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ABSTRACT

Individuals with Autism Spectrum Disorder (ASD) share characteristics (impairments in socialization and
communication, and repetitive interests and behaviour), but differ in their developmental course, pattern
of symptoms, and cognitive and language abilities. The development of standardized phenotyping has
revealed ASD to clinically be vastly heterogeneous, ranging from milder presentations to more severe
forms associated with profound intellectual disability. Some 100 genes have now been implicated in the
etiology of ASD, and advances in genome-wide testing continue to yield new data at an unprecedented
rate. As the translation of this data is incorporated into clinical care, genetic professionals/counsellors, as
well as other health care providers, will benefit from guidelines and tools to effectively communicate
such genomic information. Here, we present a model to facilitate communication regarding the
complexities of ASD, where clinical and genetic heterogeneity, as well as overlapping neurological
conditions are inherent. We outline an approach for counselling families about their genomic results
grounded in our direct experience from counselling families participating in an ASD research study, and

supported by rationale from the literature.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Autism Spectrum Disorder (ASD) is a complex neurodevelop-
mental disorder characterized by impairments in communication,
reciprocal social interaction, and a tendency to engage in restricted
and repetitive behaviours. An increase in the prevalence of ASD has
been documented over the last few decades, with the most recent
study in the United States reporting an incidence of 1 in 68 children
[1]. ASD demonstrates heterogeneity with regard to (i) sex, with a
4:1 ratio of males over females [2], (ii) clinical expression, both
between and within families (even identical twins), and (iii)
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genetic etiology, evident in the identification of hundreds of
different genes contributing to ASD [3-5].

The inheritance of ASD is described to follow a multifactorial
model in which both genetic and environmental factors, possibly
acting in combination, have a role [6,7]. Data support a strong
genetic basis for ASD, with estimates of heritability between ~50-
90% [7-9]. Hundreds of genes have been implicated in the etiology
of ASD [5,8,10-15]. Until recently, 10-15% of individuals with ASD
have been found to have an identifiable genetic cause [4,16]. This
includes individuals who have a single gene disorder (e.g. Fragile X
syndrome, Rett syndrome) [17-20] and individuals with chromo-
some microdeletions/microduplications (e.g. 16p11.2 microdele-
tion) [11,21,22]. No single genetic cause accounts for more than 1%
of ASD [4,23-26], and most individuals with an identifiable genetic
cause have a syndromic form of ASD, which is associated with
other physical and/or systemic features [16,27,28]. The majority of
individuals who are diagnosed with ASD have non-syndromic/
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idiopathic ASD, the cause of which has been more difficult to
elucidate [15,24].

Advances in next generation sequencing (NGS) technology,
including whole exome and whole genome sequencing, have
enabled us to identify an increasing number of genes that
contribute to the etiology of idiopathic ASD [23,24,29-33]. In
some instances a single (strong) genetic change (variant) is
sufficient to cause ASD, however, in the majority of cases evidence
suggests that ASD results from a combination of genetic variants
including those of weaker effects, as well as other contributors,
which we collectively refer to as environmental factors (i.e.
anything non-genetic). The complexity of the genetic etiology of
ASD is further confounded by the recent finding that within some
families, siblings with ASD have different contributing genetic
variants [23,29]. Moreover, many of the genetic variants associated
with ASD have also been identified in individuals with other
neurodevelopmental disorders, including intellectual disability
(ID), obsessive compulsive disorder (OCD), attention deficit
hyperactivity disorder (ADHD) and some psychiatric disorders
(e.g. schizophrenia, bipolar disorder, depression), complicating our
interpretation of the impact of these genetic variants on neuro-
developmental outcomes [10,34,35]. Additionally, comorbidity is
common in ASD, in that individuals with ASD have other
neurodevelopmental diagnoses (e.g. ID, OCD, ADHD) [3,36]. While
furthering our knowledge regarding the genetic causes of ASD,
genome sequencing data has also highlighted the need to further
understand the many additional complex factors contributing to
the genetic architecture of ASD [6,30,37-41].

The need to equip healthcare professionals with the knowledge
and tools to effectively communicate complex genomic informa-
tion is crucial and has been recognized [42-44]. As the use of NGS
technology for the investigation of ASD moves from research into
clinical care there will be increased demand to communicate
genomic results to families and facilitate understanding of the
significance of these results [45,46]. This task will fall to genetic
professionals/counsellors and other health care providers in turn
[47-49]. Guidelines and best practice reports on how to effectively
communicate this information are limited. Existing literature
centers on the consenting process for NGS and provides
recommendations for topics to cover in the pre-test discussion
[50]. Little is written about the post-test counselling approach,
specifically regarding the challenges of how to present genomic
results, how to explain their meaning, how to counsel about
implications for patients and their families, and how to discuss the
remaining uncertainty. Although the challenges have been
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recognized, no practical paradigms exist in the pediatric setting
for communicating genomic data, especially for complex disorders
like ASD.

Here, we present a model to facilitate communication regarding
the complexities of ASD, where clinical and genetic heterogeneity,
as well as overlapping neurological conditions are inherent. We
outline an approach for counselling families about genomic results
grounded in our experience from counselling families participating
in an ASD research study with rationale from the literature. The
resources and tools developed by our group, shared below, are
tailored for ASD but can be adapted and applied to other
neurodevelopmental conditions.

2. Conceptual model for the complexity of ASD
2.1. Complexity of ASD

ASD is a good paradigm to showcase the complexity of
neurodevelopmental conditions. Not only do individuals with
ASD present with a broad clinical spectrum, the genetic factors
involved in ASD are varied and complex, with some variants being
inherited and others occurring for the first time in the child with
ASD (de novo). Non-syndromic forms of ASD are considered to have
multifactorial inheritance, where genetic risk factors and environ-
mental risk factors both may play a role. It is the additive effect of
these factors which, upon reaching a critical threshold, lead to ASD
[51].

2.2. Existing multifactorial-threshold models

The concept of multifactorial inheritance and threshold models
is not unique to ASD or neurodevelopmental disorders. It applies to
many complex conditions, including diabetes, cardiovascular
disorders, and mental illness. A few conceptual models have been
developed to help describe this complex inheritance pattern,
including a jar model for mental illness [52] and balance scale
model for common adult conditions like diabetes [53]. Both
models depict the role of genetic and environmental factors in the
contribution to risk, but have different emphasis. In the balance
scale model, environmental/lifestyle factors contribute more
strongly to risk and the idea that risk is not static is illustrated.
Individuals have some control over their health and can make
behavioural changes that impact their disease risk (i.e. exercising
and dietary modifications can decrease risk, while smoking can
increase risk) (Fig. 1). In the jar model (Fig. 2), the concept of
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Fig.1. Balance scale model for diabetes: [A] baseline risk for developing type 2 diabetes (T2D) [B] adjusted risk of 17% for those with a higher genetic risk [C] adjusted risk of 9%

for those with a lower genetic risk [53].
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Fig. 2. Jar model for mental illness [A] The “mental illness jar” filled by two kinds of
vulnerability factors [B] Only when the jar is full to the top does an individual
experience an active episode of illness [52].

genetic predisposition and time are represented. All individuals are
vulnerable to mental illness with susceptibility ranging from low
to high depending upon one’s genetic risk factors. Additional
environmental factors (e.g. stress, trauma) contribute to this risk.
When a threshold is reached (i.e. the jar is filled), an individual will
experience an episode of mental illness. If environmental risk
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factors are removed, such that the jar is no longer full, the
individual may go into remission, highlighting the cyclic nature of
mental illness.

2.3. Cup model: a novel tool to portray the complex etiology of ASD

We have developed a new conceptual tool, which we call the
“cup model” to visually portray the complex etiology of ASD.
Adapted from the jar model, the cup model emphasizes the
different impact of genetic variants. Some genetic variants are
highly penetrant, meaning they confer a very high risk of
developing ASD. Examples include variants in certain genes that
are involved in brain development/function (e.g. PTCHD1, NRXN1,
SHANK2, CHDS8, ARID1B, SCN2A, ADNP) [4,11,15,29,54-61]. Other
variants confer a risk for ASD, but may not be sufficient to cause
ASD on their own. Environmental risk factors also have varying
degrees of influence (possibly affecting the same genetic path-
ways), but are generally thought to be less significant than genetic
factors [7]. Although neither genetic nor environmental risk factors
are easily quantifiable, they can be categorized based on our
current understanding. To illustrate the relative strength of these
multiple risk factors, we use a cup analogy with different size balls
(Fig. 3). Similar to the jar model, an individual will develop ASD if
the cup is filled with enough risk factors to reach a critical
threshold.

Unlike the jar model, time is not emphasized in the cup model.
We know that genetic and environmental risk factors can impact
neurodevelopment prenatally, perinatally and/or postnatally [7].
Additionally, once the threshold has been reached, an individual
with ASD is not likely to lose their diagnosis. ASD is considered to
be a lifelong condition with no definitive ‘cure’, although evidence-
based interventions and therapies (e.g. IBI, ABA) have

[C] ASD — threshold reached
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Fig. 3. Cup model for ASD [A] Each individual has an ASD risk cup with balls representing risk factors that contribute to ASD with variable degrees of impact [B] Risk cup not
reaching ASD threshold — some risk factors but not enough to develop ASD [C] Risk cup reaching ASD threshold — enough risk factors to develop ASD.



N. Hoang et al./ Patient Education and Counseling 101 (2018) 352-361 355

weak genetic
factor

FATHER
no ASD

i B_amm

s A
MOTHER
no ASD

CHILD 1
ASD

A
B c
CHILD 2 CHILD 3 CHILD 4
no ASD no ASD ASD

Fig. 4. Cup model illustrating reduced penetrance and genetic heterogeneity in a family with ASD. In child 1, the ASD threshold is reached as a result of a combination of
genetic variants (strong and weak, both inherited and de novo) and environmental risk factors. In child 4, a strong de novo genetic variant (labeled E) is the primary

contributing factor to reaching the ASD threshold.

demonstrated positive outcomes across multiple domains [62].
Even if environmental risk factors can be removed, impact during
the critical window of development may have already occurred [7].

This cup model can also be used to help explain why a genetic
variant thought to contribute to an individual’s ASD diagnosis can
also be found in family members without ASD (reduced pene-
trance). In Fig. 4, a genetic variant that contributes a strong risk of
developing ASD (labeled A) is inherited from a parent without ASD.
Child 1 with ASD has inherited this strong genetic factor (labeled
A), in addition to inherited weak factors (labeled B and C), de novo
(labeled D) genetic factor and environmental risk factors, which
together push the risk above the threshold. In contrast, Child 3 who
also inherited the strong genetic factor (labeled A), does not have
enough additional risk factors to push the risk above the threshold.
The cup model can also illustrate genetic heterogeneity in ASD,
where two siblings are identified to have different genetic factors
contributing to their diagnosis of ASD (i.e. Child 1 and Child 4).
Each cup has a unique combination of risk factors in the same way
each individual with ASD has a unique presentation of ASD.

In some families with shared ancestry (e.g. first cousin
marriage), the same genetic variant may be found to be inherited
from both the mother and the father (i.e. child inherits two copies
of variant A, one from each parent). Emerging data are suggestive

of recessive risk factors in ASD, particularly among consanguine-
ous families [40,63-65].

Families often report no family history of ASD and consequently
have a hard time understanding the contribution of specific genetic
factors. This model helps families visualize the complexity of the
threshold model and how it applies to their unique situation.

The cup model can also be used to demonstrate sex difference
effects in ASD with females having a higher threshold (i.e. larger
cup) than males (Fig. 5).

2.4. Extending the cup model to overlapping neurological phenotypes

As described above, the complexity of neurodevelopmental
disorders is further evident in the discovery of shared genetic
etiology across related diagnoses. Variants in the same genes
have been implicated in not only ASD, but other neuro-
developmental disorders [34]. For instance, variants in the
Astrotactin 2 (ASTN2) gene have been identified in individuals
with ASD, OCD and ADHD [66]. As well, microdeletions at
chromosome location 3q29 have been associated with an
increased risk for ASD, as well as psychiatric disorders including
bipolar disorder and schizophrenia [67]. The cup model can be
used to illustrate the shared genetic basis, where one genetic

MALE
ASD No ASD

FEMALE

Females have a
higher threshold
for ASD

G

FEMALE
ASD

Fig. 5. The 4:1 male-to-female ratio in ASD suggests that penetrance is lower in females than in males. In the cup model this is illustrated by using a larger cup for females as

they require more risk factors than males to reach the ASD threshold.
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Fig. 6. Overlapping neurological phenotypes — for individual 1, the ASTN2 variant contributes to reaching threshold in the ASD risk cup; for individual 2, the ASTN2 variant
overflows the ADHD risk cup; for individual 3 the ASTN2 variant contributes to threshold for both ASD and OCD.

variant predisposes to several different neurodevelopmental
disorders and the phenotype that manifests in a given individual
depends upon the interaction with other risk factors (Fig. 6).
Conceptually, each cup model is treated independently, however,
it is unclear whether these conditions are truly independent
(individual cups) or interact in some as yet undefined way,
which may help to explain comorbidity in ASD.

3. Considerations for counselling
3.1. Genetic etiology

The rapid advancement in genome sequencing technology has
enabled the identification of an increasing number of genetic
factors associated with ASD and other neurodevelopmental
disorders [23,24,29-33]. However, the identification of new
variants is outpacing our ability to interpret their significance.
Every individual in the population carries genetic variants, the
majority of which do not impact health or development (benign);
other variants disrupt the typical pattern of growth and
development (pathogenic) and for some variants there is not
enough information at present to determine their significance
(variants of uncertain significance) [68,69]. In some of these
cases, additional population control data, family data, or
functional data may provide clarity. When interpreting the

significance of variants identified in an individual with ASD,
several factors should be taken into consideration including: 1)
whether the variant represents a benign variation, unrelated to
ASD risk 2) If pathogenic, is the variant a weak, moderate, or
strong contributing risk factor 3) Is the variant known to be
associated with ASD alone or reported in different neuro-
developmental disorders, which may be present in other family
members. Existing databases cataloging genetic variants are
critical in this evaluative process [70-72].

Researchers are starting to compile lists of ASD risk genes (e.g.
Simons Foundation Autism Research Initiative, Autism Genome
Project Consortium) [73], and pool variants identified through
multiple sources into ASD focused databases (e.g. MSSNG project)
[23] to make this information more broadly available to
researchers and clinicians. It is worth noting that our understand-
ing of the relevance of genetic variants continues to evolve as new
information becomes available. Efforts are underway to develop
scoring systems based on published evidence to help define the
significance of ASD gene variants to facilitate interpretive
consistency [74,75].

3.2. Phenotypic heterogeneity

The discovery that many of the same genomic variants (i.e.
chromosome microdeletion/microduplication and single gene
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Table 1
Approach for counselling about genomic results.

Discussion Topics Counselling Tools Rationale

Purpose of Genetic Testing Rtk it known e Families may have unrealistic expecta-
genetic etiology tions regarding implications of genetic

085%-90% unknown test results [91,99]

genetic etiology

e Review purpose of genetic testing e Important to align expectations as this
influences how individuals process infor-
e Explore family’s expectations and hope mation [100]

e Discuss likelihood of identifying a genetic etiology

e Discuss likelihood that results will impact medical
management in ASD or impact recurrence risk

e A large portion of the general population
has limited genetic literacy [94]

General Genetic Concepts

©00S80e

Protein

e Understanding of some basic genetic
concepts is critical for more specific
discussions regarding the role of genetics

e Review cells, chromosomes, genes, proteins, variants

in ASD

o Refer to our counselling aids found at http://www.tcag. http://www.tcag.ca/documents/projects/ e Visual aids can be effective in explaining
ca/documents/projects/ genetic concepts [96]

o Additional counselling aids can be purchased (e.g. Visual aids can be effective in explaining genetic concepts
Greenwood Genetic Counselling Aids) and animations  [96]
are available online for guidance (http://learn.genetics.
utah.edu/, www.yourgenome.org)

Genomic Variants health/ developmental e Understanding the different types of

fficul . . . .
aificities genetic variants is key to understanding

genetic contributions to ASD

uncertain no impact

e Note that we all have genetic variants

It is important to recognize the distinction
between certainty (bengin and pathogenic
variants) and uncertainty (variants un-

UWEETTDO —
.

Significant Benign

e Discuss the different categories of variants http://www.tcag.ca/documents/projects/

Etiology of ASD Autom spectrum e Clarify any misconceptions regarding

o Explore family’s understanding of what causes ASD = causes of ASD, particularly those that may
contribute to feelings of guilt and blame

e Review multifactorial inheritance ‘- [101-103]

e Explain genetic heterogeneity even within members of
the same family

Cup Model

e Discuss overlap of genes/variants across related condi- http://www.tcag.ca/documents/projects/

tions
Genetic Tests e Ambry Genetics: What is Exome Sequencing [104] e Understanding the scope of a test pro-
e Explain the genomic test(s) that was utilized to investi- e SickKids Hospital: Exome Sequencing Animation [105] vides a foundation for discussing the
gate the genetic etiology of ASD in your patient results of the test

e Use available tools to facilitate this discussion


http://www.tcag.ca/documents/projects/
http://www.tcag.ca/documents/projects/
http://www.tcag.ca/documents/projects/
http://learn.genetics.utah.edu/
http://learn.genetics.utah.edu/
http://www.tcag.ca/documents/projects/
http://www.tcag.ca/documents/projects/

358

Table 1 (Continued)

N. Hoang et al. / Patient Education and Counseling 101 (2018) 352-361

Discussion Topics Counselling Tools

Rationale

e Discuss the advantages and limitations of the test(s)

Genetic Result & Significance
o Discuss variant(s) identified and available information
regarding contribution to ASD

Include discussion regarding any uncertainty — be
cognisant that association is not causation

e Summarize the impact of risk variant referring back to the

strong genetic

cup model factor

e Discuss what additional investigations are recommended
(e.g. parental testing, functional study)

Psychosocial Impact
e Explore family’s perception of the results and response

Questions to explore:

e Refer to genetic counsellor if further support is needed

o Offer genetic testing for other family members if indicated

moderate genetic
factor factors

1) What does the result mean for you and your family?
2) Does it change your understanding of what causes ASD?

3) Is having this information helpful?

e This is an important step in understanding
risk information and will facilitate the
discussion around recurrence risk

weaker genetic

http://www.tcag.ca/documents/projects/

e Given the multitude of psychosocial
factors experienced by families who have
a child with ASD, it is important to
explore parent perceptions and responses
to facilitate appropriate supports [43,103]

4) Does it impact your decision to have other children?
5) Are there services from which you or your family would

benefit?

variants) have been identified in individuals with different
neurodevelopmental and psychiatric diagnoses suggests that
these diagnoses should not be viewed as causally distinct. Evidence
suggests although these disorders continue to be differentiated on
a clinical basis they are not dichotomous, all-or-none disorders and
should be viewed as a continuum [34,76-78]. Therefore, recur-
rence risk estimates need to address not only the risk for ASD, but
the possibility of the occurrence of other disorders along the
continuum. Researchers are conducting more in-depth phenotyp-
ing of individuals with variants in ASD risk genes to capture the
broader range of neurodevelopmental presentations associated
with specific genes [79-81]. This data will help to elucidate the
overlapping spectrum of neurodevelopmental disorders and
inform more comprehensive recurrence risk estimates.

3.3. Recurrence risk

Historically, the goal of genetic testing in ASD has been to
determine the underlying genetic etiology in order to inform
counselling about the likelihood of recurrence for future
pregnancies [82-85]. This is more readily accomplished for
syndromic forms of ASD, which are attributed to a specific genetic
etiology for which a mode of transmission is well defined. For
instance, in a situation where ASD is a feature of an underlying
syndrome with autosomal dominant inheritance, the recurrence
risk may be as high as 50%. More information regarding known
syndromes associated with ASD, their genetic etiologies and
recurrence risks can be obtained from previous reviews
[4,8,16,28].

In the case of idiopathic ASD, where there is typically a more
complex interplay between genetic and environmental factors,
recurrence risk is more difficult to define. For “strong” genetic
factors associated with a high risk of developing ASD, the chance
of passing on the gene may be easy to quantify, but the specific
risk for ASD is more elusive as other genetic and environmental
factors may be involved (i.e. threshold model). An additional
challenge lies in predicting the clinical presentation given the
phenotypic heterogeneity described above. In this situation,
recurrence risk counselling would be guided by available

information in the literature regarding phenotypic expression
associated with the specific genetic factor. For “moderate” and
“weak” genetic factors, where their contribution to ASD and other
neurodevelopmental disorders is less clear, we rely upon
empirical recurrence risk data. For ASD, available information
from sibling studies estimates that the recurrence risk to have a
second child with ASD is between 10 and 20% [86-88]. This risk
has been shown to be influenced by sex with one study showing a
three-fold increase in risk of ASD outcome in males relative to
female siblings [87].

4. Approach to communicating genomic information

Data from the literature suggests that families value genetic
testing and genetic counselling in spite of the uncertainty
regarding risk estimates [89-92]. The task of explaining genomic
results, in the context of a multifactorial threshold model
confounded by overlapping neurodevelopmental conditions poses
a daunting challenge. In Table 1, we outline our approach to
communicating genomic information grounded from our experi-
ence in counselling families about microarray and genomic
sequencing results through an ASD research study. The table
summarizes information we consider important to discuss and
provides references to counselling tools to facilitate the discussion.
A qualitative study exploring participants’ experiences and
perceptions regarding this approach is currently underway.

It is difficult to develop a framework for clinicians to follow to
effectively communicate genomic results back to families. It is well
recognized that many factors contribute to how patients/partic-
ipants make sense of and apply information [93]. In particular,
learning styles, education level, ethnic/cultural background,
economic status and personal experiences all impact how
individuals understand information, particularly about health
and risk [43,44,94]. Therefore, the most important component in
our approach is flexibility to adapt the discussion to the family’s
needs/expectations in an engaged counselling model [43]. The
discussion points listed in Table 1 should be tailored (simplified or
elaborated) accordingly. This is particularly fundamental for
families with neurodevelopmental conditions like ASD, as the
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individuals receiving the information may have a milder form of
ASD or a related condition on the continuum, which may impact
information processing (e.g. parent with ADHD).

It is worth noting that the population on which this counselling
approach has been trialed is, as a whole, information driven. The
majority of families have enrolled in research after connecting with
community services/support for ASD. In the clinical setting, the
psychological/psychosocial implications of a new ASD diagnosis
may be more pressing when counselling families, so addressing the
educational component of this approach can be reserved for a later
visit. Of note, this counselling approach does not include guidance
regarding discussion about secondary/incidental findings, which
may be identified through genomic testing. This topic is beyond the
scope of this paper and has been addressed previously in the
literature [95-98].

5. Conclusion

The application of genomic technologies will continue to
generate even more information about the genetic contributions to
ASD and other neurodevelopmental conditions. Although our
understanding of the causes of ASD has increased, much
uncertainty and complexity still remains, particularly regarding
how much a particular variant(s) contributes to ASD and its impact
on clinical presentation. Counselling families about the impact of
genomic results can be challenging given the limits of our current
understanding. As genetic testing for ASD is increasingly integrated
into mainstream medicine, health care providers will need to
acquire the knowledge and skills to discuss genetic variants with
families. The counselling approach we present, which incorporates
our cup model, provides clinicians and counsellors with a starting
point to facilitate the discussion regarding the complex genetic
etiology of ASD.
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