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Abstract

Individuals born with congenital heart disease (CHD) are at an increased risk of developing
neurodevelopmental disorders. Despite this, studies are limited in their investigation of autism
spectrum disorder in the context of CHD. This review provides an overview of the literature
examining autism spectrum disorder in CHD and discusses strengths, limitations, and future
directions. Recent efforts have been made to extrapolate the association between CHD and
symptoms of autism. Findings suggest that the core features of autism spectrum disorder
are also implicated in children with CHD, namely social-cognitive weaknesses, pragmatic lan-
guage differences, and social problems. Compared to norm-referenced samples, separate stud-
ies have identified divergent and overlapping neuropsychological profiles among both patient
groups, yet there are no studies directly comparing the two groups. There is emerging evidence
of prevalence rates of autism diagnosis in CHD showing an increased odds of having autism
spectrum disorder among children with CHD relative to the general population or matched
controls. There also appears to be genetic links to this overlap, with several genes identified
as being tied to both CHD and autism. Together, research points to potentially shared under-
lying mechanisms contributing to the pathophysiology of neurodevelopmental, neuropsycho-
logical, and clinical traits in CHD and autism spectrum disorder. Future investigation
delineating profiles across these patient populations can fill a significant gap in the literature
and aid in treatment approaches to improve clinical outcomes.

This narrative review aims to provide an overview of the literature examining autism spectrum
disorder (also referred to as “autism”) in CHD and discusses strengths, limitations, and future
directions. Specifically, we outline studies investigating CHD across several clinical symptoms
associated with autism, including the overlap between CHD and neurodevelopmental condi-
tions broadly, the overlap in some domains of the autism phenotype (social cognition, pragmatic
language, and social behaviour), symptomatic expression of autism in CHD, and co-occurrence
of an autism spectrum disorder diagnosis in CHD (including studies utilising screening-based
tools for autism spectrum disorder, children with general congenital malformations, children
with CHD in particular, and large-scale population-based retrospective case—control study
designs). Underlying biological contributions to the phenotypic expression of CHD are addi-
tionally discussed. Important to note is that prior work primarily focuses on social communi-
cation differences with an apparent lack of investigation into the presence of restricted interests
and repetitive behaviours in CHD, which is a key domain of autism spectrum disorder. This
substantially limits our understanding of autism in CHD but also offers an essential area for
future investigation.

Briefly, CHD is a broad term used to describe a variety of conditions that can vary in severity
wherein heart development is atypical. It is the most common birth defect affecting 1 in 100 live
births, of whom 20-25% require surgery during infancy.! With improvements in surgical out-
comes, approximately 95% of children survive into adulthood.> With increased survival rates,
50% of children who undergo cardiac intervention exhibit neurodevelopmental consequences in
childhood and later in life,"*~® which subsequently impacts psychosocial well-being and quality
of life.”? Causes of CHD are multifactorial, with up to 30% of cases attributed to chromosomal
anomalies and other syndromic and non-syndromic genetic disorders,'® which increases symp-
tom heterogeneity among patients with CHD. CHD can also range in severity of presentation
with more severe neurodevelopmental outcomes in those with cyanotic (versus acyanotic)
and single-ventricle subtypes (see below), and with substantial variability existing among those
with syndromic genetic conditions.'®!! Indeed, patients with CHD resulting from a genetic
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syndrome more often present with developmental or structural
abnormalities that contribute to symptom severity secondary to
their genetic anomaly that extend beyond those resulting solely
from their CHD alone. For example, Down syndrome and
22q11.2 deletion syndrome (the most common genetic syndromes
among CHD patients) often have intellectual developmental disor-
der, and behavioural and psychiatric disorders in the context of
their genetic syndrome.'>!® It is therefore important to consider
aetiological factors of CHD when treating or studying this patient
population.

In 2012, the American Heart Association recommended sur-
veillance for all children with CHD at risk for developmental
delays.'* The scientific statement strongly recommended screening
for neurodevelopmental conditions through brief standardised
assessments, which are critical to determine areas of clinical need
to improve optimal outcomes. Additionally, more thorough evalu-
ation and re-evaluation is recommended for those falling in the
“high risk” category, or those presenting with factors associated
with disease severity and therefore poorer neurodevelopmental
outcomes. These include infants requiring open-heart surgery
and those with cyanotic heart lesions (a group of heart defects
resulting in low blood oxygen levels), among other notable risk fac-
tors which are also risk factors for autism spectrum disorder,
including pre-term birth, seizures, developmental delays, and
genetic abnormalities.'*"!® The impact of CHD is multifaceted,
resulting in acute and long-term medical, neural, neuropsychologi-
cal, and psycho-social symptomatology, with adverse outcomes
extending into adolescence and adulthood.!”-2

Consistent with the presence of neurodevelopmental sequelae,
research has identified disrupted brain development, particularly
for children with more severe subtypes of CHD and those requiring
surgical intervention.®?*? Alterations in specific white matter
maturation have been identified as early as the second trimester
of pregnancy, and more notably during the third trimester,?*-?’
with overall brain volume and cortex development also being
impacted.””*® Additional studies have found that prior to surgery,
full-term infants with complex CHD have smaller and less mature
brains corresponding to approximately 35 weeks’ gestation com-
pared to their unaffected peers,”*~>! with smaller brain volumes
in utero predicting neurodevelopmental outcomes at 2-years-
old.*? Such abnormalities in brain development can occur through
multiple mechanisms, including underlying genetic and environ-
mental factors contributing to shared risk that impacts concurrent
heart and brain development during pregnancy.**** Additionally,
chronic prenatal hypoxia resulting from reduced blood flow and
oxygenation to the brain can significantly impact the developing
brain.***” Acute brain injury, including stroke and haemorrhage,
is also commonly observed in these patients,*® particularly those
undergoing surgical repair.**~*! In association with these abnormal
effects on the brain and its development are the related neurode-
velopmental consequences now well documented in CHD, such as
cognitive, adaptive, behavioural, speech-motor, and executive
functioning difficulties, and comorbid conditions, including
autism spectrum disorder and other psychiatric conditions.>!42-4>

Atypical brain development can result in neuropsychological out-
comes that can present heterogeneously at different stages of
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development. Overall, while children with CHD tend to perform
in the broadly average range in terms of intellectual functioning,
when directly compared to their typically developing peers, overall
cognitive scores are slightly lower."*® This also may depend on
severity of CHD type, with those with more critical CHD (e.g., sin-
gle-ventricle defect), demonstrating lower performance.! When
examining different aspects of cognition, higher verbal relative to
visual-spatial skills are often seen in individuals with CHD.*
Additional neurocognitive effects include difficulties with attention,
working memory, motor functioning, social interaction, language
and communication skills, and executive functioning as well as
elevated rates of hyperactivity, anxiety/depression, and academic
problems, particularly in mathematics.’**->! For a more compre-
hensive review of neuropsychological outcomes in CHD, see
Cassidy et al.”?

Despite the well-established association between a diagnosis of
CHD in childhood and the development of neurodevelopmental
disorders,®>*> studies are limited in their investigations of autism
spectrum disorder in the context of CHD. In contrast to CHD
which is anatomically defined, autism is a lifelong heterogeneous
neurodevelopmental disability that is defined based on behaviours,
including social communicative deficits and restricted interests/
repetitive behaviours.”> Autism spectrum disorder is quite
common in the general population, occurring in 1 in 36 children
in the United States.* Often, autism is accompanied by intellectual
disability and marked impairment in adaptive functioning and
daily living skills.”” Further contributing to the heterogeneity in
autism is the co-occurrence of other neurodevelopmental
disorders (e.g., attention-deficit/hyperactivity disorder)®® and psy-
chiatric conditions (e.g., depression and anxiety).”*-%> Medical
conditions often also co-occur with autism, with certain medical
disorders estimated to be present in 30-50% of autistic individuals
(e.g., epilepsy).1®%3-% Relevant to the overlap in CHD and autism
spectrum disorder is the higher prevalence of general congenital
anomalies (organ-system anomalies in particular) in autism rela-
tive to non-autistic children,”®”! thought to be caused by a combi-
nation of genetic and/or environmental factors during fetal
development.”>”> As such, the heterogeneous presentation of
autism in the presence or absence of comorbid neurodevelopmen-
tal, psychiatric, and/or medical/genetic conditions confers
increased difficulty in accurate and timely assessment and diagno-
sis of the disorder.

The appropriate and timely diagnosis of autism spectrum dis-
order has proven to be inherently challenging due the heterogeneity
within the disorder and co-occurrence of medical/genetic and psy-
chiatric conditions.”*7® Accurate diagnosis has important implica-
tions for patient care, research, and policy,”’~”? including individual
prognosis and access to treatment.®’ Therefore, it is important for
clinical providers working with children with medical conditions,
including CHD, to fully understand the phenotypic profile of indi-
viduals with autism spectrum disorder.

While many autistic individuals present with intellectual abilities
falling in or above the average range (e.g., an IQ score above
85), approximately 35% of individuals obtain scores in the range
of intellectual disability, with an additional 21% falling in the border-
line impaired range.*® Importantly, however, given the heterogeneity
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in autism and the substantial variability across cognitive functions,
overall IQ scores may not provide an accurate estimation of an indi-
viduals’ overall level of functioning. In their systematic review,
Takayanagi et al.¥! examined cognitive profiles of children with
autism and found that regardless of overall intellectual functioning,
autistic individuals demonstrated relative strengths in visual-spatial
skills and weaknesses in processing speed. However, those with aver-
age or above average IQ scores demonstrated strengths in verbal
comprehension in addition to visual-spatial skills while maintaining
weaknesses in processing speed. There are also well-documented
difficulties with various forms of attention,® executive function-
ing,%% speech and language development,~% pragmatic lan-
guage,”**® fine motor skills,” and processing speed and adaptive
functioning, 190101

1

Compared to norm-referenced samples, separate studies have
identified divergent and overlapping neuropsychological profiles
among autistic individuals and individuals with CHD.
Overlapping skill weaknesses include delayed speech and lan-
guage development, difficulties in academic functions and fine
motor skills, increased rates of emotional disorders, symptoms
of hyperactivity, inattention, and executive dysfunction, and finally
social problems.”1731:52102-107 Notably, in CHD, there are verbal
relative to visual-spatial strengths. In autism, there are visual-
spatial relative to verbal strengths, as well as processing speed
weaknesses. While individuals with CHD may also present with
processing speed difficulties secondary to white matter damage,*
visual-spatial and processing speed abilities should be further
explored as possible differentiating skills between autism and
CHD. Thus, phenotypically defining the neuropsychological
sequalae across autism spectrum disorder and CHD is needed to
inform clinically relevant subtypes and targeted treatment.

Social difficulties in autism are intricately tied to deficits in social
communication, a core diagnostic feature of the disorder.
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Figure 1. A schematic summary of the cognitive and neuro-
psychological skills that are distinct and overlapping in autistic
individuals and those with CHD.

Interestingly, high rates of social difficulties have also been doc-
umented in children with CHD through informant- (teacher and
parent) and self-report measures.?*!94108109 McCusker and col-
leagues'®” found elevations in social problems (through a parent-
reported questionnaire) in children with CHD who underwent
surgical intervention during infancy relative to their sibling con-
trols, a finding that held after controlling for other risk factors
known to impact neurodevelopment (e.g., CHD subtype).
Parents and adolescents with CHD themselves report increased
challenges with peer relations (with no difficulties in emotional
and behavioural functions) compared to the norm-referenced
sample using a questionnaire,” highlighting the specificity of
social difficulties in this group. Such social deficits in CHD have
been found to persist into adolescence and adulthood,!!®!!!
conferring greater risk for a reduction in quality of life in these
individuals. These studies provide initial evidence for the overlap
in autism-specific symptomatology in this medical patient
population.

Social communication skills (i.e., pragmatic language), in addition
to underlying social-cognitive and social-emotional processing, are
documented weaknesses in autism spectrum disorder,>® with
emerging evidence that these may be areas of difficulty in CHD
and are in need of further investigation.

Social communication. In an observational review, Bellinger'®®
described observations from ongoing studies of children with CHD
who were being evaluated at 12 months, 4 years, and 8 years of age.
While the CHD group appeared to perform similarly to controls on
tasks assessing basic verbal language skills (e.g., word knowledge
and sentence structure), they presented with greater pragmatic dif-
ficulties at 4 and 8 years, a critical time period for pragmatic lan-
guage development.!!? Specifically, children with CHD produced
less coherent story narratives, missed critical information, and
included fewer descriptions of affective and cognitive internal
states relative to controls.!® This pattern bears striking resem-
blance to the narratives elicited by autistic individuals relative to
controls.!3-12% Bellinger'%? also noted free play that was reduced
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in quality among 4-year-old children and their parents, relative to
control parent—child dyads, findings that map onto the known
challenges among families with autistic children when engaging
in free-play activities together.!?! Although pragmatic language
is central to autism spectrum disorder, to our knowledge, there
are currently no published empirical studies delineating these
pragmatic features in CHD.

Social cognition and social-emotional processing. Several studies
have, however, examined social-cognitive skills in this group, and
like autistic individuals, social-cognitive impairments may under-
lie the descriptive differences in pragmatic-related skills observed
in CHD (although more research is needed). Several groups have
found that children with transposition of the great arteries who
underwent surgical intervention scored lower on standard tasks
of theory of mind.!%*1%11! Moreover, Calderon and colleagues’%
case—control study unravelled intriguing evidence for specific def-
icits in higher-order social-cognitive skills that were present even
among older individuals with CHD with fluent structural language
skills. Specifically, CHD patients across all ages and language level
performed similarly to controls on a facial expression recognition
task. In contrast, regardless of age and language level, individuals
with CHD presented with significant difficulties in comprehending
emotions, highlighting a skill deficit in understanding concealed
emotions relative to controls. Finally, greater difficulties in visual
memory for faces relative to non-social objects (i.e., dots) observed
in CHD relative to a norm-referenced sample was hypothesised to
be a function of underlying social-cognitive weaknesses in this
group.'® Although these studies point to overlapping social-com-
municative and social-cognitive deficits in autism and CHD, none
directly compare both groups, highlighting a critically understud-
ied area ripe for future investigation.

Despite the strong recommendation by the American Heart
Association to implement early screening for potential neurodeve-
lopmental disorders in CHD, and the literature reviewed above
documenting some weaknesses in social functioning in CHD,
the co-occurrence of autism spectrum disorder and CHD remains
largely unknown. Rather, extant studies examining the relationship
between autism and CHD typically focus on potential autism
symptomatology in lieu of diagnostic status. In particular, these
studies have mostly examined social communication deficits with
less emphasis on the second defining characteristic of autism spec-
trum disorder (i.e., restricted interests and repetitive behaviours).
Symptomatic traits associated with autism can be assessed through
a range of tools, with most studies in CHD relying more heavily on
parent or informant report questionnaire metrics as opposed to
clinically administered tools such as the Autism Diagnostic
Observation Schedule!?*!?* or the Autism Diagnostic Interview-
Revised.!** For example, Bean-Jaworski and colleagues'* utilised
several well-established parent-report questionnaires in 195
4-year-old children with CHD and found a greater likelihood
for meeting and exceeding the threshold for “possible ASD” rela-
tive to the general population, with several risk (e.g., prematurity)
and protective (e.g., language skills) factors. Subgroup analysis in
those meeting threshold for “possible ASD” further uncovered
comorbidities common to autism spectrum disorder, including a
greater rate of developmental difficulties, and more internalising
and externalising symptoms. A recent study (n = 125 10-year-olds
with CHD) similarly utilised parent-report questionnaires of
autism symptoms, with elevations identified across all potential
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autism symptom domains.!%” Although it is noteworthy that these
authors applied screening tools to their samples, diagnosis of
autism spectrum disorder requires the complex combination of
clinical-based measures outlined above, thus warranting further
investigation.

Very few studies have specifically examined prevalence or inci-
dence rates of autism spectrum disorder diagnosis in CHD, yet
there is emerging evidence that the risk for an autism diagnosis
in children with CHD is significantly higher than the risk for those
without CHD. A very recent meta-analysis examined the incidence
of autism spectrum disorder and attention-deficit/hyperactivity
disorder (ADHD) in CHD,'?° and found that the estimated odds
ratio for autism in CHD was 1.35 (CI=1.17, 1.52) across the
existing six studies that have specifically examined this overlap
(see below), highlighting an increased risk of autism spectrum
disorder in CHD.

Specifically, a relatively small observational study conducted by
Davidson and colleagues'?” in the United Kingdom found that
children with hypoplastic left heart syndrome were more likely
to have a diagnosis of a behavioural disorder (including autism
or ADHD, diagnosed by a paediatrician), relative to other func-
tional single-ventricle CHD types. Overall, 4 of the 58 hypoplastic
left heart syndrome patients were provided a diagnosis of autism
spectrum disorder, whereas none of the non-hypoplastic left heart
syndrome patients had received a diagnosis of autism spectrum
disorder, based on data obtained from a tertiary specialist referral
centre. A larger recent retrospective, hospital-based cohort study of
134 patients with CHD found that autism prevalence was 5.9%
among this sample - a diagnosis rate that is more than two times
higher than that of the general population (2.3%).*? Notably, 3 of
11 individuals did not follow up with their autism clinic referral,
which may have attenuated the samples’ autism spectrum disorder
prevalence rates. Because CHD is considered “rare” as defined by
the NIH (i.e., fewer than 200,000 people in the United States),'?®
large-scale studies are needed to provide sufficient power to detect
associations between rare diseases. One such large-scale, case-
control study nested within a population-based cohort from the
Swedish Birth Register characterised patients with having a diag-
nosis of infantile autism (n = 408) versus controls (n = 2,040).'%°
Authors found that risk for infantile autism was associated with
general congenital malformations (7% of cases and 4% of controls
had congenital malformations), with an odds ratio of 1.6 (CI = 1.0-
2.5). This odds ratio increased for defects specific to the heart and
circulatory system (OR = 2.5, CI = 1.1-5.8) and remained signifi-
cant (albeit attenuated) after adjusting for risk factors (OR = 1.8,
CI=1.1-3.1). Conflicting reports were later found by Wier and
colleagues,”! who did not find a significant association between
autism spectrum disorder and heart defects (crude: OR=1.7,
CI = 0.9-3.2; adjusted: OR = 1.5, CI = 0.7-2.8) when using a retro-
spective case—control design of those born at a specific hospital in
California (autism spectrum disorder n = 417; control n = 2,067).
It is possible that these studies were not well powered to examine
the association between CHD in particular with autism, given their
inclusion of all congenital malformations.

Several studies have since addressed this gap by using large-
scale, retrospective population-based case—control studies of those
with CHD specifically versus controls.!**!*! Razzaghi and col-
leagues'*® conducted their study based on voluntary parent-report
questionnaire responses (which limits the study’s validity) con-
firming or denying the existence of an autism spectrum disorder
diagnosis among their children with or without CHD and found
large effects for the association of CHD and autism (crude
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OR =4.6, CI =1.9-11.0). To address this potential reporting bias,
a rigorous study conducted using the Taiwanese National Health
Insurance Research Database (NHIRD) identified that an autism
diagnosis was almost two times higher in those with any CHD
(n=3552) relative to the age- and sex-matched controls
(n=14,208), after adjusting for confounding factors (adjusted
HR =1.97, CI =1.11-3.52).!3! Interestingly, subgroup analysis
indicated that the risk for autism increased significantly in patients
with CHD who had exhibited early developmental delays in
childhood relative to controls without developmental delays
(HR=280.68, CI=39.96-176.12). Of note, this hazard ratio
increased dramatically from that between patients with early devel-
opmental delays only relative to controls (HR = 38.0, CI =16.5-
87.7), highlighting the unique and independent risk that CHD
and developmental delay confers on autism. Given that CHD alone
confers greater risk for neurodevelopmental disorders, authors
concluded that a possible additive risk for autism may result from
comorbid CHD and developmental delays, supporting the crucial
need for future studies in order to inform treatment and improve
outcomes in these patients.

Finally, Sigmon et al.!*> used the US Military Health System
administrative database to evaluate prevalence of autism by sub-
types of CHD, to begin to identify more homogenous subgroups
to facilitate identification of higher risk children with CHD for
autism spectrum disorder. The authors identified 8,000 autistic
individuals who were compared against 26,000 controls on the
prevalence and subtype of CHD. The authors found that atrial sep-
tal defect and ventricular septal defect, two of the least severe CHD
subtypes, were most associated with a diagnosis of autism, even
after controlling for common autism-associated risk factors (e.g.,
prematurity and presence of genetic syndrome). Specifically,
children born with CHD were 32% more likely to have autism
spectrum disorder than their control counterparts, an odd that
increased for those with milder cardiac defects relative to those
with more severe defects.!®? Of note, the authors point out that this
may be due to the higher sample sizes of atrial septal and ventricu-
lar septal defects, compared to other less common and often more
severe heart defects. Taken together, there is general consensus
across all but one prevalence studies that the risk for autism is
higher in children with CHD relative to the general population.
Furthermore, there is emerging evidence that risk for autism in
CHD based on screening measures has ties to delayed sternal
closure among those with critical CHD requiring surgical inter-
vention.'?® Importantly, however, these studies were inconsistent
in their inclusion and exclusion criteria as it relates to known
genetic syndromes; therefore, this may undermine the conclusion
of a more general association between CHD and autism spectrum
disorder.

There are unique and overlapping genetic disorders associated
with both autism spectrum disorder and CHD. Genetic disorders
that frequently present with CHD include Down syndrome,
Williams syndrome, Noonan syndrome, CHARGE syndrome,
and 22q11.2 deletion syndrome. A large number of genetic disor-
ders are associated with autism, including but not limited to fragile
X syndrome, Down syndrome, Duchenne muscular dystrophy,
neurofibromatosis type I, tuberous sclerosis complex, and
22q11.2 deletion syndrome.'** Recent efforts have been made to
disentangle underlying genetic factors contributing to both
disorders® as well as ongoing debate regarding the presence of
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true autism spectrum disorder in some of these disorders
(e.g., CHARGE and 22q11.2 deletion) as compared to subclinical
symptoms inherent to the behavioural profile of the genetic
disorder.!*134-136 Very importantly, symptom presentation and
severity vary widely across genetic syndromes with and without
CHD, thus obscuring clarity on the specific nature and extent of
phenotypic overlap of autism in the context of genotypic hetero-
geneity. Thus, exploration of autism spectrum disorder symptoma-
tology in CHD (rather than examining diagnostic criteria of autism
spectrum disorder) may be a fruitful avenue to uncover shared
underlying aetiologies across CHD and autism.

Interestingly, genes that are highly expressed in the heart were
also found to be highly expressed in the developing brain.!37-1%
Many of these genes overlap with de novo mutations found in neu-
rodevelopmental disorders, with several chromatin-modifier genes
present in both CHD and autism.!*’~!3 Chromatin modification
contributes to certain genetic syndromes such as 22q11.2 deletion
syndrome,'*’ a microdeletion disorder also highly comorbid with
autism symptomatology.!*! Using network genetics, Rosenthal
et al.'*? identified 101 genes with shared genetic risk for autism
and CHD, including seven novel genes that confer risk for both
autism spectrum disorder and CHD associated with disrupted
ion channels, similar to SCN2A previously linked to autism and
other neurodevelopmental and neurological conditions.'*
Future work thus warrants large-scale genotype—phenotype asso-
ciations to uncover underlying genetic mechanisms contributing to
the penetrance and severity of clinically relevant presentations
across CHD and autism spectrum disorder beyond single-gene
mutations. Underscoring the significance of family studies, poly-
genic scores for autism (i.e., an estimate of an individual’s genetic
liability to a disorder based on their genetic profile) have fruitfully
delineated genotype-phenotype correlations among relatives of
autistic individuals depicting subclinical traits of the disorder.!*
Polygenic scores and family studies may be particularly relevant
in delineating the pathophysiology of both disorders given their
substantial genetic and behavioural heterogeneity. Family studies
may thus shed light into the influences from common genetic
variation and polygenic risk rather than rare single-gene mutations
or variation that contributes to the heterogeneity of autism spec-
trum disorder profiles.!*>1%6 Finally, it is additionally possible to
examine familiality of autistic traits and the broad autism pheno-
type (i.e., subclinical personality features associated with autism
spectrum disorder without clear functional impairment) in the
context of family study designs in both these groups.

There are several methodological strengths and weaknesses of the
extant literature that are important to consider. Strengths of studies
conducted to date include the emphasis on the underlying mech-
anisms of social cognition known to be implicated in autism spec-
trum disorder. The application of autism-specific screening tools
in early studies aimed to delineate risk for autism spectrum disor-
der in CHD is also a strength, not only given American Heart
Association’s 2012 recommendations, but also given that these
are widely used tools with strong sensitivity and specificity.
These screening measures are important in assisting clinicians
in identifying individuals who will benefit from a referral for a
more thorough evaluation of autism, including administration
of gold standard clinical measures.'*” The two large-scale, popula-
tion-based incidence studies'*""!*? that have been published to date
are methodologically rigorous and provide initial evidence for
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future prospective (rather than retrospective) study designs.
Additionally, these population-based studies are well powered to
detect differences in rare diseases such as CHD (notably, autism
spectrum disorder is not considered a rare disease).

Limitations inherent to retrospective designs utilising either
clinical or administrative databases are the concerns of complete-
ness and accuracy of data recording.'*® While one of the studies
applied a sensitivity analysis to their data, to re-verify each patients’
diagnostic status and to apply more stringent diagnostic criteria to
verify positive associations,'* retrospective study designs may in
fact overestimate true incidence or prevalence as a result of ascer-
tainment bias from children with CHD or autism spectrum disor-
der who more often seek clinical care and thus are more closely
followed by medical professionals (including those that routinely
screen for autism) than the general population. Additionally,
researchers and clinicians may be missing the important features
of autism in rare subtypes of CHD, contributing to limited knowl-
edge of autism characterisation among rare subtypes of an already
rare disease. As such, future work should focus on identifying the
children with CHD who are most at risk of developing autism spec-
trum disorder. It would be particularly informative to investigate
the specific factors that may mediate/modify the relationship
between CHD and expression of autism symptomatology (e.g.,
severity of CHD, cyanotic versus acyanotic CHD, surgical history,
etc.), as many of these factors are known to influence brain devel-
opment more generally. It is also important for the extant literature
to clearly differentiate autism spectrum disorder symptomatology
from an autism spectrum disorder diagnosis, as well as investigate
the potential relationship between CHD and the broad autism phe-
notype. Finally, the observational studies applying retrospective
cohort or case—control designs documented here do not fully elu-
cidate causal mechanisms contributing to the overlap in autism
and CHD. As such, controlled intervention trials and longitudinal
follow-up are needed to extrapolate causal relationships and to
assess the efficacy and cost-effectiveness of applying early screen-
ing tools to optimise patient care, resource planning, and service
delivery across the lifespan of children with CHD.

Relatedly, missing in all these studies is the aspect of timing of
autism spectrum disorder diagnosis. Early detection, and thus early
intervention, is essential for determining clinical outcome in
autism, including cognitive development, adaptive functioning,
and autism symptoms.'*>!*% An important consideration for future
research would thus be to examine autism-associated traits in
longitudinal study designs, including an examination of school-
age children with autism spectrum disorder and CHD, relative
to idiopathic autism and idiopathic CHD. Such study designs
would further disentangle the contributions of CHD-related neu-
rodevelopmental impact from autism-specific pathophysiological
mechanisms on disease course and severity. Longitudinal research
approaches would further encourage repeated assessment for
autism spectrum disorder across development in clinical practice,
particularly important for higher risk and medically complex
populations with comorbid developmental conditions.!>!:15?

Critical also to interrogating the pathogenesis of autism-associ-
ated traits in CHD is the direct comparison of neuropsychological
functions between patient groups. This will provide clues into
potentially informative brain-behavior relationships that can
inform future genetic and neural biomarker studies of autism spec-
trum disorder in CHD. Alongside neuropsychological frameworks,
studies have thus far neglected to examine the second core feature
of autism in CHD - restricted and repetitive behaviours. It will be
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essential to understand how restricted and repetitive behaviours
manifest among the CHD population, particularly given that their
quality and severity have been shown to differ among other medical
conditions with comorbid autism (e.g., epilepsy and genetic
syndromes).*!>* As previously mentioned, excluding or control-
ling for known genetic syndromes associated with both CHD and
autism spectrum disorder will help to elucidate the underlying
relationship between these two conditions independent of these
genetic syndromes. Additionally, given known sex differences in
autism,'®"!%7 and a recent meta-analysis reporting a sex ratio for
children with comorbid autism and epilepsy to be less than 2:1'%
(which is notably less discrepant than the sex ratio for autism spec-
trum disorder overall (3:1),"** highlights the importance of studying
sex-related differences in the rates of autism in CHD as well. Overall,
deeply characterising profiles of autism spectrum disorder in CHD
will better inform biological and intervention studies, and clinical
practice.

Taken together, children born with CHD are at increased risk of
developing neurodevelopmental disorders.”>>* Recent studies have
found that core features of autism are specifically implicated in
children with CHD, namely peer difficulties, with emerging evi-
dence for difficulties with pragmatic language, social cognition,
and social-emotional processing in need of future investiga-
tion 20-103-105,108,109,111 There s emerging evidence of prevalence
rates of autism spectrum disorder diagnosis in CHD showing an
increased odds of having autism spectrum disorder among chil-
dren with CHD relative to the general population or matched
controls 2>71107125129-132 There also appears to be neural and
genetic links to this overlap, with several neural regions and genes
identified as being tied to both CHD and autism spectrum disor-
der."?7-139 Together, research points to potentially shared underly-
ing mechanisms contributing to the pathophysiology of clinical
traits in CHD and autism. Unpacking such underlying mechanistic
features will provide opportunities for translational work. Namely,
a greater understanding of the phenotypic traits of autism in CHD,
as well as CHD in autism, will increase awareness and appropriate
application of rigorous screening and evaluation methods as part
of routine clinical care or neuropsychological evaluations, which
can significantly enhance patient care outcomes.!4*16%161 A such,
a critical next step will be to further interrogate putative underpin-
nings of autism in CHD to understand their mechanistic functions
and to develop robust tools for their deep characterisation and
clinical applications for intervention. While much remains to be
uncovered about the relationship between autism spectrum
disorder and social communication in CHD, the literature sup-
ports the need for continued attention to this topic in order to best
meet the needs of those impacted by CHD.
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