mental disorders were diagnosed on the basis of a screening 
scale (Reiss Scale) and clinical evaluation. Although there are no 
standardized tools to diagnose mental disorders, such as depression 
or hyperactivity, in the ASD-ID population, underdiagnosis 
or overdiagnosis of mental disorders could have been made, 
introducing a measurement bias.

Integration of the Discovery Into Current 
Understanding of the Problem
The comorbidity burden, assessed by the CIRS-G total score, 
of our ASD-ID population, with a mean age of 42.9 years, was 
comparable with that of an older population (with a mean age of 
79 years) from the general hospitalized population in a geriatric 
department (37). The CIRS-SI of our sample was also higher 
than that of a population with a mean age of approximately 80 
years, supporting the hypothesis of premature ageing in ASD-ID, 
partially due to a high comorbidity burden. Furthermore, elderly 
people from the general population often show chronic and low-
level inflammation, due to an imbalance between proinflammatory 
and anti-inflammatory cytokines, called inflamm-ageing, which 
is associated with multimorbidity and frailty (40). A specific 
serum inflammation profile has been observed in ASD (41), and 
we observed a significant association between the CIRS-G score 
and elevated CRP levels in our ASD-ID cohort (data not shown). 
This inflamm-ageing process could thus partially explain such a 
comorbidity burden and be an indirect cause of pathological and/or 
premature ageing in ASD. However, more precise tools for assessing 
inflammation and, in particular, microinflammation, such as the 
measurement of serum orosomucoid or interleukin 6 (IL-6) serum 
levels, would be useful to further explore this hypothesis.

In multivariate analyses, the comorbidity burden (assessed by 
the CIRS-G total score) correlated with higher age, lower autonomy, 
and higher polypharmacy. The level of autonomy assessed by 
the ADL is significantly associated with higher age in the general 
population (42). Polypharmacy is associated with multimorbidity 
in the general population (3) and can increase the risk of decreased 
autonomy in the geriatric population (43). Thus, these three factors 
(age, autonomy, and polypharmacy) could synergize to increase 
the comorbidity burden in ageing ASD-ID people. Focusing on 
promoting autonomy and reducing polypharmacy in older ASD-ID 

patients could reduce their comorbidity burden and thus reduce the 
impact of pathological ageing. Comprehensive geriatric assessment 
(CGA) is a multidimensional and multidisciplinary process used 
to identify the needs of patients to reduce morbidity and mortality 
and promote their autonomy (44). Given the factors associated with 
the comorbidity burden in our study, CGA could be an interesting 
basis from which to propose the medical management of ageing 
ASD-ID patients. In light of the associations observed between these 
three clinical characteristics (age, autonomy, and polypharmacy) 
and certain comorbidities in our study, courses of action could 
be proposed for daily clinical practice to reduce the comorbidity 
burden. Autonomy was not associated with any specific comorbidity 
in multivariate analyses. Thus, its management must be more 
global than a targeted action on one associated disease of ASD-ID 
patients. Multivariate analyses revealed an association between 
polypharmacy and constipation. Thus, special attention towards 
treating constipation in connection with reducing polypharmacy 
could have a positive impact on the comorbidity burden.

In the general population, the CIRS-SC score correlates with 
the multimorbidity prognosis (45) and reflects the number of 
comorbidity categories with a severe degree of illness. Multivariate 
analyses showed the CIRS-SC score to positively correlate with age 
and sedative and anticholinergic burden assessed by the DBI and 
the DBI to be associated with polypharmacy. An increase of the 
DBI by 1 point increased the CIRS-SC score by 3.1 points, showing 
the important weight of the sedative and anticholinergic burden in 
the severity of comorbidity, probably due to higher polypharmacy. 
Furthermore, our ASD-ID population had a higher DBI score (2 ± 
1.1) than those of an ID population aged over 50 years (1.1 ± 1.73) 
(18) and general population patients hospitalized in a medical service 
with a mean of age of 85 years (between 0.53 and 0.64) (46). Thus, the 
higher DBI score we observed could be due to the severe ID of our 
population, the co-occurrence of ASD, or simply the resulting high 
comorbidity burden. A high DBI was associated with constipation, 
probably because of the side effects of the psychotropic medications 
in our sample, which needs to be more precisely evaluated. The DBI 
could thus be a useful tool to improve pharmacological treatment in 
ASD-ID, all the more since the misuse of psychotropic drugs has been 
demonstrated for approximately one third of ASD patients due to the 
lack of a consensus on pharmacological treatment for ASD (47).

The three most common chronic health conditions in our 
ASD-ID population, with an average age of 43 years, were 
gastrointestinal (56%), mental (40%), and neurological disorders 
(37%). There are no data concerning the frequency of these 
chronic health conditions in ASD patients with ID. The reported 
prevalence of these chronic health conditions is heterogeneous, 
depending on whether the ASD or ID population was considered. 

The general reported prevalence of gastrointestinal disorders 
varies between 30% and almost 90% in ASD (14, 15) and has 
been estimated to be 17% in ID patients (48), suggesting that 
gastrointestinal disorders are a comorbid condition of ASD, 
rather than ID (49).

The reported prevalence of mental disorders in ASD children 
varies between 26% and 70% (50), is approximately 34% in young 
adults (51), and reaches 54% in ASD adults with an average 
age of 39 years (17), whereas 16.6% to 48% of ID adults have 
mental disorders (52–54) and only 9.2% of those of the general 

329

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


Comorbidity Burden in Ageing AutismMiot et al.

10 September 2019  |  Volume 10  |  Article 617Frontiers in Psychiatry  |  www.frontiersin.org

population (51). Thus, the prevalence of mental disorders 
appears to be comparable between the ASD and ID population, 
and the rate observed in our study is concordant with that of 
the literature. Studies exploring mental comorbidities in ASD 
adults of approximately 40 years of age have reported depression 
rates between 10% and 69% (55–58), similar to the prevalence 
found in our study. A recent meta-analysis concluded that the 
prevalence of current depression in ASD adults is 23% (59), 
whereas a prevalence of 14.7% to 39% has been reported for an 
ID population aged over 50 years (48). The rate of 11% observed 
in our study appears to be low relative to the prevalence of 
depression previously reported for ASD and ID. A recent study 
in young adults showed depression in 24.1% of ASD patients 
without ID, 9.1% in ASD patients with ID, and 6% in patients 
without ASD or ID (60). The authors emphasized the difficulty of 
diagnosing depression in ASD-ID patients to explain the reduced 
prevalence of depression when ASD was associated with ID. It is 
possible that depression was also underdiagnosed in our study 
because of the difficulty for patients with severe ASD and ID to 
verbalize their symptoms. The moderate significant association 
between depression and high VABS-II communication sub-
scores in our study reinforces this argument, leading us to 
believe that we can detect depression only in mild or moderate 
ID patients. Depression is also influenced by the level of ID and 
was shown to be 10% lower in the ASD-ID population in the 
recent meta-analysis conducted by Hollocks et al. (59), and our 
population showed profound ID, reflected by the very low DQ 
scores. Here, we used a standardized tool to detect psychiatric 
comorbidities, in particular depression, for which two aspects 
were screened by the Reiss Scale: behavioral and physiological 
depressive symptoms. Although this scale is only a screening 
tool, the use of behavioral and physiological indicators appears 
to be well adapted for ASD-ID patients. Nevertheless, the 
complexity of diagnosing mental disorders in ASD-ID patients 
highlights the necessity to develop specific scales to detect these 
overlapping diseases (61).

Neurological disorders were the third most common chronic 
health condition in our ASD-ID population. Epilepsy was found 
in 29% of participants. This disorder has a general prevalence of 
between 11% and 39% in ASD (62), with no increase with age 
(63), whereas it occurs in 24.1% of the ID population aged over 
50 years (48), compared with only 1% in the general population 
(64). These data suggest comparable epilepsy rates in ASD and 
ID, without any additive effect of ASD and ID in our cohort.

In conclusion, the heterogeneity of the assessment methods 
used can at least partially explain the large range of the prevalence 
of these three chronic health conditions in ASD reported in the 
literature (59).

Our study highlights a surprisingly high rate of chronic 
kidney disease (25%) in ASD-ID patients, whereas only 15% of 
ID patients with an average age of 62 years have been reported 
to have this condition (65). We thus explored the possible 
causes. We observed a positive correlation between age and 
cardiovascular risk factors, age and chronic kidney disease, and 
cardiovascular risk factors and chronic kidney disease. Thus, 
chronic kidney disease was associated with age, probably due 
to a higher frequency of cardiovascular risk factors in older 

participants, which is commonplace in the general population 
(66). Chronic kidney disease was also more common in women 
in our sample (data not shown), without any physiological 
explanation.

In multivariate analyses, ASD severity positively correlated 
with epilepsy, as already described in literature (67). The IQ level 
appears to be the most dominant risk factor of epilepsy in the 
ASD population, more than ASD severity (68). However, the DQ 
of our cohort showed a profound and homogeneous ID in our 
population, which prevented us from evaluating the association 
between ID level and epilepsy. A high VABS-II communication 
sub-score positively correlated with psoriasis and eczema in 
multivariate analysis. This association could be explained by 
the underdiagnosis of dermatological affections in more severe 
ASD-ID patients, who cannot notify the general practitioner of 
their symptoms or for whom a complete clinical examination 
can be more difficult. In multivariate analyses, a lower VABS-II 
social skills sub-score was associated with constipation, which 
is consistent with the common observation of an association 
between ASD severity and gastrointestinal disorders (49, 69). A 
higher VABS-II daily-life sub-score was associated with chronic 
liver diseases in multivariate analyses, without any explanation. 
This association needs to be tested in a larger cohort to develop a 
pathophysiological hypothesis. Finally, polypharmacy and a high 
DBI were associated with constipation in multivariate analyses, 
likely due to the over-prescription of psychotropic drugs. These 
associations could be used for the promotion of personalized 
medical care of ASD-ID patients to assess their comorbidities 
according to clinical features in daily practice.

Future Directions
The ageing of people with ASD-ID could have an additive effect 
on their comorbidity burden and its prevalence, likely resulting 
in pathological ageing. Our results highlight the necessity of 
assessing gastrointestinal, mental, and neurological disorders, 
as well as chronic kidney disease and cardiovascular risk factors 
in ageing ASD-ID patients. Comorbidities need to be evaluated 
to reduce conflicting treatment and prevent polypharmacy and 
its iatrogenic effects. The use of the CIRS-G in clinical practice 
could help practitioners to reduce the comorbidity burden and 
promote autonomy. The research of specific comorbidities, 
such as epilepsy, cutaneous diseases, and constipation, based 
on the clinical characteristics of the ASD-ID patient, should be 
generalized.

Polypharmacy, multimorbidity and its associated problems, 
and frailty, three major geriatric concerns, must be investigated to 
propose personalized geriatric medical care for ASD-ID patients.

Because our population had profound ID, we also need 
to investigate geriatric syndromes in a large cohort of ASD 
patients, with and without ID, to evaluate the influence of ID on 
the comorbidity burden, as well as the prevalence of geriatric 
syndromes. Data sharing with a general population cohort of 
adults and pre-elderly people, such as that of CONSTANCES, 
could also help us to compare the prevalence of comorbidities 
and reinforce the hypothesis of premature ageing in the 
ASD-ID population.
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