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Abstract

The clinical pathway to diagnosis in autism spectrum disorder (ASD) is complex. The objective
of this thesis was to estimate the health and monetary impact of changes in the provision of
select ASD screening and diagnostic health services. First, a meta-analysis estimated that the
Modified Checklist for Autism in Toddlers, a commonly used ASD screening tool, performed at
a low-to-moderate accuracy among children with developmental delay (pooled sensitivity: 0.83,
95% credible interval [CrlI] 0.75, 0.90; specificity: 0.51, 95% Crl: 0.41, 0.61; positive predictive
values [PPV] in high-risk children: 0.55, 95% Crl: 0.45, 0.66; PPV in low-risk children: 0.07,
95% Crl: <0.01, 0.16) and its performance changed with patient characteristics. The second
study evaluated the cost-effectiveness of universal or high-risk screening compared to standard
care, surveillance monitoring, in ASD using discrete event simulation. Results demonstrated that
universal screening would greatly burden the healthcare system by heightening demand for

diagnostic services and increasing healthcare expenditure. High-risk screening, on the other
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hand, could be a cost-effective strategy, yielding incremental cost-effectiveness ratios (ICERs) of
$1100-1900/child initiated treatment or diagnosed earlier. The last study compared the cost-
effectiveness of genome (GS) or exome sequencing (ES) to chromosomal microarray (CMA)
using a microsimulation model. The use of ES in children with syndromic features after a
negative CMA could be cost-effective compared to CMA alone (ICERs $5800-6000/child with
pathogenic variant). I[f CMA was to be replaced by sequencing, GS would be the more cost-
effective option. Findings from this thesis indicate that strategic resource allocation is crucial in
ASD. Given the network of health, psychosocial and educational services required by individuals
with ASD, changes in one component can have a large impact on the wait time, resource use and
expenditure on downstream services that can affect children without ASD and extend beyond the

healthcare system.
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1. INTRODUCTION AND FRAMEWORK

The presentation of autism spectrum disorder (ASD), with core symptoms of impaired social
communication, repetitive behaviour and restricted interests, differs in pattern and severity
across individuals (Lai, Lombardo, & Baron-Cohen, 2014). Individuals with ASD often have co-
occurring medical conditions which requires additional clinical investigations in areas such as
genetics, neuropsychiatry, endocrinology and gastroenterology (Lai et al., 2014). This is
reflected in recent best practice guidelines in ASD and the list of recommended clinical
investigations will likely increase as evidence on the etiology and clinical progression of ASD
emerges (Anagnostou et al., 2014; Filipek et al., 2000; Johnson, Myers, & the Council on
Children With Disabilities, 2007; Nachshen, Garcin, Moxness, Tremblay, Hutchinson, et al.,
2008; Volkmar et al., 2014). Given limited resources and current long wait times for ASD
services in Ontario (Auditor General of Ontario, 2015), evidence on how to streamline the
clinical pathway in ASD through efficiency improvements is critical to ensure children are

receiving the services they need in a timely manner.

One widely debated area is the best approach to identify children with ASD (Al-Qabandi, Gorter,
& Rosenbaum, 2011; G. Dawson, 2016; Fein, 2016; Mandell & Mandy, 2015; Pierce,
Courchesne, & Bacon, 2016; Powell, 2016; Robins et al., 2016; Silverstein & Radesky, 2016;
Veenstra-VanderWeele & McGuire, 2016). The current guideline from the American Academy
of Pediatrics (AAP) (Johnson et al., 2007) recommends universal screening (i.e. all children
undergo screening at 18 and 24 months using a standardized ASD screening tool). But not all
health professional associations or government bodies, such as the US Preventive Service Task
Force or provincial health ministries across Canada (Nachshen, Garcin, Moxness, Tremblay,
Hutchinson, et al., 2008; Siu et al., 2016), endorse universal screening. In Ontario, the use of a
broad screening tool (i.e. Nipissing District Developmental Screen or Baby Rouke Records) is
recommended at 18 months for all children and only those considered to be at high-risk undergo
ASD screening (Nachshen, Garcin, Moxness, Tremblay, Hutchinson, et al., 2008; Williams,
Clinton, & Canadian Pediatric Society, 2011). As initial symptoms of ASD can emerge in the
first year of life, structured ASD screening could potentially identify these early risk markers that

are unrecognized otherwise (Ozonoff, Heung, Byrd, Hansen, & Hertz-Picciotto, 2008;



Zwaigenbaum, Bauman, Fein, et al., 2015). In turn, universal screening is hypothesized to result
in earlier diagnosis and treatment initiation, despite a lack of supporting evidence (Siu et al.,
2016). Delay in ASD diagnosis could be attributed to health system inefficiencies rather than
timing or method of ASD screening. Studies which demonstrated more children with ASD were
detected using standardized tools compared to clinical observation have failed to illustrate how
or if this translates to earlier age at diagnosis or treatment initiation (Al-Qabandi et al., 2011;

Duby & Johnson, 2009).

Determining which of the recommended ASD screening tools should be used is a critical
component of the potential effectiveness of universal screening. The Modified Checklist for
Autism in Toddlers (M-CHAT) is one of the most citied and studied ASD screening tools that
performs at moderate sensitivity and specificity in high-risk children, but its accuracy in the
general population is less conclusive (Robins, Fein, Barton, & Green, 2001; Sunita & Bilszta,
2013; Yama, Freeman, Graves, Yuan, & Karen Campbell, 2012). If used on a population level,
as in universal screening, low specificity and low ASD prevalence could lead to high proportion
of children without ASD being referred for ASD diagnostic assessment. Given the long wait time
for diagnostic assessment in Ontario (median 6 months; range 1 to 24 months) (Penner, 2016),
the additional children from false positive ASD screening could further prolong wait time for
children who require in-depth evaluation. As ASD diagnostic assessment is a lengthy process
that could involve more than one clinician, increased demand could also lead to heightened

healthcare expenditure and lost productivity.

Similar concerns regarding uncertain health benefits and increase in healthcare expenditure also
cloud the decision regarding whether newer genetic testing platforms should be used as part of
ASD diagnostic assessment. Genetic tests that detect chromosomal abnormalities, such as
karyotype or chromosomal microarray (CMA), are used after or during ASD diagnosis in order
to delineate etiology, inform family planning and monitor for comorbid medical conditions
(Anagnostou et al., 2014; Carter & Scherer, 2013; Schaefer & Mendelsohn, 2013). Some
children are also tested earlier in the diagnostic process, before ASD is suspected, if they present
with global developmental delays. Newer genetic tests which use next-generation sequencing

technology, such as genome sequencing (GS) and exome sequencing (ES), can identify



additional rare variants in children with ASD. One of the drawbacks for the latter approaches is
the high cost associated with DNA sequencing, bioinformatic analysis, clinical interpretation,
and subsequent clinical assessments. Also, whether test results can inform treatment or diagnosis
is not yet well understood since the evidence on the identified variants is still emerging.
Currently, the use of clinical genome and exome sequencing (CGES) is reserved for children
with ASD and syndromic features (i.e. children with clinical features in addition to those
typically associated with idiopathic ASD) either as first-line testing or after a negative CMA.
The use of CGES as first-line in these individuals could potentially eliminate genetic tests with
lower resolution and eventually lead to more personalized intervention in the future when
intervention based on genetic profile becomes available. Reduction of unnecessary testing could

lead to lower healthcare costs and faster “diagnostic closure” for families.

The theoretical framework for this thesis is summarized in Figure 1.1. The overall goal is to
generate evidence to help streamline the screening and diagnostic process in ASD through
economic evaluations. The first objective is to summarize the sensitivity, specificity and positive
predictive value (PPV) of the M-CHAT using a meta-analysis. Using this information, the
second objective is to quantify the incremental costs and benefits of universal or high-risk
screening compared to surveillance monitoring in ASD. The third objective is to determine
which genetic test should be integrated into ASD care by comparing the cost-effectiveness of ES

or GS to CMA in children recently diagnosed with ASD.

Information generated from this thesis can be used to inform decision makers and clinicians on
efficiency of screening strategies and how to implement newer genetic testing platforms in
clinical settings. More accurate recommendations can help reduce unnecessary clinical
assessments, which can translate to reduced healthcare cost, health services wait time and
psychological burden on families. Most importantly, a more streamlined clinical pathway in
ASD could ensure children are receiving the care they need in a timely manner, which is critical

for improving their functional outcome in the long run.



Figure 1.1 Diagram of theoretical framework.
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1.1 Autism Spectrum Disorder

Autism spectrum disorder is a neurodevelopmental condition characterized by restrictive and
repetitive behaviour or interests, impaired social interaction and delayed or atypical language
development (Levy, Mandell, & Schultz, 2009; Newschaffer et al., 2007). Manifestations of the
core symptoms vary across individuals in terms of severity and pattern, partly in relation to age
and developmental attainment. While previous diagnostic criteria distinguish between autism,
Asperger syndrome and pervasive developmental disorder- not otherwise specified (PDD-NOS),
these subcategories were unified as ASD in the most recent version of the Diagnostic and

Statistical Manual of Mental Disorder (DSM)-5 (American Psychiatric Association, 2013).

Autistic symptoms become more manageable with age in some cases, but most individuals
require lifelong medical care and psychosocial support (Myers, Johnson, & the Council on
Children with Disabilities, 2007). Given the multisystem nature of ASD symptoms and comorbid
conditions, ASD treatment often involves a network of healthcare professionals. Interventions,
such as early intensive behavioural intervention (EIBI), have been reported to be effective in

improving intellectual abilities and adaptive skills in some individuals, such that developmental

pathways revert to a more age-appropriate trajectory (Myers et al., 2007).



1.1.1 Delay in Diagnosis

Retrospective studies have reported that signs of ASD were evident in the early years among
children later diagnosed with ASD and that their parents noted developmental concerns at around
18 months (Bryson, Rogers, & Fombonne, 2003). However, the median age at diagnosis ranged
from 39.0 to 55.0 months across Canada between 2003 and 2010 (Ouellette-Kuntz et al., 2009).
A Swedish study reported a gap of 20 to 60 months between first suspicion and formal diagnosis,
and another study reported an average delay of 13 months between first clinical evaluation and

formal ASD diagnosis (Sivberg, 2003; Wiggins, Baio, & Rice, 2006).

Children with ASD who receive intervention at a young age are reported to have improved
intellectual quotient and adaptive behaviour compare to those who do not (Eldevik et al., 2009;
Reichow & Wolery, 2009; Warren et al., 2011). Therefore, early diagnosis is one of the critical
components to ensure children receive treatment soon after emergence of symptoms in order to
potentially mitigate the impact of ASD. While one study (Horlin, Falkmer, Parsons, Albrecht, &
Falkmer, 2014) did not find definitive evidence that increased medical cost was associated with
delayed diagnosis, the findings did suggest that higher cost could be mediated by increased ASD
symptoms in those diagnosed later on. Using a multivariate model to adjust for demographic
characteristics, expenditure increased with additional ASD symptoms, AUD $1400 (95%
confidence interval [CI]: 860, 1900), but the difference between children with delayed and
immediate diagnosis failed to reach statistical significance, AUD -$1500 (95% CI: -6000, 3100).

Indicators of later age at diagnosis include being female, increased maternal age, comorbid
medical conditions, being foreign-born and living in rural areas (Frenette et al., 2013; Valicenti-
McDermott, Hottinger, Seijo, & Shulman, 2012). Conversely, greater symptom severity and
higher socioeconomic status are associated with earlier diagnosis (Mandell, Novak, & Zubritsky,
2005). This could be partly attributed to past reports of lower compliance with the well-child
visit schedule in parents with low socioeconomic status, poor physical and/or mental health, or
no health insurance coverage (Chi et al., 2013; Jhanjee, Saxeena, Arora, & Gjerdingen, 2004).
Parents have also reported inability to access appropriate healthcare services due to long wait

time for ASD assessment and diagnosis (Auditor General of Ontario, 2013). Medical



professionals could also be hesitant to give a formal diagnosis if early clinical presentation is
complex and many clinicians do not adhere to screening or diagnostic recommendations, both of
which could further delay the diagnostic process (Daniels & Mandell, 2013; Zuckerman, Lindly,
& Sinche, 2015).

1.1.2 Cost of ASD

The estimated cost of caring for a child with ASD varies across reports, depending on the age

range of children, source of information and timing of the study. Estimates of annual cost per
child based on private insurance claims were on the lower end (USD $2575 (Croen, Najjar, Ray,
Lotspeich, & Bernal, 2006)) and estimates from ASD-specific surveys were on the higher end
(AUD $34900 (Horlin et al., 2014) to €51877 (K. Jéarbrink, 2007)). Estimates based on
Medicaid data (USD $ 7198 (Peacock, Amendah, Ouyang, & Grosse, 2012)) or cross-sectional
population-based surveys (USD $6132 (Liptak, Stuart, & Auinger, 2006)) were in the middle of
the range. The differences in estimates were largely driven by variation in the breadth of services
covered by each method and the characteristics of the sample under study. The annual cost per
child increased over time, with reports of a 3% increase over a 3-year period (USD $22079 in
2000 vs. USD $22772 in 2003 (Wang, Mandell, Lawer, Cidav, & Leslie, 2013)) to a 20%
increase over a 4-year period (USD $4965 in 2000 vs. USD $5979 in 2004 (Leslie & Martin,
2007)). The cost also depended on age; at ages 3-5 years, the annual cost was an estimated USD
$8185, which increased to USD $22079 at ages 17-20 years (Cidav, Lawer, Marcus, & Mandell,
2013). This trend was largely driven by increased consumption of long-term and inpatient care in
adolescents and young adults, while the use of occupational or speech therapy and diagnostic
assessment decreased with age. Increased cost was also reported for children with comorbid
intellectual disability (USD $19787 (Peacock et al., 2012)), epilepsy (USD $11847 (Peacock et
al., 2012)) or more severe forms of ASD (£11029 in autism vs. £8968 in ASD (Barrett et al.,
2015)).

The differences between cost estimates based on private insurance and Medicaid claims could be
an indication of differences in ASD services coverage (e.g. occupational, speech or ABA-based
interventions, pharmaceutical treatments, etc.) or in the characteristics of the individuals

subscribed to private vs. public insurance plans. This was highlighted by a study from Wang et



al. (2013), which reported the cost of care, from the health insurer perspective, for a child on
Medicaid was almost 4 times higher than for someone with private insurance (USD $22653 vs.
$5254). But children on private insurance were younger, more likely to be male and live in urban
counties. Another limitation to studies based on private or Medicaid insurance claims is that they
only consider cost items from the perspectives of the private insurer or the Ministry of Health,
respectively. This criticism can also be applied to studies based on cross-sectional surveys as
these questionnaires focus on a specific subset of health services (e.g. ambulatory, inpatient) and
are unlikely to provide a comprehensive picture of the range of health, psychosocial and
educational services used by individuals with ASD. As ASD manifests early in life and
individuals often require lifelong support, the economic impact on family members and ASD
services outside of healthcare such as special education, respite care or employment assistance

programs could contribute to the total cost of ASD.

Some studies (Barrett et al., 2015; Krister Jarbrink, Fombonne, & Knapp, 2003; PACT
consortium et al., 2011) have designed surveys to estimate productivity loss in both caregivers
and patients by valuing time spent on informal care or absence from work using the human
capital approach. Other studies (Buescher, Cidav, Knapp, & Mandell, 2014; Cidav et al., 2013;
Ganz, 2007) have measured productivity loss in caregivers or patients and the cost of non-
medical services by aggregating from different sources or by estimating the expected level of
service use based on functional outcomes. As published epidemiological data on functional
outcomes in adults with ASD are scarce, some cost items were either left out or extrapolated
from paediatric studies. Moreover, parental productivity loss is only a portion of the economic
impact on family members; none of the studies included other spillover effects such as increased
psychological stress or adverse health outcomes in caregivers (Cidav, Marcus, & Mandell, 2012;
Montes & Halterman, 2008). Therefore, studies using a societal or family perspective have likely

underestimated the true cost of ASD.

1.2 Screening and Clinical Assessment
Despite increasing knowledge about the genetic and neurophysiological basis of ASD, there is no
biological investigation that can definitively diagnose the disorder. After first suspicion of

possible autistic traits by a caregiver or a healthcare professional, the child is first evaluated for



developmental delay and then referred to undergo diagnostic assessment if suspicions warrant a
full work up (Johnson et al., 2007). The process of diagnosis may entail multiple assessments by
several specialists. A formal diagnosis of ASD is based on fulfilling standardized criteria, most
commonly the DSM-5 (American Psychiatric Association, 2013) or International Classification
of Disease-10 (World Health Organization, 1992). However, variations in symptom presentation
and diagnostic criteria with imperfect accuracy and reliability can delay clinical confirmation on

ASD diagnosis.

1.2.1 Surveillance

The purpose of surveillance is to continuously monitor a child’s developmental trajectory such
that any developmental abnormalities can be detected early on. Children considered to be at
heightened risk (e.g. has a full sibling diagnosed with ASD, of pre-term birth or has specific
genetic conditions (Grenborg, Schendel, & Parner, 2013; Limperopoulos et al., 2008; Ozonoff et
al., 2011; Richards, Jones, Groves, Moss, & Oliver, 2015)) require additional attention and
typically have a lower threshold for referral for further assessment. Many healthcare professional
groups, including the Canadian Paediatric Society, recommend that parents document any
observed developmental concerns and that physicians regularly probe for attainment of age-
appropriate milestones (Johnson et al., 2007; Williams et al., 2011). In Ontario, a standardized
approach using the Nipissing District Developmental Screen (NDDS) is recommended to detect

developmental delays.

1.2.1.1 Nipissing District Developmental Screen

The NDDS is a general developmental screen, designed to evaluate a child’s developmental
achievements in sensory, cognition, motor, social-emotional and self-help domains. There are 13
age-specific versions of the NDDS, covering the key developmental periods between 1 month to
6 years, and each screen consists of a short checklist of age-appropriate skills. Completed by the
caregiver or physician, failure to achieve two or more items on the checklist suggests the need
for further testing. Validation studies reported a sensitivity of 50-83% and specificity of 63-96%
compared to the Bayley Scales of Infant Development II or III (Cairney et al., 2016; Currie et al.,
2012; Dahinten & Ford, 2004). The test-retest reliability over a 2 week delay was 60% and the
agreement between 12- and 18-month NDDS screens was 65% (Cairney et al., 2016; Nagy,



Ryan, & Robinson, 2002). Despite moderate psychometric properties, only 16.5% family
physicians in Ontario accessed (i.e. purchased or downloaded) the NDDS in 2010 (Limbos,
Joyce, & Roberts, 2010).

1.2.2 Screening

The purpose of ASD screening is to distinguish whether a child has any symptoms consistent
with ASD and, unlike surveillance, it is carried out at set intervals (Johnson et al., 2007). There
are two levels of screening: “Level 1” is used in primary care settings to identify those at-risk for
ASD from the general population and “level 2” is a more lengthy assessment administered to
children considered to be at high-risk for developmental delay (Robins, 2008). Conducted by a
physician or community-based healthcare provider, ASD screening can involve review of
medical and family history, direct observation of child’s behaviour or administration of ASD
screening tool (Anagnostou et al., 2014; Johnson et al., 2007). The use of a standardized
screening tool is reported to be associated with increased referral to appropriate ASD assessment
and services by 30% (Johnson et al., 2007). However, <50% of primary care physicians regularly
implement standardized screening for ASD or developmental delay (Bethell, Reuland, Schor,
Abrahms, & Halfon, 2011; Dosreis, Weiner, Johnson, & Newschaffer, 2006; Radecki, Sand-
Loud, O’Connor, Sharp, & Olson, 2011).

Universal screening, a population-based approach where all children with and without
developmental delay are screened, is recommended by the AAP at 18 and 24 months (Johnson et
al., 2007). One study reported that children with autism who followed the well-child visit
schedule were diagnosed 1.6 months earlier that children who did not (Daniels & Mandell,
2013). In a randomized controlled trial of 2103 children in urban primary care practices, the use
of standardized screening tools (i.e. Ages and Stages Questionnaire II and M-CHAT) at 18- and
24-month well-child visits identified 2-4% more children with developmental delay compared to
surveillance monitoring for delay in age-appropriate milestones (Guevara et al., 2013). However,
the combination of imperfect accuracy of screening tools and low ASD prevalence could lead to
unnecessary demand for subsequent diagnostic services (i.e. low PPV), increased psychological
distress in parents or missed ASD diagnosis due to false negative screens (Al-Qabandi et al.,

2011; Duby & Johnson, 2009).



One cross-sectional study (Pinto-Martin et al., 2008) compared universal screening with the M-
CHAT to sequential screening with a generic screening tool and the M-CHAT; they reported
discordance between the two screening strategies. Sixteen percent of the children who screened
positive on the M-CHAT did not fail the general screen, and 14% who failed the general screen
passed the M-CHAT. This indicates that the general screening tool and ASD-specific screening
tool covered different developmental concerns and are not exchangeable (Pinto-Martin et al.,
2008). Standardized screening tools with good psychometric properties include the Checklist for
Autism in Toddlers (CHAT) (Baron-Cohen, Allen, & Gillberg, 1992), M-CHAT (Robins et al.,
2001), and Infant-Toddler Checklist (ICT) (Wetherby & Prizant, 2002).

1.2.2.1 Modified Checklist for Autism in Toddlers

The M-CHAT is a 23-item questionnaire completed by caregivers (Robins et al., 2001). As the
items are related to age-dependent milestones, the questionnaire is designed for children between
16 and 30 months. The threshold for a positive screen is either failing any three items or any two
of the six critical items related to joint attention, social relatedness and communication (Robins

etal., 2001).

The initial study used the screening tool during well-child visits at 15, 18, or 24 months; it
identified 21 of 4797 children with ASD, only 4 of whom were flagged by healthcare providers
prior to M-CHAT screening (Robins, 2008). Other validation studies on high-risk children
indicate that the M-CHAT has moderate psychometric properties: sensitivity of 0.77-0.97,
specificity of 0.38-0.99, and PPV of 0.06-0.92 (Anagnostou et al., 2014; Chlebowski, Robins,
Barton, & Fein, 2013; Robins et al., 2001; Yama et al., 2012). However, one study in rural US
reported poor internal consistency in caregivers with less than a high school education
(Cronbach’s alpha = 0.43) or of minority status (Cronbach’s alpha = 0.53) (Scarpa et al., 2013).
Among 1604 Canadian children considered at low-risk, the rate of false positive findings
increased with age, highlighting the age-dependency of the screening instrument (Yama et al.,

2012).
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Although the M-CHAT is accessible at no cost for research and clinical purposes, its use requires
staff training and possible update to the medical record system. One US study estimated the cost
of implementing an M-CHAT screening program at a primary care clinic would be USD $420.0
for training, USD $22.8 per month for M-CHAT administration and reimbursement of USD
$38.8 per month from insurance payers (Gura, Champagne, & Blood-Siegfried, 2011).

1.2.3 Diagnostic Assessment

Children who screened positive are subsequently referred for diagnostic assessment. Assessment
should be carried out by a multidisciplinary team, led by a clinician experienced in assessment of
developmental disabilities for the particular age of the child (Zwaigenbaum et al., 2009). Several
best practice guidelines (Anagnostou et al., 2014; Johnson et al., 2007; Nachshen, Garcin,
Moxness, Tremblay, Hutchinson, et al., 2008; National Institute for Health and Care Excellence,
2011) recommend assessments to cover medical and developmental history, social and
communication, cognition, adaptive functioning and physical examination. Direct testing using
standardized measures is applicable for cognitive development using tools such as the Bayley
Scales of Infant Development (Bayley, 2006) or the Mullen Scales of Early Learning (Mullen,
1995), adaptive skills using the Vineland Adaptive Behavior Scales II (Sparrow, Balla, &
Cicchetti, 2005), and language using the Preschool Language Scale-IV (Zimmerman, Steiner, &
Pond, 2002). Social interaction, communication and play skills should be assessed using
structured observation with directed tasks and parental report for less frequent behaviours. The
use of standardized diagnostic tools such as the Autism Diagnostic Observation Schedule

(ADOS) (Lord et al., 2000) also recommended to better guide diagnosis.

1.2.3.1 Autism Diagnostic Observation Schedule

The ADOS is a semi-structured assessment tool that enables a clinician to observe a child’s
communication, social interaction, play and imagination by engaging them in a set of directed
activities (Lord, Volkmar, DiLavore, & Risi, 1999). Each item is scored on a 4-point scale and
diagnosis of ASD is based on combined individual scores in the communication and social
domains. The ADOS is recommended for children with a non-verbal mental age of 15 months or
more and its specificity is reported to be lower in younger toddlers (Gotham, Risi, Pickles, &

Lord, 2007). The diagnostic algorithms were revised in the 2" edition (Lord, Rutter, et al., 2012)
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and a modified version is available for children younger than age 30 months (Lord, Luyster,

Gotham, & Guthrie, 2012).

Validation studies reported moderate agreement between the ADOS and clinical diagnosis
(Mazefsky & Oswald, 2006; Molloy, Murray, Akers, Mitchell, & Manning-Courtney, 2011). The
ADOS did not perform as well in pre-school children or those with less typical symptoms (Le
Couteur, Haden, Hammal, & McConachie, 2008). This suggests that the ADOS should
supplement diagnostic assessment and not be used alone. Also, the interpretation of its results

depends on the child’s broader developmental and medical history.

Diagnosis and treatment recommendations are based on review of all test results and the clinical
judgment of the multidisciplinary team or by a clinician with experience in ASD. Children with
subtle symptoms in early years, especially those with typical language and intellectual
development, can be difficult to diagnose before 18 months. Therefore, continuous surveillance
and follow-up assessments are often necessary for children who do not receive an initial

diagnosis of ASD.

As the knowledge base on the underlying biology of ASD increases, there are additional clinical
tests that could be integrated into diagnostic assessment. These include neuroimaging, and
testing in audiology, vision and genetics. However, most diagnostic guidelines are conservative
and state that additional tests should only be carried out if the child presents specific symptoms,

physical signs or a family history and the test results could guide diagnosis.

To date, there is no published economic evaluation comparing the costs and outcomes of

alternative screening or diagnostic strategies in children.

1.3 Clinical Genetic Testing

Approximately 10-20% of children with ASD have detectable chromosome abnormalities (Carter
& Scherer, 2013; Devlin & Scherer, 2012). Given strong familial aggregation in ASD (i.e. up to
20% in biological siblings, >90% in monozygotic twins), information on the genetic basis can

help determine recurrence risk for siblings and potentially aid family planning (Carter & Scherer,
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2013; Grenborg et al., 2013; Ozonoff et al., 2011; Schaefer & Mendelsohn, 2013; Tick, Bolton,
Happé, Rutter, & Rijsdijk, 2016). Identifying the underlying genetic disorders can also guide

treatment and disease monitoring for known comorbid conditions.

Individuals with a genetic etiology for ASD may present with congenital abnormalities and/or
dysmorphic features, as these features suggest insult in early morphogenesis (Miles et al., 2005).
These individuals are often considered to have complex ASD; the male-to-female ratio is lower
(3.5 M: 1F) and functional outcome is worse compared to those children without such features
(Miles et al., 2005). The individuals with more complex clinical presentations typically have
more de novo mutations or inherited rare mutations than those with essential ASD (Marshall et
al., 2008). As the inheritance of rare genetic variants can be important in determining clinical
significance of test results, first-degree family members, typically biological parents, may also

undergo genetic testing (Scherer & Dawson, 2011).

Table 1.1 lists select genetic disorders and genes associated with ASD and Table 1.2 summarizes
current clinical guidelines on recommended genetic testing in ASD. CMA is the recommended
first-line test by all recently published guidelines (Carter & Scherer, 2013; CCMG Cytogenetics
Committee, 2010; Miller et al., 2010; Schaefer & Mendelsohn, 2013) and Fragile X testing is
recommended by some. Despite these recommendations, clinical genetic testing is selectively
implemented. Studies based in the US reported approximately 30% of children with ASD
underwent genetic testing and one study that reported 30 of 42 (71%) caregivers were not aware
of its availability (Amiet, Couchon, Carr, Carayol, & Cohen, 2014; Chen, Xu, Huang, & Dhar,
2013; Vande Wydeven, Kwan, Hardan, & Bernstein, 2012). The low uptake could be due to
limited health insurance coverage, as one study reported 71% of children with ASD in France,
where there is universal healthcare, underwent testing (Amiet et al., 2014). There could be other
factors that influence families’ decision to undergo testing as another US study (Shea,
Newschaffer, Xie, Myers, & Mandell, 2014) reported 64% of children with ASD enrolled in

Medicaid received genetic counselling but only 7% underwent genetic testing.
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Table 1.1 The prevalence and phenotypes of select genetic disorder and mutations associated
with autism spectrum disorder.

Monogenic Disorders

16p11.2 duplication
16p11.2 deletion

22q11.2 duplication or
deletion

normal karyotype'
1%'

Syndrome (Gene) Prevalence Phenotype
Rett syndrome (MECP2) 0.8-1.3% for ID, microcephaly/deceleration of head
females'~ growth, language regression and
stereotypic hand movement **
PTEN Mutation (PTEN) | 4.7% in ASD with | Macrocephaly (>3SD)**, skin
macrocephaly’ pigmentation'
Tuberous sclerosis (TSC1 | 1.1-1.3* Skin lesions or pigmentation; family
and TSC2) history of seizure, skin lesion or ID*
Fragile X (FMR1) 1-3%’ Connective tissue disorder, hyperactivity,
language delay, repetitive behaviour®
Copy Number Variations
Locus Prevalence Phenotype
15q11-13 duplication 1% ASD with Moderate-severe 1D, epilepsy, hypotonia,

impaired language
Microcephaly®
Macrocephaly, language delay”, ID'

Psychiatric disorder and congenital
abnormality in deletion’

NRXNI (2p16.3)

NLGN3, NLGN4 (Xq13.1,
Xp22.32-31)

0.15%2-0.4%"
0.8%>

7q11.23 duplication 0.2%' Short philtrum, thin lips, poor verbal
skills'

1g21.1 duplication 0.2%' Macrocephaly, frontal bossing,
hypertelorism, ID, DD'

1g21.1 deletion Microcephaly, mild ID, dysmorphic facial
features, behavioural symptoms, eye
abnormalities'

Selected Implicated genes

Gene (Cytoband) Prevalence Phenotype
SHANK3 (22q13) 1.1%" -1.5%° Early onset, social deficit’

Variable'

No set morphology or phenotype;
variable ASD severity, insidious or
regressive onset®

'(Carter & Scherer, 2013). *(Lintas & Persico, 2008). *(Gurrieri, 2012). *(Miles, 2011).
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Table 1.2 Recommendation for clinical genetic testing in autism spectrum disorder.

on
=
s =
@ I~ Clinical Features
= 7z & ©
S E 2 5 2
= A = M U
American College of e o o °
Medical Genetics and
Genomics (2013)"
Canadian College of °
Medical Geneticists (2010)°
International Standard °
Cytogenomics Array
Consortium (2010)°
Carter and Scherer (2013) e o o e | MeCP2 in females with ID,
PTEN for macrocephaly

'(Schaefer & Mendelsohn, 2013). “(CCMG Cytogenetics Committee, 2010). *(Miller et al.,
2010).

While conventional cytogenetic tests are used as diagnostic tools, newer genome-wide testing
platforms can identify additional variants that could have unknown clinical significance or be
predictive of health conditions not related to ASD. This raises an ethical concern in test
administration when results do not inform treatment or diagnosis, and have uncertain meaning
with respect to disease risks. The current Canadian guideline by the Canadian College of
Medical Geneticists (CCMG) recommends only reporting variants that are related to ASD and
have established benefits to patients and family members (Boycott et al., 2015). CCMG further
states that bioinformatic analysis should be restricted to those possibly related to the suspected
conditions in order to avoid identification of incidental findings, even if variants are medically
actionable, because of the potential high cost of subsequent health services and psychological
burden on families. However, the American College of Medical Genetics and Genomics
(ACMG) created a list of genes for which variants considered to be likely pathogenic should be
reported regardless of the age of the patient (Kalia et al., 2016). The ACMG further states that
analysis of genetic information not associated with primary health condition should be left to the
discretion of the testing laboratory (Green et al., 2013). The one thing that both guidelines agree

on is that competent adults should have the option to refuse disclosure of incidental findings at
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the time of DNA sample collection (American College of Medical Genetics and Genomics,

2014; Boycott et al., 2015).

1.3.1 Fragile X Testing
A majority of the ASD clinical guidelines (Johnson et al., 2007; Nachshen, Garcin, Moxness,

Tremblay, Hutchinson, et al., 2008; National Institute for Health and Care Excellence, 2011)
recommend genetic testing for Fragile X syndrome in children with intellectual disability and a
family history of intellectual disability or Fragile X syndrome. Fragile X syndrome can be
diagnosed using Southern blot analysis or polymerase chain reaction (Sherman, Pletcher, &
Driscoll, 2005). The cost of Fragile X testing is $325 and the turnaround time is approximately
4-6 weeks (Hospital for Sick Children, 2015).

1.3.2 Fluorescent in Situ Hybridization

Florescent in situ hybridization (FISH) is often used to confirm abnormalities found in genome-
wide approaches. FISH can detect structural rearrangements, deletion or duplication of DNA
segments in specific regions, depending on the specific set of probes used. The choice of which
probe(s) to use is one of the limitations of FISH as it requires the ordering physician to know the
specific chromosomal region(s) to be investigated. The cost of FISH ranges from $550 to $675
per sample, depending on the number of probes used (Tsiplova et al., 2017). The bioinformatic
analysis and interpretation of results is quick and is typically within 1 month (The Centre for

Applied Genomics, 2015).

1.3.3 Chromosomal Microarray

The ACMG (Manning, Hudgins, & Professional Practice and Guidelines Committee, 2010;
Schaefer & Mendelsohn, 2013), CCMG (CCMG Cytogenetics Committee, 2010), International
Standard Cytogenomics Array Consortium (Miller et al., 2010) and American Academy of Child
and Adolescent Psychiatry (Volkmar et al., 2014) also recommend the use of chromosomal
microarray (CMA), which has a diagnostic yield of 10-20% in ASD (Carter & Scherer, 2013).
High-resolution CMA platforms can detect submicroscopic duplications or deletions and
approximately 3 times more clinically relevant variants than karyotyping (CCMG Cytogenetics

Committee, 2010; Shen et al., 2010). CMA has identified recurrent variants in several
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chromosome regions (e.g. 2p16.3, 7q11.23, 16p11.2, 17p12 and 22q13) and they are associated
with complete or partial loss of function of genes in the region (Ch’ng, Kwok, Rogic, & Pavlidis,
2015; Devlin & Scherer, 2012). For example, neurexin is a cell-surface receptor whose gene,
NRXNTI, lies at 2p16.3 and its deletion occurs in 0.4% individuals with ASD. However, some of
these candidate genes are also associated with other neuropsychiatric disorders (e.g.
schizophrenia, attention deficit hyperactive disorder) and mutations are also present in
individuals without ASD (i.e. incomplete penetrance) (Devlin & Scherer, 2012; Warrier, Chee,
Smith, Chakrabarti, & Baron-Cohen, 2015). Another limitation to CMA is that it cannot detect
low-level mosaicism and balanced rearrangements which occur in approximately 1.3% of

children with ASD (Xu, Zwaigenbaum, Szatmari, & Scherer, 2004).

The cost of CMA is $744, accounting for the costs of equipment, testing of biological parents,
validation testing and test result interpretation (Tsiplova et al., 2017). Moreover, the unit cost of
CMA decreases as more samples are being tested simultaneously as multiple samples can be
arrayed in parallel. The turn-around time for CMA is roughly 4-8 weeks (Ny Hoang, MSc, email

communication, April 2016; Melissa Carter, MD, email communication, April 2017).

1.3.4 Clinical Genome and Exome Sequencing

CGES is increasingly being used in research and select clinical settings. CGES allows for more
comprehensive and uniform coverage of the exome or genome, and preliminary studies in ASD
have reported a higher detection rate of de novo or rare inherited mutations than previously
reported by CMA studies (Jiang et al., 2013; Shen et al., 2010). Another advantage of CGES is
that it does not require any prior knowledge of the underlying genetic abnormality (i.e. compared
to single gene or gene panel tests) and might be more appropriate when clinical features suggest
a single underlying genetic condition but a specific syndromic diagnosis cannot be made by
clinical impression alone (Yu et al., 2013). CGES cannot detect structural rearrangements and
GS has lower sensitivity for copy number variations (CNV) compared to CMA (Vermeesch et
al., 2007; Yu et al., 2013). Evidence on phenotypes and comorbid conditions associated with
variants detected by CGES is still emerging and the clinical significance of the identified variants
can be uncertain. Currently, CGES is used selectively and is typically reserved for individuals

with syndromic features (i.e. having one or more clinical features in addition to those typically
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associated with idiopathic ASD, such as dysmorphic features, congenital abnormalities, and
over- or under-growth) who have failed to receive a genetic diagnosis after exhausting all
alternative tests (i.e. selective gene testing, CMA). Findings from one study comparing CGES to
more targeted approaches support the conservative use of CGES because of its limitations (i.e.
CGES cannot detect balanced rearrangements or some CNV). Also, using CGES is cost-effective

as first-line only if it eliminates the need for further genetic testing (Shashi et al., 2014).

There are two types of CGES: ES and GS. By focusing on the protein coding regions that
constitute 1% of the genome (i.e. exome), ES requires less bioinformatic analysis than GS. In
ASD, however, additional mutations were identified with GS compared to ES, indicating
potential causal contributions of regions that have unknown functional significance (Devlin &
Scherer, 2012). One study comparing the two tests in ASD reported that GS could identify 9.2%
of ASD-linked variants that were not detected by ES and GS has more coverage in chromosomal
regions with high numbers of ASD susceptibility genes (Jiang et al., 2013). The diagnostic yield
of ES in ASD was 4% (positive findings in 11 of 277 individuals) in one study (Yu et al., 2013)
and 8% (8 of 95; 95% CI: 4%, 16%) in another (Tammimies et al., 2015). GS had a higher
diagnostic yield; it identified pathogenic variants in 6 of 32 (19%) children with ASD in one
study (Jiang et al., 2013) and in 36 of 85 (42%) children with ASD in another (Yuen et al.,
2015). Overall, the reported diagnostic yields were lower in a study that excluded participants
with previously diagnosed genetic disorders (Yu et al., 2013) and higher in studies that selected
families based on specific criteria (e.g. complete DNA samples of both parents and siblings)
(Jiang et al., 2013; Yuen et al., 2015). Differences in the set of genetic variants annotated as
pathogenic for ASD further complicates direct comparison across studies and only some studies
(Jiang et al., 2013; Tammimies et al., 2015; Yuen et al., 2015) used the pathogenic classification
created by ACMG.

The laboratory testing costs of GS and ES have decreased over the years and National Institute of
Health-Human Genome Research Institute estimated each megabase of DNA costs <US $1.0 to
sequence (Wetterstrand, 2015). Accounting for the costs of bioinformatic analysis, clinical
interpretation of genetic variants, genetic testing of biological parents and validation testing of

the identified variants, however, increases the cost to $1978 for ES and $3551 for GS (Tsiplova
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et al., 2017). Moreover, delineating clinical significance of detected variants requires additional
attention and turnaround time can take 20-40 weeks (Ny Hoang, MSc, email communication,

2016).

1.3.5 Economic Evaluation of Genetic Testing

Of the publications that compared the cost-effectiveness of clinical genetic testing in paediatrics,
there were three studies that compared CMA to karyotyping in intellectual disability (ID) or
developmental disability (DD) (Regier, Friedman, & Marra, 2010; Trakadis & Shevell, 2011;
Wordsworth et al., 2007) and two studies that looked at the cost of CGES in the same conditions
(Monroe et al., 2016; Tsiplova et al., 2017). Two were conducted in Canada and none considered
costs from multiple payer perspectives or included downstream healthcare costs. Moreover, they
did not account for differences in turnaround time of test results, the consequences of missing a
genetic diagnosis, or wait times associated with accessing genetic testing and genetic

counselling.

Trakadis and Shevell (Trakadis & Shevell, 2011) compared the cost-effectiveness of CMA to
karyotyping in 114 children with DD who visited an academic paediatric neurology clinic
between 2006 to 2009. The incremental cost of an additional diagnosis was CAD $1379 for
CMA compared to karyotyping. Also, CMA identified CNV in 9 children with normal karyotype
and 37 FISH tests (i.e. the follow-up test for negative karyotype) would have been unnecessary if
CMA was conducted as first-line. However, 21 (47%) children would have received the same

clinical diagnosis without any genetic testing.

Another study compared CMA to karyotyping, but for children with ID in the UK (Wordsworth
et al., 2007). The estimated cost of CMA was £442 and karyotyping was £117. The incremental
cost per additional diagnosis was £2440, assuming the diagnostic yield of CMA was 15% higher
than karyotyping and multi-telomere FISH testing. The authors also noted that the estimates were
conservative given the costs of follow-up tests for CMA were excluded due to the lack of

information.
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Similar findings were reported in a study comparing CMA to karyotyping in children with ID,
where the incremental cost-effectiveness ratio (ICER) was CAD $2646 (95% CI: 1619, 5296) for
each additional diagnosis (Regier et al., 2010). Based on the cost-effectiveness acceptability
curve, CMA could be considered cost-effective compared to karyotyping if the willingness to
pay for one additional diagnosis was CAD $4550. Furthermore, the use of combined testing with
karyotyping and CMA was more expensive and less effective compared to sequential testing (i.e.
CMA only after negative karyotype). In another study by the same research group, the
willingness to pay for CMA results in parents of children with DD was CAD $1118 (95% CI:
498, 1788) (Regier, Friedman, Makela, Ryan, & Marra, 2009).

Monroe et al. (Monroe et al., 2016) estimated that if ES was offered to 17 individuals with ID as
first-line diagnostic test, it would result in cost saving of USD $4986-5699 in place of other

subsequent genetic tests and USD $2533 in place of subsequent metabolic testing.

Another study (Tsiplova et al., 2017) compared the costs and consequences of offering CMA, ES
or GS to children with DD or ASD from the institutional payer perspective in Canada. During
the 1% year of a 5-year program, the per-sample cost of CMA was CAD $744 (95% CI: 714,
773), ES was CAD $1655 (95% CI: 1611, 1699), GS using [llumina HiSeq 2500 was CAD
$5519 (95% CI: 5244, 5785) and GS using [llumina HiSeq X was CAD $2851 (95% CI: 2750,
2956). The annual cost comprised of the cost of labour (e.g. DNA sample preparation and
processing, clinical interpretation and report writing), bioinformatics (e.g. maintenance,
computation, file storage), equipment (i.e. array or sequencing machine), supplies (e.g. reagents,
shipping and handling of DNA samples) and follow-up testing (i.e. validation of positive tests in
patient and follow-up tests in biological parents). Supplies made up the highest proportion of
total cost across platforms at 40-74%. Compared to CMA, the cost of identifying an additional
patient with any clinically-relevant genetic variant was CAD $25458 for sequential testing with

CMA and ES, CAD $58959 for GS using HiSeq 2500 and $26020 for GS using HiSeq X.

1.4 Study Rationale and Thesis Structure
As the evidence on the etiology and early risk markers of ASD emerges, clinical guidelines

(Anagnostou et al., 2014; Johnson et al., 2007; Schaefer & Mendelsohn, 2013) are
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recommending additional clinical services to identify early indicators. More ASD screening and
diagnostic services further complicate the diagnostic pathway, potentially reducing the efficiency
and effectiveness the healthcare system. In turn, tactful resource allocation strategies need to be
identified such that children can access the services they need in a timely manner. The overall
theme of this thesis focuses on estimating the impact of introducing two services within the ASD
clinical pathway on the individual- and health system-level. This thesis consists of three

manuscripts, followed by an in-depth discussion chapter.

Chapter 2 examines ASD screening. The objective was to conduct a meta-analysis to summarize
the sensitivity, specificity and PPV of a commonly cited and used screening tool, the M-CHAT.
A meta-regression was also carried out to estimate the extent to which the accuracy measures
change in relation to age at screening, sex and study design. This information is necessary to
determine the potential effectiveness of using the M-CHAT as a universal screening tool. Also,
understanding how the accuracy measures varies by clinical characteristics would help clinicians
better interpret an individual’s M-CHAT score in relation to their clinical profile and decide if it

is an appropriate screening tool to use.

The objective of Chapter 3 is to quantify the incremental costs and health outcomes of universal
or high-risk screening compared to surveillance monitoring in ASD. All children were screened
with the M-CHAT at 18 and 24 months in universal screening, and only children with a full
sibling with ASD underwent M-CHAT screening at the same two time points in high-risk
screening. The health outcomes, number of children accurately diagnosed with ASD prior to age
3 years and the number of children that initiated ASD treatment prior to age 4 years, were
selected to be consistent with recommendations made to the Ontario Ministry of Children and

Youth Services (Auditor General of Ontario, 2015).

Chapter 4 estimates the incremental costs and effects of using newer genetic testing approaches
relative to the standard care in children diagnosed with ASD. Although GS and ES can identify
additional pathogenic variants compared to CMA, they are much higher in cost and test results

might not have immediate clinical benefit. In turn, the CEA compared the cost and number of
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children with ASD diagnosed with rare pathogenic variants in CMA alone to three alternate
testing strategies: ES for all children, GS for all children or CMA followed by ES in children

who have syndromic features and had negative findings on CMA.

The discussion chapter, Chapter 5, summarizes the main findings of the three manuscripts and
discusses their implications for the healthcare system and clinical care for children with ASD.
Results from this thesis could help policy makers and clinicians determine whether
implementation of universal screening and newer genetic testing services are worthwhile
investments, and how to best integrate ASD screening and genomic sequencing in clinical care.
From a methodological standpoint, studies in this thesis contributes to the limited body of work
using simulation models in ASD and Bayesian meta-analysis using bivariate regression

modelling.
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2. META-ANALYSIS OF THE MODIFIED CHECKLIST FOR AUTISM IN
TODDLERS

2.1 Preface

Among the growing list of recommended ASD screening tools, the M-CHAT is one that is most
cited and it performs with moderate accuracy (Siu et al., 2016; Zwaigenbaum, Bauman, Fein, et
al., 2015). Moreover, it has been validated in children with and without developmental concerns
and translated into numerous languages (Canal-Bedia et al., 2011; Kara et al., 2014; Perera,
Wijewardena, & Aluthwelage, 2009; Seif Eldin et al., 2008; Sunita & Bilszta, 2013). As it was
designed to screen both low- and high-risk children aged 16 to 30 months (Robins, 2008), it
could potentially be used in universal screening at 18 and 24 months. In order to determine if it
would be appropriate for use on a population level, it is critical to understand how its
psychometric properties change across subpopulations. The objective of this meta-analysis was
to summarize the sensitivity, specificity and PPV of the M-CHAT in the published literature.
Meta-regressions were carried out to quantify the extent to which the accuracy measures change

in relation to the proportion of male, age at screening and study design.

2.2 Modelling Accuracy Measures

As the sensitivity and specificity in each study were correlated, these two measures were jointly
modelled using a bivariate regression model to account for their covariance. The number of true
positive, TP;, and true negative, TN;, were assumed to follow two binomial distributions:

TP ~Bin(sensitivity;, positive;) TN~Bin(specificity;, negative;)

where positive; is the number of positive screens in the ith study and negative; is the number of
negative screens in the i study. The study-specific values were then transformed on the logit

scale and modelled as a bivariate normal distribution,

62 . o itivitvO. ifici
logit (sensitivityi) ~N (Hsensitivity sensitivity POsensitivity Speczftaty)
specificityi ificity’ 2
p y Mspecificity POsensitivity Ospecificity Ospecificity
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where Wgensitivity 18 the pooled sensitivity, Wepeciricity 18 the pooled specificity, ogensitwityis the
variance of pooled sensitivity, Ggpeci ficity 18 the variance of pooled specificity, and

POsensitivity Ospecificity 1S the covariance between pooled sensitivity and specificity.

PPV increases as the prevalence of the underlying condition increases. Therefore, study-specific
PPV are recommended to be standardized prior to pooling (Bossuyt et al., 2013). The
standardized PPV is calculated by applying a common prevalence rate to all study-specific

sensitive and specificity,

sensitivity; * prevalence

PPV=

sensitivity;*specificity;+(1—specificity;)*(1—prevalence)

where sensitivity; is the sensitivity of the i study, specificity; is the specificity of the i" study
and PPV, is the standardized PPV of the i study. After standardization, the study-specific PPVs
were modelled as a normal distribution,

PPV, ~N(Uppy, Oppy)

where pppyis the pooled PPV and is the 62,y variance of the pooled PPV.

Heterogeneity across study-specific values was assessed using the I-test (Higgins, 2003). To
quantify the heterogeneity, the above two models (the bivariate model for sensitivity and
specificity and the model for PPV) were extended into meta-regression models. The three
covariates (proportion of males, age at screening and study design) was modeled one at a time

due to the low number of studies. In turn, there were six meta-regression models in total.

The following is a manuscript submitted for publication, with minor modification on formatting

such that it is cohesive with the rest of the thesis.

2.3 Manuscript #1
2.3.1 Abstract

Background.: The Modified Checklist for Autism in Toddlers (M-CHAT) is one of the

recommended autism spectrum disorder (ASD) screening tools. Validation studies reported
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differences in psychometric properties across sample populations. This meta-analysis
quantitatively summarized the sensitivity, specificity and positive predictive value (PPV) and
estimated the extent to which the accuracy measures change in relation to age at screening,
proportion of males and study design.

Method: Four electronic databases (Medline, PsychInfo, CINAHL and EMBASE) were
searched to identify articles published between January 2001 and May 2016. Retrieved articles
were evaluated for eligibility. Quality of the selected articles was assessed using the QUADAS-
2. Study-specific sensitivity and specificity were pooled using a bivariate hierarchical regression
model. PPVs were standardized using ASD prevalence reflective of a low-risk and a high-risk
population, then pooled using a similar method. Meta-regressions were carried out with age at
screening, study design and proportion of males as covariates.

Results: Thirteen studies were included. Pooled sensitivity was 0.83 (95% Crl: 0.75, 0.90),
specificity was 0.51 (95% Crl: 0.41, 0.61), PPV was 0.55 (95% Crl: 0.45, 0.66) in high-risk
children and 0.07 (95% Crl: <0.01, 0.16) in low-risk children. Sensitivity was higher for
screening at 30 months compared to 24 months, but there were large variations in accuracy
measures between studies based on design and the proportion of males.

Conclusion: Given its low specificity in high-risk children and lack of evidence on its
psychometric properties in low-risk children, there is limited evidence supporting the use of the
M-CHAT as a population screening tool. Clinicians should consider the child’s age, sex and

latent risk of ASD when deciding to use of the M-CHAT and interpreting its score.

Keywords: autism spectrum disorder; Modified Checklist for Autism in Toddlers; screening

Acronyms: ASD: autism spectrum disorder; Crl: credible interval; M-CHAT: Modified

Checklist for Autism in Toddlers; PPV: positive predicative value.
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2.3.2 Introduction

The Modified Checklist for Autism in Toddlers was designed to screen for autism spectrum
disorder (ASD) in children between 16 and 30 months (Robins et al., 2001). Validation studies
have reported moderate psychometric properties across various populations, potentially
supporting its use as part of universal screening. The purpose of ASD screening using a
standardized tool is to systematically identify early signs of ASD and the American Academy of
Pediatrics (AAP) (Johnson et al., 2007) recommends that it should take place at 18 and 24

months for all children.

The original M-CHAT consists of 23 questions about behaviours that are potential early signs of
ASD in very young children (Robins et al., 2001). Parents or caregivers complete the checklist
based on their child’s current skills and behaviours. Its brevity is one of its advantages, as is the
fact that it does not require responses based on clinical observation by a trained clinician. A child
is considered to be at-risk if he/she fails more than two of the six critical items (Critical6) or
three of the 23 items (Total23) on the checklist. Among the 1293 children screened in the
original study, 132 screened positive and 39 were later diagnosed with ASD. The M-CHAT
Follow-up Interview, a 5-20 minutes structured phone interview used to confirm items endorsed
by the parent, can be carried out in addition for children who screen positive prior to full
developmental assessment. The follow-up interview was reported to improve positive predictive
value (PPV) (Robins, 2008). A revised version, M-CHAT R/F, excluded 3 items from the
original M-CHAT and was tested in a low-risk sample with PPV of 0.14 (Robins et al., 2014).

Since its publication in 2001, several studies have estimated the accuracy of the M-CHAT in
children with or without developmental concerns screened at different ages. A “developmental
concern” was typically defined as atypical development identified by a physician and leading to
referral for diagnostic assessment or behavioural intervention. Previous studies (Siu et al., 2016;
Sunita & Bilszta, 2013) that reviewed the validation studies identified methodological limitations
such as high drop-out rates, reporting aggregated results from high- and low-risk children
together and a lack of blinding between screening and assessment, which could have biased
study findings. As the items on the checklist are related to age-specific development,

psychometric properties also varied with age. One study reported that the proportion of positive
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screens increased with age, particularly in children older than the intended age range of the M-

CHAT at 33-48 months (Yama et al., 2012).

Given the heterogeneity in the presentation of ASD symptoms, variation in psychometric
properties across study samples can be expected. Among children with ASD, observable
variations in sensory, social communication, and repetitive behaviour have been reported by the
second year of life, but the severity and type of deficits vary by age, cognitive development and
co-occurring conditions (Elsabbagh & Johnson, 2010; Jones, Gliga, Bedford, Charman, &
Johnson, 2014). Moreover, subtle delays present at around 12 months might not be ASD-specific
and early ASD screening could falsely identify children with other developmental concerns (e.g.

simple language delay) as having ASD (Zwaigenbaum, Bauman, Fein, et al., 2015).

Quantifying the direction and magnitude by which the accuracy of the M-CHAT differs
according to key characteristics (e.g. age at screening, sex of the child) would help determine if
the M-CHAT is appropriate for universal screening. Moreover, understanding how the
psychometric properties change could help clinicians interpret an individual’s M-CHAT score in

relation to the patient’s clinical profile.

The purpose of this study was to quantitatively summarize the accuracy (i.e. sensitivity,
specificity and PPV) of the M-CHAT in children screened for ASD and to quantify the extent to
which these measures of accuracy change in relation to the age at screening, gender distribution,

study design and background risk for ASD.

2.3.3 Methods

2.3.3.1 Search Strategy

The literature search, data extraction and statistical analyses were based on the Cochrane
guidelines for systematic reviews of diagnostic tests (Deeks, Bossuyt, & Gatsonis, 2013). A
literature search was carried out using MESH headings and keywords associated with ASD
(autistic disorder; autism spectrum disorder; autism; ASD; child development disorders,

pervasive; Asperger’s syndrome) and M-CHAT (M-CHAT, modified checklist for autism in
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toddlers) using Medline, EMBASE, Psychlnfo, and CINAHL in May 2016. After duplicated
entries were removed, titles and abstracts of the retrieved articles were assessed by one reviewer
(TY). Full texts of selected articles were reviewed based on the inclusion criteria. The reference

lists of the included articles were scanned for additional articles.

2.3.3.2 Selection Criteria

Studies were included if they met all of these inclusion criteria: 1) screened children for ASD
using the original M-CHAT, 2) reported the results of screening and clinical diagnosis of the
children, 3) sample population was not selected based on any medical condition other than
developmental delays (e.g. low birth weight, Down syndrome), and 4) published in English. As
three American studies screened a small proportion of children using the Spanish version of the
M-CHAT, the language criterion was broadened to include studies that screened >90% children
using the English M-CHAT. The two studies that used the M-CHAT R/F were excluded as
results could not be converted to match the original M-CHAT. Articles published between
January 2001, year of publication of the M-CHAT, and May 2016 were screened. If more than
one article used the same study population, only the article with the largest sample size was
included. Figure 1 describes the number of articles retrieved and the reasons for exclusion as
recommended by Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guideline (Moher, Liberati, Tetzlaff, Altman, & The PRISMA Group, 2009).

Thirteen studies satisfied all inclusion criteria and were included in this meta-analysis.

2.3.3.3 Data Extraction and Quality Appraisal

For this meta-analysis, studies based on children with any developmental concerns were
categorized as “high risk”, studies on children without identified developmental concerns were
categorized as “low risk”, and studies that included both children with and without
developmental concerns were categorized as “mixed”. A positive screen was defined as failing
either of the scoring algorithms-- Critical6 (failing more than two of the six critical items) or
Total23 (failing more than three items on the M-CHAT) (Robins et al., 2001). The reference

standard for the screening test was a clinical diagnosis of ASD, as defined by each study.
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Information on publication (author, year of publication, country of study), participants (age, sex,
ASD diagnosis, high/low-risk), study procedure (method of recruitment, ASD diagnostic criteria,
M-CHAT scoring algorithm) and results (number of positive and negative screens, true positive,
true negative) were extracted from the included studies using a data collection form. As few
studies carried out the recommended telephone follow-up phone interview (Robins et al., 2001),
the M-CHAT results prior to the follow-up interview were used for the analysis. The

corresponding authors were contacted if any information was missing from the publication.

The quality of the included articles was appraised independently by two researchers (TY, MP)
using the QUADAS-2 (Whiting, 2011). It was modified to better evaluate biases in sample
selection, implementation of the M-CHAT and diagnostic assessment of ASD studies (Appendix
2.1). Inter-rater agreement for the initial quality appraisal was quantified using Cohen’s kappa.
Disagreements in assessments were jointly reviewed until a consensus was reached between the

two reviewers.

2.3.3.4 Statistical Analysis

The sensitivity and specificity were pooled using a bivariate hierarchical (random-effects) model
under a Bayesian framework (Chu & Cole, 2006; Verde, 2010). A bivariate model was selected
as it can account for the covariance between sensitivity and specificity in each study by jointly
estimating the two values. For each study, the numbers of true positive and true negative screens
were assumed to follow two binomial distributions. The study-specific values were then

transformed on the logit scale and modelled as a bivariate normal distribution.

As the PPV varies depending on the prevalence of the underlying condition, study-specific PPV
was standardized using ASD prevalence reflective of a low-risk (in general population, 1 in 68)
and a high-risk (mean prevalence across included high-risk studies, 45.6%) population (Bossuyt
et al., 2013; Centers for Disease Control and Prevention, 2016). For studies where sensitivity and
specificity could not be calculated, the reported PPVs (i.e. non-standardized) on low-risk
children were pooled with PPVs standardized using the low-risk ASD prevalence and reported
PPVs on high-risk children were pooled with PPVs standardized using the high-risk prevalence.

The study-specific PPVs were also pooled using Bayesian hierarchical models.
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For the joint sensitivity and specificity model and the PPV regression models, the posterior
distributions of the parameters were estimated using single-chain Gibbs sampling of 11,000
replications with the first 1000 iterations discarded. Non-informative prior distributions were
used for all parameters, except a weakly informative scaled inverse Wishart distribution was
used for the covariance matrix in the bivariate normal distribution. The estimated study-specific
values, pooled estimates and their 95% credible intervals (Crl) were transformed back to the
probability scale and summarized in forest plots. Convergence was assessed graphically and

heterogeneity was quantified with I*-test.

2.3.3.5 Investigation of Heterogeneity

Meta-regressions were carried out to quantify the differences in sensitivity, specificity and PPV
in relation to mean age at screening, proportion of males and study design (retrospective vs.
prospective). A regression model was built for each of the three covariates paired with each
outcome due to low number of studies. Non-informative normal prior distributions were used for

all beta-coefficients in the models.

2.3.4 Results
2.3.4.1 Study Characteristics

Tables 2.1 and 2.2 summarized the characteristics and results of the included studies. All were
carried out in North America except two (Charman et al., 2016; Koh et al., 2014). Five
retrospective studies collected information using medical records (Cogan-Ferchalk, 2013;
Goodwin, 2010; Koh et al., 2014; Ringwood, 2010; Salisbury, 2016). On average, children were
screened at 21-41 months and four studies (Charman et al., 2016; Goodwin, 2010; Koh et al.,
2014; Snow & Lecavalier, 2008) screened children above the M-CHAT recommended age range.
ASD diagnostic assessment was carried out at 24-52 months. High-risk studies (n=12) had
higher proportion of boys compared to girls, while low-risk studies had gender parity. The
prevalence of ASD in studies based on children with developmental concerns (range 38-66%)

was higher than that of the general population.
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The quality ratings are summarized in Table 2.3. Inter-rater agreement of the initial assessments
between the two reviewers was moderate-to-high (k=0.78). Potential sources of bias in
participant selection and implementation of M-CHAT and/or ASD diagnosis were identified in
all studies. High risk of selection bias was introduced through volunteer bias from families, as
indicated by moderate (50-60%) surveys response rates, or from potential selective referral by
participating clinicians. The reported sociodemographic and functional characteristics of the
sample populations in 70% of the studies can be considered reflective of children with ASD or
developmental concerns typically presented at clinical settings, based on clinical opinion. In half
of the studies, the interval between M-CHAT screening and clinical diagnosis was not reported
or was greater than six months. Sixty percent of the studies did not include all participants in
sensitivity and specificity calculations, with few providing the reasons for exclusion. Only two
studies reported that the interpreter of the M-CHAT was blinded to the child’s clinical diagnosis
or that the M-CHAT was scored prior to clinical diagnosis. ASD diagnostic assessments were
carried out by psychologists and, typically, one or more qualified professionals (i.e.
psychometrist, developmental pediatrician, occupational therapist, speech language pathologist
or special education teacher). One study did not provide details on diagnostic assessment

(Kleinman et al., 2008).

2.3.4.2 Studies on Low-risk Children

One study (Robins, 2008) exclusively focused on low-risk children and two mixed studies
(Kleinman et al., 2008; Robins et al., 2001) included children without developmental concerns.
Only the PPVs were reported in all three studies, as children who screened negative on the M-
CHAT did not undergo ASD diagnostic assessment. Thus, the sensitivity and specificity could
not be calculated, and the estimated prevalences in Table 2.1 are likely underestimated for these
studies. The PPV ranged from 0.06 — 0.11, but increased to 0.42 - 0.65 if the M-CHAT telephone

follow-up interview was administered.

2.3.4.3 Studies on High-risk Children

Of the 12 studies that included children with developmental concerns, three (Charman et al.,

2016; Fessenden, 2013; Goodwin, 2010) sampled from children referred for unspecified mental

31



health services, three (Cogan-Ferchalk, 2013; Kleinman et al., 2008; Robins et al., 2001) from
children referred for early behavioural intervention and six (Eaves, 2006; Kleinman et al., 2008;
Koh et al., 2014; Ringwood, 2010; Salisbury, 2016; Snow & Lecavalier, 2008) from children
referred for diagnostic assessment for developmental conditions. Children were typically
screened at 2-3 years old, with one study (Goodwin, 2010) reporting a mean age above 40
months. Clinical diagnosis of ASD was established on average within 6 months after screening
in seven studies (Eaves, 2006; Goodwin, 2010; Kleinman et al., 2008; Robins, 2008; Robins et
al., 2001; Snow & Lecavalier, 2008; Villalobos, 2011) and was not reported by three (Cogan-
Ferchalk, 2013; Fessenden, 2013; Ringwood, 2010). Without the telephone interview, the
sensitivity ranged from 0.64-0.96, specificity from 0.35-0.67 and PPV from 0.49-0.73.

2.3.4.4 Sensitivity and Specificity

The study-specific and pooled sensitivity and specificity are summarized in Figure 2.2. Based on
the nine studies where sensitivity and specificity could be calculated, heterogeneity was high
(I*>90 for either measure) and the pooled sensitivity was 0.83 (95% CrlI: 0.75, 0.90) and pooled
specificity was 0.51 (95% Crl: 0.41, 0.61). Specificity was comparable across different ages at
screening but sensitivity was higher at 30 months (sensitivity: 0.69, 95% CI: 0.19, 0.86;
specificity: 0.46, 95% CI: 0.03, 0.64) compared to 24 months (sensitivity: 0.55, 95% CI: 0.02,
0.84; specificity: 0.45, 95% CI: <0.01, 0.71). No meaningful differences were observed in the
sensitivity and specificity between retrospective and prospective studies or between low and high

proportions of males (Appendix 2.2).

2.3.4.5 Positive Predictive Value

The PPVs from nine studies were standardized using the ASD prevalence in the general
population (Centers for Disease Control and Prevention, 2016) and pooled with the reported
PPVs on low-risk children from three studies (Kleinman et al., 2008; Robins, 2008; Robins et al.,
2001). The pooled PPV in low-risk children was 0.07 (95% Crl: <0.01, 0.16). Large difference
was estimated between the PPVs standardized using ASD prevalence in the general population
(0.03, 95% Crl: <0.01, 0.20) and reported PPV in low-risk children that could not be
standardized (0.24, 95% Crl: 0.08, 0.40). When the PPVs were standardized using the mean
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ASD prevalence across the included high-risk studies, 45.6%, and combined with the reported
PPV on high-risk children from three studies (Kleinman et al., 2008; Robins, 2008; Robins et al.,
2001), the pooled PPV was 0.55 (95% Crl: 0.45, 0.66). Minimal difference was estimated
between the standardized and non-standardized high-risk PPVs.

Given high variability across PPVs in low-risk children, only high-risk PPV's were analyzed
using meta-regressions. The point estimate of the PPV in high-risk children increased as the
proportion of males increased (75% male: 0.58, 95% CI; 0.52, 0.64; 100% male: 0.46, 95% CI:
0.14, 0.78) but the credible intervals overlapped. There were no clinically relevant differences in

PPV by age at screening or study design (Appendix 2.2).

2.3.5 Discussion

This meta-analysis quantitatively summarized the accuracy of the M-CHAT and we conclude
that it can identify ASD with low to moderate sensitivity and specificity among children with
developmental concerns. Partially due to the low number of studies and high between-study
heterogeneity, the estimated values were imprecise and the credible intervals were wide. Meta-
regression results suggest that the M-CHAT can better identify children with ASD among older
children (at 30 compared to 24 months). Although screening at 18 months is recommended by
the AAP (Johnson et al., 2007) and within the intended age range of the M-CHAT, the accuracy
measures could not be precisely predicted for this age in this meta-analysis as few studies
screened 18 month-old children. Standardized PPVs were sensitive to changes in ASD
prevalence and the pooled values were only slightly higher than the pre-test odds in both low-
and high-risk populations. Findings from the meta-regressions, however, should be interpreted
with caution as adjusting for confounding was not feasible due to low number of studies. While
age and gender distribution, on average, did not differ by study design, there could be

unaccounted factors which contributed to identified differences in accuracy measures.

Given the moderate specificity of the M-CHAT and low prevalence of ASD in the general
population, many children referred for subsequent follow-up would be due to a false positive M-
CHAT screen and not require in-depth assessment. In turn, this would further delay access for

diagnostic assessment for children who would benefit from additional follow-up. Similarly, the
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moderate sensitivity suggests that a proportion of children who would benefit from further
assessment would not be able to access it because they were falsely identified as screen negative.
Both scenarios could potentially delay access to ASD interventions that could revert the child’s

developmental trajectory to a more age-appropriate level.

Methodological issues were identified in all studies, with high risk of biases in participant
selection and interpretation of M-CHAT or clinical diagnosis. In particular, bias from selective
referral by participating clinicians, M-CHAT scoring not blinded to clinical diagnosis and a lack
of detail on diagnostic assessment were consistently noted. As clinicians could be more likely to
diagnose children with ASD after a positive M-CHAT screen, reported accuracy measures could
be overestimated due to the lack of blinding. The inconsistent and often long time intervals
between screening and diagnosis were also a source of concern; given rapid development that
occurs in toddlers, longer intervals could bias study findings in either direction. The lack of
complete follow-up in studies with low-risk children also prevented estimation of the pooled
sensitivity and specificity in low-risk populations. Difference between reported PPVs in low-risk
children and PPVs standardized using the ASD prevalence in the general population suggests
that the children in low-risk studies might not be truly low-risk or representative of the general
population. Evidence on the accuracy of M-CHAT or other ASD screening tools in the general
population is one of the components needed to determine the clinical utility of universal ASD

screening, along with timely access to diagnostic assessment and intervention.

Although the M-CHAT is intended to be used in both low- and high-risk children (Robins, 2008;
Robins et al., 2001), study findings indicate that it performs with low-to-moderate accuracy in
high-risk children and there was a lack of evidence supporting its use in low-risk children.
Furthermore, the low pooled specificity of the M-CHAT suggests that it would not be
appropriate as a universal screening tool on its own. If all screen-positive children were referred
for ASD diagnostic assessment, the children with false positive screens would needlessly
undergo lengthy assessment and decrease the efficiency of the diagnostic pathway (i.e. lengthen
the wait time for children who truly require further assessment and increase healthcare

expenditures). Although the pooled sensitivity in high-risk children is in the moderate range, the
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consequences of a false negative screen could be severe if it delays ASD diagnosis and timely

access to appropriate interventions.

The M-CHAT R/F (Robins et al., 2014) reports greater PPV, but it also requires a structured
phone interview following a positive screen. Implementation of screening with a standardized
tool is already low in clinical settings (Bethell et al., 2011; Radecki et al., 2011). The additional
follow-up interview would likely further reduce uptake or compliance with protocol, which
would decrease accuracy of screening. However, routine developmental surveillance (i.e. careful
monitoring of any signs of developmental concerns over time by a general paediatrician or
practitioner) is a critical and recommended (Nachshen, Garcin, Moxness, Tremblay, &
Hutchison, 2008; National Institute for Health and Care Excellence, 2011) component of routine
check-ups. The use of a standardized ASD tool (e.g. the M-CHAT) might be more appropriate as
a second-line screen carried out by primary care physicians for children with developmental

concerns to better guide the course of follow-up assessment.

2.3.5.1 Limitations

While this meta-analysis was carried out in accordance with the Cochrane guideline (Deeks et
al., 2013), there are limitations. First, the diagnostic criteria for ASD have changed from
Diagnostic and Statistical Manual of Mental Disorder (DSM) IV to DSM-5 (American
Psychiatric Association, 2013). Validation studies reported that children with severe ASD remain
on the spectrum but some children with milder symptoms or those without repetitive behaviour
do not (Huerta, Bishop, Duncan, Hus, & Lord, 2012; McPartland, Reichow, & Volkmar, 2012).
In turn, the reported PPV and sensitivity could be lower using the DSM-5 criteria as children
with milder symptoms who screened positive may be less likely to be ultimately diagnosed with
ASD. Although there is a general consensus on the criteria for ASD (e.g. in DSM), the reference
standard of clinical diagnosis was not uniformly applied across all studies due to differences in
the how diagnostic assessment was carried out and the type of clinicians involved. In turn, this
could contribute to heterogeneity between studies. This, however, unlikely biased study findings
as the methods of assessment used in most studies could be considered reflective of clinical
practise and variations in how the “gold standard” is applied could be considered inherent

component of psychiatry.
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Another limitation is that only studies that primarily used the English version of the M-CHAT
were included. Although the M-CHAT has been validated in other languages and countries
(Canal-Bedia et al., 2011; Kamio et al., 2014; Kara et al., 2014), the heterogeneity across these
studies was too great be pooled in a meta-analysis. Comparison of its performance across
ethnocultural groups is necessary to ensure that it can correctly identify children with ASD
across the general population. Since there were only two validation studies using the M-CHAT
R/F at the time of this meta-analysis, the accuracy of the revised version, though often used
clinically, could not be summarized. Lastly, only one reviewer screened the retrieved articles for

inclusion.

2.3.5.2 Conclusion

This meta-analysis provided quantitative evidence that the M-CHAT performs with low-to-
moderate sensitivity and specificity in children with developmental concerns. Although the M-
CHAT was designed to be used in both low- and high-risk children, there was a lack of evidence
supporting its use in the former group. Identified heterogeneity in accuracy measures emphasize
that clinicians should account for the age and sex of the child when interpreting the M-CHAT
scores. The existence of developmental concerns should also be considered when deciding to use
the M-CHAT, as the PPV was much higher in high-risk compared to low-risk children. A low
pooled specificity in high-risk children suggest that if it was used on a population level, high
proportion of children without ASD would be referred for diagnostic assessment due to the low
specificity of the M-CHAT, which would decrease the efficiency of the diagnostic pathway.
Rather, standardized screening tools, such as the M-CHAT, may be used in children with

developmental concerns by primary care physicians to better guide subsequent referral.

Key Points

e the M-CHAT performs with low-to-moderate accuracy in identifying ASD among children
with developmental concerns

e clinicians should consider a child’s age, sex and presenting developmental concerns when

deciding to use the M-CHAT and interpreting its results
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Table 2.1 Characteristics of the 13 studies included in the meta-analysis.

Study Characteristics

Study Participants

ASD diagnosis

Age at
Author Year Location Study Design IPOI i)g};(s)li N No(.(yl\o/;ale S(ggi?ﬁlsl)g Dicalrgi?e(;?;ic Preﬁa?l?nce
mean (std)

Charman 2015 UK Prospective High 120 100 (83%) 35.3(8.3) ICD-10 45.80%
Cogan-Ferchalk 2013 UsS Retrospective | High 222 179 (81%) Median: 2 years | Based on 49.10%

education

classification
Eaves 2006 Canada Prospective High 82 68 (81%)b 37.2 (6.4)b DSM-IV 65.90%
Fessenden 2013 uUsS Prospective High 80 56 (70%) 26.8 ADOS module  47.50%
Goodwin 2010 Canada Retrospective | High 148 115 (78%) 40.8 (14.3) Il\Iot reported 57.40%
Koh 2014 Singapore Retrospective | High 580 435 (75%) 35 (8) DSM-IV TR 34.10%
Ringwood 2010 [N Retrospective | High 303 241 (80%) 27.6 (5.2) DSM-IV 38.00%
Salisbury 2016 uUsS Retrospective | High 479 379 (77%) 30.8 (4.1) Not specified 60.80%
Snow 2008 [N Prospective High 56 44 (79%) 34.9 (8.7) DSM-IV 65.90%
Villalobos 2011 UsS Prospective High 142 Notreported Range: 14-31 DSM-IV TR 37.50%
Robin 2008 [N Prospective Low 4797 2384 (50%)  20.9(3.1) DSM-IV 34.40%
Kleinman 2008 [N Prospective Mixed 3793 2003 (53%)  21.0(3.4) DSM-IV 3.60%
Robin 2001 UsS Prospective Mixed 1293 693 (54%) Range: 18-30 DSM-IV 3.00%

Values in table reflect study participants used to calculate accuracy measures in each paper, unless otherwise stated. The values may differ from sample
characteristics reported in the original studies as some did not include all children in the final analysis. Additional information was provided by corresponding

authors.

*High-risk was defined as studies with children with any identified developmental concerns, low-risk refers to studies with children without identified
developmental concerns, mixed refers to studies with both high-risk and low-risk children.
®Of the entire sample (i.e. with children excluded from calculation of accuracy measures).

ADOS: Autism Diagnostic Observation Schedule; ASD: autism spectrum disorder; DSM: Diagnostic and Statistical Manual of Mental Disorder; ICD:
International Classification of Diseases.
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Table 2.2 M-CHAT results of the 13 studies included in the meta-analysis.

Author Year Sensitivity Specificity Positive Predictive Value
Charman 2015 0.80 0.40 0.53
Cogan-Ferchalk 2013 0.64 0.60 0.61
Eaves 2006 Critical6: 0.77  Critical6: 0.43  Critical6: 0.70

Total23: 0.92 Total23: 0.27 Total23: 0.69
Fessenden 2013 0.89 0.62 0.68
Goodwin 2010 0.88 0.51 0.71
Koh 2014 0.79 0.67 0.55
Ringwood 2010 0.96 0.35 0.53
Salisbury 2016 0.74 0.57 0.73
Snow 2008 Critical6: 0.70  Critical6: 0.38  Critical6: 0.79
Total23: 0.88 Total23: 0.38 Total23: 0.83
Villalobos 2011 not calculated not calculated 0.06
Robin 2008 not calculated not calculated 0.06
Kleinman 2008 not calculated not calculated 0.36
Robin 2001 not calculated not calculated 0.30

Values may differ from the original papers due to differences in reporting (e.g. disaggregation by scoring method, age group, etc.).

Additional information was provided by corresponding authors.

Critical6: positive screen defined as failing more than two of the six critical items. Total23: positive screen defined as failing more

than three items of the 23 items. Both scoring algorithms were used for all other studies (i.e. a positive screen defined as failing more
than two of the critical six items and/or more than three of any 23 items).
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Table 2.3 Quality assessment of studies included in the meta-analysis.

Author (Year)

Participant
Selection

Index

Risk of Bias

Reference

Test Standard

Flow and
Timing

Participant
Selection

Concerns of Applicability

Index Test

Reference
Standard

Charman (2015)
Cogan-Ferchalk (2013)
Eaves (2006)
Fessenden (2013)
Goodwin (2010)
Kleinman (2008)
Koh (2014)
Ringwood (2010)
Robin (2001)
Robin (2008)
Salisbury (2016)
Snow (2008)
Villalobo (2011)

®: [ow concern. ®: high concern.
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Figure 0.1 PRISMA flow diagram of literature search.

Records identified from database search: 365

Embase 135
PsychInfo 111
Medline 82
CINAHL 37

Duplicated records removed: 184

Titles and abstracts screened: 181

A

Articles excluded after screening: 146
Did not screen using M-CHAT 61

Not primary studies 24
Other medical condition 23
Did not used English M-CHAT 21
Not in English 18

Full text assessed for eligibility: 34

A

Obtained via personal communication: 1

Articles excluded after full-test review: 22
Did not report clinical diagnosis 9
Did not report M-CHAT screening result 6
Studies based on same sample population 3
Used the M-CHAT R/F 2
Insufficient data reported 2

Studies included in manuscript: 13
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Figure 0.2 Forest plots of sensitivity and specificity.
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Appendix 0.1 Questions on the QUADAS-2 modified for this study.

Part I: Participant Selection

1. How were participants recruited?

2. What was the source of the participants?

3. Were exclusion and inclusion criteria reported?

Part I1: Index Test

1. What was the index test?

2. Was the administrator blinded to the child’s clinical diagnosis?

3. Was the results interpreted without knowledge of the child’s clinical diagnosis?
4. Was the scoring method pre-specified?

Part I1I: Reference Standard

1. Was the ASD diagnostic criteria reported?

2. Was a standardized tool used (e.g. ADOS, ADI-R)?

3. Was there a clinical assessment by a psychologist, psychiatrist and/or developmental
pediatrician?

4. Were children likely to be correctly classified as ASD?

. Were all participants diagnosed using the same method?

6. Was the reference standard implemented and interpreted without knowledge of the index test
result?

9]

Part IV: Flow and Timing

1. Was there an appropriate time between M-CHAT screening and clinical diagnosis?
2. Were the number of participant at each stage reported?

3. Were the reasons for non-participant at each stage given?

4. Were all patients included in the analysis?
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Appendix 0.2 Results of the meta-regression models.

Sensitivity

Specificity

Positive Predictive Value

Age
At 24 months
At 30 months
Male
75% male
100% male
Study Design
Retrospective

Prospective

0.55 (0.02, 0.84)
0.69 (0.19, 0.86)

0.82 (0.73, 0.89)
0.84 (0.73, 0.92)

0.81 (0.70, 0.92)
0.81 (0.67, 0.91)

0.45 (<0.01, 0.71)
0.46 (0.03, 0.64)

0.53 (0.43, 0.63)
0.51 (0.36, 0.66)

0.55 (0.41, 0.67)
0.48 (0.33, 0.63)

0.56 (0.48, 0.64)
0.55 (0.50, 0.61)

0.58 (0.52, 0.64)
0.46 (0.14, 0.78)

0.54 (0.37,0.71)
0.52 (0.37, 0.66)

Separate meta-regression models were constructed for each covariate. Models for sensitivity and
specificity included the nine studies for which these measures could be calculated. Meta-
regressions using PPV as the outcome included the twelve studies with high-risk children in their
study sample, except one (Villalobos, 2011) was excluded from the meta-regression for gender

distribution and two (Robins et al., 2001; Villalobos, 2011) from the meta-regression for age due
to lack of appropriate data.
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3. COST-EFFECTIVENESS OF UNIVERSAL OR HIGH-RISK SCREENING
COMPARED TO SURVEILLANCE IN AUTISM SPECTRUM DISORDER

3.1 Preface

Using the pooled accuracy information from Chapter 2, this CEA compared the incremental

costs and effects of universal or high-risk screening to surveillance monitoring in ASD.

The CEA was carried out using a DES model. Originated from operational research, DES is an
event-based modelling technique that allows for tracking of individuals along a network of
pathways. DES can estimate patient flow (e.g. wait time, resource use) in response to changes in
system parameters (e.g. clinician availability, patients’ demand for services). In turn, DES is able
to evaluate the hypothesis that more vigorous screening could lead to earlier diagnosis and
treatment initiation. The application of DES is particularly appropriate in ASD as it models
entities (i.e. individual children) interacting with elements in a pathway (i.e. screening,
diagnostics assessment) based on the entities’ attributes (i.e. clinical characteristics,
developmental trajectory). Attributes can be constant, time-varying or change in response to
events, the combination of which would capture the complexity of clinical and developmental

changes in young children.

The rest of this chapter is the manuscript which will be submitted for publication.

3.2. Manuscript #2
3.2.1 Abstract

Importance: The American Academy of Pediatric recommends that all children undergo
screening for autism spectrum disorder (ASD) at 18 and 24 months. There is no direct evidence
that active screening results in improved outcomes compared to surveillance monitoring.
Objective: To estimate the cost-effectiveness of universal or high-risk screening for ASD at 18
and 24 months compared to surveillance monitoring.

Design: A discrete event simulation model replicated the clinical pathway in ASD from birth to
age 6 years to estimate the costs, in public payer and societal perspectives, and outcomes under

three screening strategies. Costs and outcomes were discounted at 3%. Model parameters were
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estimated from published literature, a large prospective cohort study and data from Statistics
Canada.

Setting: Children in Ontario, Canada.

Participant: A cohort of children born within one year in Ontario, Canada. Each child was
assigned clinical and developmental characteristics which influenced their pathway of care.
Main outcome and measures: Incremental cost per child correctly diagnosed with ASD before
36 months, and per child correctly diagnosed and started ASD treatment before 48 months.
Results: For high-risk screening, incremental cost was $1196/child diagnosed before 36 months
and $1856/child initiated treatment before 48 months in the societal perspective. The incremental
costs for the same outcomes were $71213/child and $138676/child for universal screening.
Results were sensitive to changes in wait times for diagnostic assessment or ASD intervention
and in the accuracy of the screening tool.

Conclusion and relevance: Universal screening at 18 and 24 months would greatly burden the
healthcare system by increasing the demand of ASD diagnostic services and healthcare
expenditure. The number of children referred for diagnostic assessment was 6-fold higher
compared to surveillance, which would further delay access for children who require in-depth
behavioural or psychiatric evaluation, ASD-related or not. Limiting standardized ASD screening
to children considered at heightened risk of ASD could be a cost-effective strategy. As the goal
is to promote early access to ASD intervention, reducing or eliminating wait times for ASD

intervention could have greater impact compared to more vigorous screening.

3.2.2 Introduction

The effectiveness of universal screening to detect early signs of autism spectrum disorder (ASD)
has been widely debated (Al-Qabandi et al., 2011; G. Dawson, 2016; Fein, 2016; Mandell &
Mandy, 2015; Pierce et al., 2016; Powell, 2016; Robins et al., 2016; Silverstein & Radesky,
2016; Veenstra-VanderWeele & McGuire, 2016). The American Academy of Pediatrics (AAP)
recommends that all children be screened with an ASD-specific tool, such as the Modified
Checklist for Autism in Toddlers (M-CHAT) (Robins et al., 2001), at 18 and 24 months, a period
when rapid neurodevelopment occurs (Johnson et al., 2007). This is in contrast to a current
clinical practise often referred to as “surveillance”, where clinicians continuously monitoring

children for signs of abnormalities over the course of development (Filipek et al., 2000;
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Nachshen, Garcin, Moxness, Tremblay, Hutchinson, et al., 2008; Volkmar et al., 2014).
Structured screening early in life could potentially identify initial presentations of ASD, such as
atypical social and communication development that occurs as early as 12 months (Ozonoff et
al., 2008; Zwaigenbaum, Bauman, Fein, et al., 2015). Moreover, ASD could be accurately
diagnosed in some children prior to age 2 years (Chawarska, Klin, Paul, & Volkmar, 2007;
Guthrie, Swineford, Nottke, & Wetherby, 2013) and improvement in adaptive behaviour, social
skills and IQ have been reported in children with ASD who received behavioural and/or
developmental intervention prior to age 3 years (Zwaigenbaum, Bauman, Choueiri, et al., 2015).
Although there is strong theoretical rationale for the AAP recommendation, there is no direct
evidence that universal screening can lead to earlier access to treatment or improved ASD

outcomes over time (Siu et al., 2016).

Given the moderate accuracy of most published ASD screening tools and the low prevalence of
the condition in the general population (Centers for Disease Control and Prevention, 2016;
Johnson et al., 2007; Siu et al., 2016; Zwaigenbaum, Bauman, Fein, et al., 2015), one
consequence of universal screening is that many children without ASD would be unnecessary
referred for additional investigations. The wait time for diagnostic assessment is already high in
Ontario (median 26 weeks) (Penner, 2016) and the additional children from false positive ASD
screening would further delay access for children who require in-depth evaluation. As ASD
diagnostic assessment is a lengthy process that can involve multiple clinicians, unnecessary

assessment can greatly increase healthcare expenditures and productivity lost.

A potentially more efficient strategy could be active screening targeted towards subgroups
known to be at heightened risk or to be under-diagnosed for ASD. For example, children with a
first-degree family member diagnosed with ASD are considered to be at heightened risk for ASD
given high familial recurrence rate (Grenborg et al., 2013; Ozonoff et al., 2011), along with
babies of preterm birth or have specific genetic conditions (Limperopoulos et al., 2008; Richards
et al., 2015). Since they typically require closer monitoring, they might benefit from ASD-

specific screening to detect early risk markers that are often unrecognized.
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The objective of this study was to compare the incremental cost-effectiveness of universal or
high-risk screening to surveillance in ASD from the provincial government and societal

perspectives.

3.2.3 Methods

3.2.3.1 Study Design

A discrete event simulation model was used to predict the costs and consequences of a
heterogeneous cohort of children born within one year in Ontario, Canada in each of the three
ASD screening scenarios. The model was calibrated to reflect the epidemiology and clinical
manifestation of ASD in children across Ontario. Each hypothetic child was randomly assigned a
developmental trajectory and a set of clinical characteristics, summarized in Table 3.1, that
influenced their pathway of care. The developmental trajectory was described by two time-
varying attributes: attainment of age-specific developmental milestones as defined by the Centers
of Disease Control and Prevention (CDC) (Centers for Disease Control and Prevention, 2015),
and presence of severely low adaptive functioning as measured on the Vineland Adaptive
Behavior Scales (Sparrow et al., 2005). Clinical characteristics included static attributes such as
sex of the child, latent ASD diagnosis and whether the child was considered high-risk. High- or
recurrent risk children were defined as children with one or more full sibling diagnosed with
ASD. The probability of being classified as high-risk was based on the joint distribution of latent
ASD diagnosis, recurrent risk and the probability of having an older sibling. The values were
determined by random sampling from distributions estimated from published literature,
information from Statistics Canada or a prospective cohort study, the Infant Sibling Study
(Zwaigenbaum et al., 2012). The same cohort of children was then replicated and each cohort
underwent one of the three screening strategies. The time horizon of the model was from birth to

age 6 years. All costs and outcomes beyond one year were discounted at 3%.

3.2.3.2 Screening Strategies

Three screening strategies were compared. The reference approach was the current clinical
practice in North America, surveillance monitoring for potential signs of developmental delay

for all children, hereon referred to as surveillance. The two comparator screening strategies were
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1) screening using the Modified Checklist for Autism in Toddlers (M-CHAT) (Robins et al.,
2001) for all children, hereon referred to as universal screening, and 2) M-CHAT screening for
high risk children and surveillance for low-risk children, hereon referred to as high-risk
screening. The different screening approaches occurred at the 18- and 24-month well-child visits
only. All children, regardless of strategy, underwent surveillance monitoring for developmental
delay at 36-, 48- and 60-month well-child visits. The frequency of screening followed the well-
child visit schedule recommended by the AAP (American Academy of Pediatrics, 2015).

A child was screened positive by surveillance if they did not attain the age-appropriate
developmental milestones or if they had severely low adaptive functioning. A positive screen on
the M-CHAT was based on the joint probability of having an observed ASD status and the
accuracy of the M-CHAT (Table 3.2). The M-CHAT was selected as the screening tool for this
model as it is a commonly used clinical tool that has been validated in multiple study populations
and performs with moderate accuracy (Siu et al., 2016). Although there is a revised version of
the M-CHAT (M-CHAT R/F) (Robins et al., 2014), there is no published information on its

specificity and it has not been widely validated.

3.2.3.3 Outcomes

The two outcomes of this study were 1) the number of children correctly diagnosed with ASD
before 36 months and 2) the number of children with a correct ASD diagnosis and initiated ASD
intervention prior to 48 months. These two outcomes were selected to be consistent with
recommendations made to the Ontario Ministry of Youth and Child Services regarding ASD
service provision (Auditor General of Ontario, 2015). ASD intervention included government
funded generic applied behavior analysis (ABA)-based therapy and early intensive behavioural
intervention (EIBI). This model did not consider private ASD services because there is no
systematic documentation on the proportion of families who seek private care and on how using

private services alters the wait time and consumption of publicly funded ASD services.
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3.2.3.4 Costing

Cost items were considered from the societal and public payer (i.e. provincial government)
perspectives. Details on the cost items, valuation and sources of information are summarized in
Table 3.3. The cost of each clinical visit for screening and ASD diagnosis was based on the
physician fee schedules or was obtained via personal communication with professional
associations. The duration and cost of ASD diagnostic assessment varied by the type of
clinician(s) involved. This model assumed that ASD assessment was conducted by a
psychologist, psychiatrist, developmental pediatrician or a multidisciplinary team (consisting of a
developmental pediatrician, psychological, speech language pathologist and occupational
therapist) and the probability of each clinician type is based on a recent national survey (Penner,
2016). For the societal perspective, parental time lost from accompanying their child to all
screening and diagnostic assessments were valued using the sex-specific hourly wage (Statistics
Canada, 2015b). This model assumed that the primary caregiver was female and only she
accompanied the child to all medical visits. All cost items were expressed in 2016 Canadian

dollars.

3.2.3.5 Model Pathway

Figure 3.1 describes the pathway of care for the three screening strategies. Each hypothetic child
entered the model at the Ontario birth rate and the model generated children for one year. Each
child was assigned a set of attributes as described above and waited for the first screening

assessment which took place at 18 months.

For all three strategies, a child screened negative would wait for the next screening assessment
based the well-child visit schedule. Children who screened positive were referred for ASD
diagnostic assessment. The wait time of which was estimated from the current wait time for ASD
diagnostic assessment in Canada (Table 3.4) and the number of children referred for diagnosis in
the model. It was modelled as a log-normal distribution to reflect the skewness of current wait
time distribution. The accuracy of ASD diagnostic assessment (Table 3.2) was based on
published literature (Huerta et al., 2012; McPartland et al., 2012) and the model assumed that the

probabilities did not vary by clinician type. Children diagnosed with ASD, both true positive and
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false positive, were referred for ASD intervention. Children who were not diagnosed returned to

screening based on the well-child visit schedule.

Children diagnosed with ASD were referred to EIBI if they were severely impaired based on
their adaptive functioning status and to generic ABA-based intervention otherwise. For children
with false positive ASD diagnosis, they remained on the wait list and potentially underwent
treatment until their developmental trajectory or adaptive functioning improved to the age-
appropriate range. After this, they returned to scheduled well-child visits. This is assumed to be
reflective of clinical reality as clinicians cannot know the true latent ASD diagnosis of a child

and are unlikely remove an ASD diagnosis unless the child shows significant improvement.

The wait time for generic ABA-based therapy and EIBI were estimated from the current wait
times in Ontario, the number of available spots and the length of each type of intervention (Table
3.4). A child exited the model if they initiated either form of intervention or reached age 6 years.

The discrete event simulation model was built using MatLab 2017a (MATLAB, 2017).

3.2.3.6 Statistical Analysis

The predicted outcomes and costs for the two alternate screening strategies were compared to
standard care, surveillance, using incremental analysis and were summarized as incremental
cost-effectiveness ratios (ICERs). The ICERs were expressed as the incremental cost per
additional child correctly diagnosed with ASD by 36 months and the incremental cost per
additional child correctly diagnosed and initiated ASD intervention by 48 months. The mean
costs and outcomes of the three strategies were also compared graphically using a cost-

effectiveness frontier.

Uncertainties in the ICERs were assessed using a non-parametric method. Bootstrapped
sampling was used to simulate 1000 cohorts. For each simulated cohort, the incremental costs
and outcomes for each comparator relative to surveillance were estimated and plotted on a cost-
effectiveness plane. A cost-effectiveness acceptability curve (CEAC) was also constructed by
plotting the proportion of ICERs that were below the willingness-to-pay threshold, using a series
of thresholds from $0-300000.
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One-way deterministic sensitivity analyses were used to quantify uncertainties in model
parameters. The parameters assessed were selected based on their impact on ASD epidemiology
and influence on the pathway of care. The parameters (Table 3.5) included factors that
influenced the demand for ASD services (i.e. prevalence of ASD, recurrent risk of ASD,
accuracy of the M-CHAT), the cost of diagnostic assessment (i.e. type of clinician(s)
administering the ASD diagnostic assessment), the efficiency of the diagnostic pathway (i.e. wait

times for ASD diagnostic assessment or ASD intervention) and discount rate.

3.2.4 Results

A cohort of 139789 children, 2065 (1.5%) of whom had a latent ASD diagnosis, was generated
and put through the model. The proportion of children with ASD correctly diagnosed before 36
months was 10% for surveillance, 15% for high-risk screening and 31% for universal screening.
The mean costs and outcomes for the three screening strategies are summarized in Table 3.6 for
the public payer perspective and in Table 3.7 for the societal perspective. Compared to
surveillance, both outcomes were 2 times higher in high-risk screening and 3 times higher in

universal screening.

In the public payer perspective, the mean costs per 1000 children were comparable between
surveillance ($292702+163973) and high-risk screening ($293538+166356), but was almost 2
times higher for universal screening ($491413+237071). The cost-effectiveness frontiers (Figure
3.2, top row) do not suggest any strategy was dominated for either outcome. Compared to
surveillance, the ICER for high-risk screening was $1101 per additional child diagnosed before
age 3 years and $1709 per additional child initiated treatment before age 4 years. Using the same
reference strategy, the ICER for universal screening was $65002 children per additional child
diagnosed before 36 months and $126576 per additional child initiated treatment before 48

months.

The same pattern in costs was observed in the societal perspective and the cost-effectiveness
frontiers (Figure 3.2, bottom row) also do not suggest any strategy was dominated. Compared to

surveillance, the ICER for high-risk screening was $1196 per additional child diagnosed before
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age 3 years and $1856 per additional child that initiated treatment before age 4 years. Using the
same reference strategy, the ICER for universal screening was $71213 children per additional
child diagnosed before 36 months and $138676 per additional child that initiated treatment

before 48 months.

The bootstrap simulation (Figure 3.3) shows high uncertainty in all ICERs. For high-risk
screening compared to surveillance, the ICERs were divided across the four quadrants of the
cost-effectiveness plane. This indicates that neither strategy was definitively more costly or more
effective. The incremental effect per 1000 children was 0.75 (95% CI: -1.92, 3.43) for number of
children diagnosed before 36 months and 0.49 (95% CI: -1.88, 2.86) for initiated treatment
before 48 months. The incremental cost per 1000 children was $802 (95% CI: -6405, 8009) in
public payer and $872 (95% CI: -7165, 8909) in societal perspective. For universal screening
compared to surveillance, 3% and 8% of the iterations were less effective for diagnosis and
treatment, respectively, but all iterations were more expensive. The incremental effect was 3.14
(95% CI: -1.01, 7.29) for diagnosed before age 3 years and 1.64 (95% CI: -1.49, 4.77) for
initiated treatment before age 4 years. The incremental cost per 1000 children was $198566
(95% CI: 182783, 214349) in public payer and $215528 (95% CI: 200053, 235003) in societal

perspective.

3.2.4.1 Cost-effectiveness Acceptability Curve

Figure 3.4 (top) shows the CEAC for high-risk screening compared to surveillance. Examining a
willingness-to-pay threshold of $0 reveals that approximately 40% of the simulated cohorts had
lower cost and greater effectiveness (dominance), in both public payer and societal perspectives,
for high-risk screening than for surveillance. Starting at the threshold of $18000, the proportion
of ICERs below the threshold plateaued at 70% for diagnosed before 36 months and at 65% for
initiated treatment before 48 months. The lower proportion of iterations considered cost-effective
for treatment initiation compared to diagnosis was due to a smaller incremental effect for this

outcome.

The CEAC for universal screening compared to surveillance (Figure 3.4, bottom) shows much

wider range of acceptability. Half of the iterations were below the threshold of $60000 for
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diagnosed before 36 months and of $120000 for initiated treatment before 48 months. The
proportion of ICERs considered cost-effective began to level at a threshold of $300000, with
91% below the threshold for diagnosed before 36 months and 78% for initiated treatment before
48 months. The difference in the proportion of iterations below the threshold between the two

outcomes is due to differences in incremental effectiveness.

3.2.4.2 Sensitivity Analyses

Figures 3.5 and 3.6 show the results of the one-way deterministic sensitivity analyses under the
public payer and the societal perspectives, respectively. The ICERs for high-risk screening
compared to surveillance using either outcome were most sensitive to changes in the accuracy of
the M-CHAT. If the sensitivity and specificity of the M-CHAT were both 50% (i.e. same as
chance), the ICERs increased by 48-52% for diagnosed before 36 months and by 118-124% for
initiated treatment before 48 months. On the other hand, if sensitivity and specificity were higher
at 80%, the ICERs decreased by 56% for diagnosed before 36 months and by 58% for initiated
treatment before 48 months. The ICERs for universal screening compared to surveillance were
not sensitive to a decrease in accuracy of the M-CHAT for either outcome (increase of 7% if
sensitivity and specificity were at 50%), but they dropped by approximately 30% if sensitivity

and specificity increased to 80%.

The incremental costs per additional child that initiated treatment before 48 months were
sensitive to changes in wait times for ASD diagnostic assessment, generic ABA-based therapy

and EIBI.

If the wait time for EIBI was eliminated, the number of children that initiated treatment before
48 months increased by 80-100% in all three strategies. Compared to surveillance, the
incremental cost per additional child that initiated treatment before age 48 months decreased by
51% for high-risk screening and 83% for universal screening when EIBI wait time was

eliminated.

Eliminating the wait time for generic ABA-based therapy did not have an impact on the ICERs

for high-risk screening but decreased the ICERs for universal screening by 17%. On the other
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hand, if wait time increased by 30% from the base case scenario, the ICERs for initiated
treatment before 48 months increased by 54% for high-risk screening and by 87% for universal

screening.

While the ICERs for both comparator strategies were sensitive to changes in diagnostic wait
time, the impact was more pronounced for universal screening because more children are
referred for diagnostic assessment. If the mean wait time shifts towards the high-end of the
distribution in the base case scenario, the ICER for universal screening compared to surveillance
increased by 34-38% for diagnosed by 36 months and by 130-136% for treatment initiation by
48 months. The ICERs for high-risk screening compared to surveillance increased by 34-40% for

either outcome.

Increased ASD prevalence resulted in lower ICERs for both comparator strategies. This could be
attributed to a decrease in the proportion of children without a latent ASD diagnosis among those
referred for diagnostic assessment as prevalence increased. As the prevalence increased to

6/1000 boys and 3/1000 girls, the ICER per additional child initiated treatment before 48 months

decreased by 12% for high-risk screening and 5% for universal screening.

Type of clinician(s) who administered the ASD diagnostic assessment was also influential
(Tables 3.8 and 3.9). If all diagnostic assessments were carried out by a developmental
paediatrician or by a psychologist, the ICERs per additional child diagnosed before 36 months
decreased by more than half for either alternate screening strategy compared to reference case
scenario, which reflected the current mixture of clinicians that carry out diagnostic assessment.
On the other hand, the ICERs were much higher if all assessments were carried out by a
multidisciplinary team. As diagnostic assessment by a multidisciplinary team also took longer to
complete, the difference in ICERs by clinician type was most pronounced under the societal
perspective when parental time lost from accompanying their child to clinical visits was valued.
Compared to the reference case scenario, the ICERs for universal screening relative to

surveillance increased by 70-90% when a multidisciplinary team administered all assessments.
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3.2.5 Discussion

The hypothesized effectiveness of universal screening using an ASD-specific tool for all children
at 18 and 24 months has been largely based on evidence from cross-sectional studies or clinical
experience (Dawson, 2016; Fein, 2016; Pierce et al., 2016; Powell, 2016; Robins et al., 2016;
Silverstein & Radesky, 2016; Veenstra-VanderWeele & McGuire, 2016). This simulation study
adds to the debate from an economic perspective and demonstrates that universal screening
would greatly burden the healthcare system by heightening healthcare expenditures and demand
for ASD diagnostic services. Although universal screening was 3 times more effective in
correctly identifying children with ASD before age 3 years compared to surveillance (4.43+63.53
vs. 1.38+£35.44 children with ASD per 1000 children), the number of children referred for
diagnostic assessment was 6-fold higher. Increased referral would not only prolong wait time for
diagnostic assessment, but also increase consumption of downstream intervention by children
who do not have ASD or might not benefit from it. As most children were on wait lists beyond
the time horizon of the model (i.e. at age 6 years) the estimated wait times were right-censored.
Limiting active ASD screening to children considered at heightened risk for ASD (e.g. children
with one or more full sibling diagnosed with ASD) could be a more cost-effective option at
ICER of $1100-1900 per additional child diagnosed before 36 months or initiated treatment
before 48 months. Given the high cost of universal screening and inconclusive evidence on the
efficacy of interventions for all individuals with ASD, it does not fulfill the criteria for
population-based screening by Wilson and Jungner (Fletcher-Watson, McConnell, Manola, &
McConachie, 2014; Oono, Honey, & McConachie, 2013; Reichow, Barton, Boyd, & Hume,
2012; Wilson & Jungner, 1968).

The cost-effectiveness of ASD screening compared to surveillance was dependent on the
accuracy of the screening tool. Due to low specificity of the M-CHAT, a large proportion of
children referred for ASD diagnostic assessment did not have ASD nor did they require
additional behavioural assessment or treatment. Using an ASD screening tool that performs at
80% sensitivity and specificity significantly decreased the ICERs for either strategy, but the
ICERs for universal screening remained high ($43000-47000/child diagnosed by 36 months,
$87000-95000/child initiated treatment by 48 months).
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The impact of high false positive referral due to low specificity of the M-CHAT was particularly
noticeable for universal screening and the ICERs were highly sensitive to changes in diagnostic
wait time. As wait time increased with additional children referred, the ICER per child initiating
treatment before 48 months more than doubled when the wait time increased by 30% from base
case assumption. Despite the high cost of universal screening, the bootstrap simulations (Figure
3.3) indicated that it was not always more effective compared to surveillance. Although there is
no information on how much the government or society is willing pay for an additional child
diagnosed or initiating treatment earlier, the CEACs (Figure 3.4) indicate that universal
screening compared to surveillance was not cost-effective 10-30% of the time even at a

willingness-to-pay threshold of $300000 per additional child.

A targeted screening approach might be optimal, especially if ASD prevalence is higher. The
ICERs for high-risk screening compared to surveillance decreased to below $1700 as prevalence
increased. However, the CEACs indicated that high-risk screening did not always lead to more
children diagnosed or initiating treatment earlier compared to surveillance. The proportion of
ICERs considered cost-effective plateaued starting at a willingness-to-pay threshold of $18000
and 30-35% of the iterations cannot be considered cost-effective. This study defined high-risk
children as those with one or more full sibling diagnosed with ASD, but another criterion to
define the target subpopulation that are known to be at heightened risk for ASD or are under-

diagnosed might be appropriate.

Due to the long wait time for EIBI in Ontario, few children initiated EIBI prior to 48 months.
Eliminating wait time for EIBI resulted in an 80-100% increase in the number of children
initiating treatment before 48 months in all three screening strategies, with the highest percentage
increase in surveillance. Moreover, the number of children initiating treatment by 48 months
from surveillance without wait time for generic ABA-based therapy was similar to the number
from high-risk screening with the current wait time. A recent Ontario study estimated lifetime
savings of CAD $267000 and gains of 2.52 disability-free life years per individual if EIBI wait
time was eliminated (Piccininni, Bisnaire, & Penner, 2017). Considering that the hypothesized

benefits of universal screening are mediated through earlier access to ASD treatment, the present
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study supports resource allocation towards reducing or eliminating wait time for ASD

intervention rather than more vigorous screening.

The type of clinician who carried out ASD diagnostic assessment also had a large impact on the
incremental costs. While this model assumed the referral was random, it is likely based on the
child’s presenting symptoms and availability of clinicians in the area. The purpose of ASD
diagnostic assessment is not only to correctly classify the child’s developmental concerns, but
also to identify the strengths and weaknesses in a child’s development and behaviour such that
they are referred to an appropriate ASD intervention. Although diagnostic assessment by
psychologists or developmental paediatricians only were the least expensive options, the
assessment might not be able to identify all of the potential needs that ASD services should

address, especially considering the wide spectrum of concerns presenting in children with ASD.

3.2.5.1 Limitations

Due to the complexity of the pathway to ASD diagnosis and determining developmental
trajectories in children, the model made several assumptions which might limit the
generalizability of the study findings. This model accounted for the large heterogeneity in the
clinical presentation of ASD symptoms by modelling the children’s developmental trajectories
using a probabilistic approach and by allowing the trajectories to vary by sex, time and latent risk
of ASD. However, the trajectories were described by two variables, attainment of age-
appropriate developmental milestones and the presence of severely low adaptive functioning,
which might not capture all clinical symptoms typically monitored over time in surveillance.
Therefore, the number of children screened positive, and in turn costs and outcomes, could be

underestimated for surveillance, which could have biased the ICERs in either direction.

The time horizon of this model was limited to birth to age 6 years. Children have additional
avenues to receive an ASD diagnosis (e.g. through the education system) and this could
confound measurement of the costs and effects of the screening strategies. Moreover, the
benefits of early diagnosis and intervention initiation might not be apparent until later in the
child’s life. The high cost ASD over the lifetime is primarily driven by productivity lost and the
cost of support services in adult years (Ganz, 2007; Motiwala, Gupta, Lilly, Ungar, & Coyte,
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2006). If earlier treatment could revert the child’s development to a more age-appropriate
trajectory, thus improving daily functioning and independence, costs incurred over their lifetime
would be greatly reduced. In turn, ICERs for more vigorous screening strategies would be lower.
However, there is no published evidence that on the long-term treatment outcomes in children

identified through screening.

Lastly, this model did not consider private ASD interventions because the amount of out-of-
pocket expenditure could not be estimated without reliable data on resource use. Study findings
indicate that reduction in wait times would have a large impact on the number of children that
initiated treatment before 48 months. If a large proportion of parents of children with ASD are
willing to pay out-of-pocket for ASD intervention, thus bypassing the long wait time for publicly
funded interventions, the effectiveness of all three strategies would be underestimated. In
addition, while cost to the government (i.e. public payer) would be decreased when parents pay
out-of-pocket for intervention, the higher costs of private services would result in higher societal
costs overall. Since reduction in wait time had a greater impact on the effectiveness of
surveillance compared to the two alternate screening strategies, incremental effectiveness would

decrease and the ICERs would be higher if private intervention was considered.

3.2.6 Conclusion

This study demonstrated that screening all children using an ASD-specific tool, such as the M-
CHAT, would greatly burden the healthcare system by increasing healthcare expenditures and
demand for ASD diagnostic services. Compared to surveillance, universal screening cannot be
considered cost-effective or efficient, even if the screening tool performed at high sensitivity and
specificity. A tailored screening approach targeting children at heightened risk for ASD could be
a cost-effective option, especially if ASD prevalence is higher. Reduction in wait times for
publicly funded ASD interventions, such as generic ABA-based therapy and EIBI, had the
highest impact on the number of children starting treatment earlier. If the ultimate goal for
children with ASD to receive treatment earlier, resources should be allocated toward reducing
wait times for ASD diagnostic assessment and intervention rather than more vigorous ASD

screening.
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Table 3.1 Static and time-varying attributes assigned to children in discrete event simulation model.

Attributes Distributions' (mean, sd) Source

Static

Sex (Male) 0.51,0.05 (Statistics Canada, 2015a)

Latent ASD M: 0.02, 0.005 (Ouellette-Kuntz et al., 2014)(Centers
F:0.01, 0.002 for Disease Control and Prevention,

2016)

Recurrent risk M: 0.26, 0.02 (Ozonoff et al., 2011)
F: 0.09. 0.02

Time-varying 18 months 24 months 36, 48, 60 months

Severely low Vineland
composite score

Delayed developmental
milestone

Observed ASD status

M-+HR: 0.11, 0.04
M+LR: 0.02, 0.01
F+HR: 0.08, 0.04
F+LR: 0.02, 0.01

M-+HR: 0.08, 0.02
M+LR: 0.02, 0.01
F+HR: 0.06, 0.04
F+LR: 0.02, 0.01

M-+HR: 0.18, 0.04
M+LR: 0.01, 0.01
F+HR: 0.15, 0.06
F+LR: 0.01, 0.01

M-+HR: 0.08, 0.03
M+LR: 0.02, 0.01
F+HR: 0.10, 0.04
F+LR: 0.02, 0.01
M-+HR: 0.20, 0.04
M-+LR: 0.05, 0.02
F+HR: 0.18, 0.04
F+LR: 0.05, 0.02
M-+HR: 0.53, 0.06
M+LR: 0.01, 0.01
F+HR: 0.55, 0.09
F+LR: 0.01, 0.09

M-+HR: 0.24, 0.26
M+LR: 0.02, 0.01
F+HR: 0.26, 0.07
F+LR: 0.02, 0.01

same as latent ASD
same as latent ASD
same as latent ASD
same as latent ASD

(Sparrow et al., 2005; Zwaigenbaum et
al., 2012)

(Hagan, Shaw, & Duncan, 2008;
Zwaigenbaum et al., 2012)

(Zwaigenbaum et al., 2012)

"Distributions were modelled as beta distributions in the discrete event simulation model.
ASD: autism spectrum disorder; F: female; HR: high-risk; LR: low-risk; M: male; sd: standard deviation.
Recurrent risk was defined as children with one or more full sibling diagnosed with ASD
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Table 3.2 Input parameter for accuracy of ASD diagnostic assessment and M-CHAT screening
in discrete event simulation model.

Sensitivity Specificity Source

M-CHAT screening N(0.8, 0.04) N(0.5, 0.05) (Yuen et al., 2017, publication
submitted for review)

Diagnostic assessment N(0.8, 0.05) N(0.8, 0.007) (Huerta et al., 2012; McPartland et al.,
2012)

N(u,0) represents the Normal distribution where u is the mean and o is the standard deviation.
M-CHAT: Modified Checklist for Autism in Toddlers.
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Table 3.3 Cost items and resource use for discrete event simulation model.

Distribution of Unit Resource Use

Cost Items Cost ($) Source (Number of units) Source
Screening

Enhanced well-baby visit N(51.8, 4.9)! (Ministry of Health and Long- At 18 months: 1 (Williams et al., 2011)
Term Care, 2015; Régie de
I’assurance maladie du Québec,
2015)

Paediatric assessment N(52.2, 10.0)2 (Ministry of Health and Long- At 24/36/48/60 months: 1 ~ (American Academy of
Term Care, 2015; Régie de Pediatrics, 2015)
I’assurance maladie du Québec,
2015)

Diagnostic assessment

Psychiatrist N(427.5,1 6,6)3 (Ministry of Health and Long- 19%: 1 (Penner, 2016)
Term Care, 2015; Régie de
I’assurance maladie du Québec,
2015)

Psychologist N(225.0,3.9) (British Columbia Psychological =~ 24%: 1 (Penner, 2016)
Association, 2014; Ontario
Psychological Association, 2015)

Paediatrician Initial: N(138.5,14.0)* (Ministry of Health and Long- 26%: (Penner, 2016)
Follow-up: N(73.1,9.1) Term Care, 2015; Régie de Of which, 20%: 1
I’assurance maladie du Québec, 80%: 2
2015)
Multi-disciplinary team 31%: 1 (Penner, 2016)
Paediatrician Initial: N(138.5,14.0) (Ministry of Health and Long- 20%: 1 (Penner, 2016)
Follow-up: N(73.1,9.1)  Term Care, 2015; Régie de 80%: 2
I’assurance maladie du Québec,
2015)
Psychologist N(225.0,3.9) (British Columbia Psychological 1 (Penner, 2016)

Association, 2014; Ontario
Psychological Association, 2015)
Speech Language therapist ~ N(190.0,9.7) (Ontario Association of Speech- 1 (Penner, 2016)
Language Pathologists and
Audiologists, 2016)
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Occupational therapist N(60.0,3.1)

Hourly wage for women N(21.6,0.8)

(Ontario Society of Occupational
Therapist, email communication,
Jan 2016)

(Statistics Canada, 2015b)

1

0.5-1 units for screening
1-2.5 units for diagnostic
assessment

(Penner, 2016)

(Penner, 2016; Weiss, Whelan,
McMorris, Carroll, & Canadian
Autism Spectrum Disorders
Alliance, 2014)

N(u,o0) represents normal distribution with mean p and standard deviation c.'fee code: A262, 09127, *fee codes: A002, 09127, *fee codes A667,

08935, “fee codes: A265, K123, 09165, 15164
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Table 3.4 Input parameters used to estimate wait times for diagnostic assessment and ASD
intervention in discrete event simulation model.

Value

Source

ASD diagnostic assessment wait time
(minutes)
Generic ABA-based therapy
Wait time (minutes)
Length of intervention (minutes)
Spots available
EIBI
Wait time (minutes)
Length of intervention (minutes)
Spots available

LogN(12.8, 0.15)

N(564,480, 40,320)
N(262,800, 20,160)
9400

N(11,179,360, 40,320)
N(1,314,000, 262,800)
1400

(Penner, 2016)

(Auditor General of Ontario, 2015)
(Auditor General of Ontario, 2015)
(Auditor General of Ontario, 2015)

(Auditor General of Ontario, 2015)
(Auditor General of Ontario, 2015)
(Auditor General of Ontario, 2015)

N(u,0) represents the Normal distribution where u is the mean and o is the standard deviation.
LogN(u,o) represents the Log-normal distribution where is p the location parameter and o is the

scale parameter.

ABA: applied behavior analysis; ASD: autism spectrum disorder; EIBI: early intensive

behavioural intervention.
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Table 3.5 Parameters and ranges included in the one-way deterministic sensitivity analysis.

Parameters Ranges Source
Recurrent risk of ASD Male: 0.19-0.35 (Ozonoff et al., 2011)
Female: 0.057-0.14
Prevalence of ASD Male: 22.9/1000- 24.3/1000 (Centers for Disease

Wait times
Diagnostic assessment
Generic ABA-based therapy

EIBI

Accuracy of M-CHAT

Clinician for ASD diagnostic
assessment
Psychiatrists

Psychologist

Developmental paediatrician

Multi-disciplinary team
Discount rate

Female: 4.9/1000 -5.6/ 1000

4-24 weeks
0-75 weeks

0-36 months

Sensitivity: 0.5-0.8
Specificity: 0.5-0.8

100%
100%
100%
100%
0-5%

Control and Prevention,
2016)

(Penner, 2016)

(Auditor General of
Ontario, 2013, 2015)
(Auditor General of
Ontario, 2013, 2015)

ABA: applied behavior analysis; ASD: autism spectrum disorder; EIBI: early intensive
behavioural intervention; M-CHAT: Modified Checklist for Autism in Toddlers.
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Table 3.6 Mean and incremental outcomes and costs in the public payer perspective.

Surveillance

High-risk
Screening

Universal
Screening

Outcome (per 1000 children)
Number of children diagnosed before 36 months
Mean+tsd 1.375+35.444
Incremental ref
Number of children initiated treatment before 48 months

Meanz+sd 0.782+26.344
Incremental ref
Cost - public payer (per 1000 children)
Mean=sd 292702+163973
Incremental ref
Screening (mean; % total cost) 232354 (79%)
Diagnostic assessment (mean; % total cost) 60348 (21%)
ICER
$/child diagnosed before 36 months ref
$/child initiated treatment before 48 months ref

2.134+44.143
0.759

1.271£33.583
0.489

293538166356
836

232059 (79%)
61479 (21%)

1101
1709

4.432+63.532
3.057

2.352445.65
1.570

491413237071
198712

198809 (40%)
292604 (60%)

65002
126576

ICER: incremental cost-effectiveness ratio; sd: standard deviation.



Table 3.7 Mean and incremental outcomes and costs in the societal perspective.

Surveillance

High-risk
Screening

Universal
Screening

Outcome (per 1000 children)
Number of children diagnosed before 36 months

Mean+tsd 1.375+35.444
Incremental ref
Number of children initiated treatment before 48 months
Mean=tsd 0.782+26.344
Incremental ref
Cost - societal (per 1000 children)
Mean=tsd 358067181461
Incremental ref
Screening (mean; % total cost) 291140 (81%)
Diagnostic assessment (mean; % total cost) 66927 (19%)
ICER
$/child diagnosed before 36 months ref
$/child initiated treatment before 48 months ref

2.134+44.143
0.759

1.271£33.583
0.489

358975+184073
908

290789 (81%)
68186 (19%)

1196
1856

4.432+63.532
3.057

2.352445.65
1.570

575768263302
217701

250592 (44%)
325176 (56%)

71213
138676

ICER: incremental cost-effectiveness ratio; sd: standard deviation.



Table 3.8 Incremental cost-effectiveness ratios from one-way deterministic sensitivity analyses
in the public payer perspective using one clinician type for all diagnostic assessment.

High-risk Screening Universal Screening
C .. . Initiated . Initiated
Clinician Type D;Zggﬁ)ssglsy treatment by D;%ggosggl:y treatment by
48 months 48 months
Psychiatrists 1348 2074 69550 140953
Psychologist 520 800 31614 64070
Developmental paediatrician 476 732 26351 53403
Multidisciplinary team 1864 2867 115327 233726
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Table 3.9 Incremental cost-effectiveness ratios from one-way deterministic sensitivity analyses
in the societal perspective using one clinician type for all diagnostic assessment.

High-risk Screening Universal Screening
C . . Initiated . Initiated
Clinician Type D;%gglosggl:y treatment by D;%gglosggl:y treatment by
48 months 48 months
Psychiatrists 1402 2156 73432 148820
Psychologist 529 814 33470 67831
Developmental paediatrician 530 815 29814 60421
Multidisciplinary team 2075 3192 129736 262928
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Figure 0.1 Schematic diagram of the clinical pathway in the discrete event simulation model.
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Figure 0.2 Cost-effectiveness frontiers for the three ASD screening strategies in the discrete
event simulation model in the public payer (top row) and societal (bottom row) perspectives.
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Figure 0.3 Incremental costs and effects from the bootstrap simulation for high-risk screening
and universal screening compared to surveillance in public payer (top row) and societal (bottom
row) perspectives.
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Figure 0.4 Cost-effectiveness acceptability curve for high-risk screening (top) and universal
screening (bottom) compared to surveillance.

High-risk screening

100 =
ey Strategy
8 === — Diagnosis/Public payer
’g 50 - - = Diagnosis/Societal
& — Treatment/Public payer
" - = Treatment/Societal
5 -
C -
0 5000 10000 15000
Willingness-to-pay thershold
Universal screening
100 -
75" Strategy

— Diagnosis/Public Payer

- = Diagnosis/Societal

Percentage
w
o
1]

— Treatment/Public payer

5 = = Treatment/Societal

' 1 '
0 100000 200000 300000
Willingness-to-pay thershold

72



Figure 0.5 One-way deterministic sensitivity analysis for high-risk screening (left column) and
universal screening (right column) compared to surveillance in the public payer perspective. Top
row shows ICER per additional child diagnosed before 36 months, bottom row shows ICER per

additional child initiated treatment before 48 months.
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Figure 0.6 One-way deterministic sensitivity analysis for high-risk screening (left column) and

universal screening (right column) compared to surveillance in the societal perspective. Top row
shows ICER per additional child diagnosed before 36 months, bottom row shows ICER per
additional child initiated treatment before 48 months.

High-risk Screening

M-CIIAT sensitivity &
specilicity [0.5-0.8]

Wait time for diagnostic
assessment [1-12 months]

ASD prevalence
[M: 19.2-23.6/1000; F:1.1-5.2/1000]

Discount rate [0-5%)]

ICER: $1196

300 800 1300 1800 2300
ICER (per additional child diagnosed before 36 months)

M-CHA'T sensitivity &
specificity [0.5-0.8]
Wail time [or diagnostic
assessment [1-12 months]
Wait time for ABA-based
therapy [0-75 weeks]
ASD prevalence
[M: 19.2-23.6/1000; T":1.1-5.2/1000]
Wait time for EIBI
[0-36 months]
Discount rate |0-5%]
ICER: $1856
300 800 1300 1800 2300 2800 3300 3800 4300 4800
ICER (per additional child initiated treatment before 48 months)

Wait time for diagnostic
assessment [1-12 months]
M-CHAT sensitivity &
specificity [0.5-0.8]

evalence
5.2/1000]

ASD pr
[M: 19.2-23.6/1000; 24

Discount rate |0-5%]

Universal Screening

ICER: $71213

20000 30000 40000 50000 60000 70000 80000 90000 100000
ICER (per additional child diagnosed before 36 months)

ait time for diagnostic
assessment [1-12 months]
Wait time for ABA-based
therapy [0-75 weeks]
Wait time for EIBI

[0-36 months]

M-CIIAT sensitivity &
specilicity [0.5-0.8]

ASD pr
[M: 19.2-23.6/1000; F:4.1-5.2/1000]
Discount rate [0-5%]

ICER: $138676
50000 100000 150000 200000 250000 300000
ICER (per additional child initiated treatment before 48 months)

350000

74



4. COST-EFFECTIVENESS OF GENOME AND EXOME SEQUENCING IN
CHILDREN WITH AUTISM SPECTRUM DISORDER

4.1 Preface

Genetic testing using CMA is one of the newer additions to the long list of recommended clinical
investigations for children with ASD (Anagnostou et al., 2014). Newer genetic testing platforms,
GS and ES, are being used in select tertiary settings to identify pathogenic variants that are
potentially associated with ASD, in particular when CMA is non-diagnostic. However, the
interpretation of these test results is often uncertain and their costs are much higher compared to
CMA. This chapter compares different genomic sequencing strategies to CMA in order to
determine how or if these newer platforms should have broader implementation across clinical

settings.

The following manuscript has been submitted for publication and was reformatted to match the

style of the thesis.

4.2 Manuscript #3
4.2.1 Abstract

Purpose: Genome (GS) and exome sequencing (ES) could potentially identify pathogenic
variants with greater sensitivity than chromosomal microarray (CMA) in autism spectrum
disorder (ASD), but are costlier and result interpretation can be uncertain. Study objective was to
compare the costs and outcomes of four genetic testing strategies in children with ASD.
Methods: A microsimulation model estimated the outcomes and costs (in societal and public
payer perspectives) of four genetic testing strategies: CMA for all, CMA for all followed by ES
for those with negative CMA and syndromic features (CMA+ES), ES or GS for all.

Results: Compared to CMA, the incremental cost-effectiveness ratio (ICER) per additional child
identified with rare pathogenic variants within 18 months of ASD diagnosis was $5997.8 for
CMA+ES, $13504.2 for ES and $10784.5 for GS in the societal perspective. ICERs were
sensitive to changes in ES or GS diagnostic yields, wait times for test results or pre-test genetic

counselling, but were robust to changes in the ES or GS costs.
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Conclusion: Strategic integration of ES into ASD care could be a cost-effective strategy.
Laboratory and genetic services need to be scaled up prior to clinical implementation to ensure

timely access.

Keywords: autism spectrum disorder; genome sequencing; exome sequencing; cost-

effectiveness analysis; health services

4.2.2 Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental condition that occurs in roughly 1 in
68 children in North America (Centers for Disease Control and Prevention, 2016). The disorder
may run in families and twin studies reported heritability estimates greater than 90% (Tick et al.,
2016). Candidate genes have also been identified, but often, the same variants can be found in
individuals without ASD and with other neuropsychiatric disorders (Devlin & Scherer, 2012).
Despite a high degree of genetic heterogeneity in ASD, attempting to determine the underlying
genetic etiology is a component of recommended clinical care, to better inform family planning
and identify comorbid medical conditions (Carter & Scherer, 2013; Schaefer & Mendelsohn,
2013).

Among individuals with ASD, approximately 10% have a Mendelian genetic condition, 5% have
a cytogenetically visible chromosomal rearrangement and up to 10% have one or more rare
submicroscopic copy number variants (CNVs) (Carter & Scherer, 2013; Devlin & Scherer,
2012). While the proportion of de novo CNVs is higher in families with at least one individual
diagnosed with ASD compared to families with none, only 20-35% of rare CNVs are de novo
(Devlin & Scherer, 2012; Iossifov et al., 2014). This suggests testing of biological parents, along
with the individual with ASD, is often necessary to interpret genetic test results. Additional rare
pathogenic variants are reported in syndromic individuals (i.e. with congenital anomalies in
addition to clinical features typically associated with idiopathic ASD) (Marshall et al., 2008;
Tammimies et al., 2015). However, individuals with syndromic features and no rare CNVs may

require more thorough examination into their genome.
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The current clinical guidelines by the American College of Medical Genetics and Genomics
(ACMG), the International Standard Cytogenomic Array Consortium (ISCA) and the American
Academy of Child and Adolescent Psychiatry recommend the use of chromosomal microarray
(CMA) in all individuals diagnosed with ASD (Anagnostou et al., 2014; Miller et al., 2010;
Schaefer & Mendelsohn, 2013; Volkmar et al., 2014). CMA can detect submicroscopic CNVs
and has a diagnostic yield of 10-20% in individual with ASD (Carter & Scherer, 2013). Other
genetic testing may be indicated depending on the specific clinical features and may include
Fragile X testing, MeCP2 testing for females and PTEN testing for individuals with absolute
macrocephaly (Carter & Scherer, 2013; Miller et al., 2010; Schaefer & Mendelsohn, 2013).

Genome sequencing (GS) and exome sequencing (ES) are increasingly being used in research
and clinical settings to identify genetic variants that would be missed by platforms with lower
resolution. In one study (Tammimies et al., 2015) where individuals with ASD underwent both
ES and CMA, eight of 95 participants received an ASD-related molecular diagnosis on ES while
only two were identified by CMA. There are no published articles that directly compared the
diagnostic yield of GS to CMA in ASD, but two studies (Jiang et al., 2013; Yuen et al., 2015)
reported GS detected pathogenic variants in 19% and 42% individuals with ASD, respectively.

Despite higher diagnostic yields, high costs and uncertain clinical relevance of test results have
limited the use of ES and GS clinically for ASD. Also, policies for coverage by provincial health
care plans in Canada are in the process of development. GS is not yet available clinically. For
ASD, ES may be offered for individuals with syndromic features who received a negative CMA.
The use of ES or GS as first-line tests in these individuals could potentially eliminate the need
for CMA and reduce healthcare costs by shortening the time to molecular diagnosis and
discovering additional medically actionable variants. To date, there is no published economic

evaluation on genetic testing in ASD (Ziegler, Rudolph-Rothfeld, & Vonthein, 2017).
The objective of this study was to compare the cost-effectiveness of using GS or ES to CMA in

children with ASD. A cost-effectiveness analysis predicted the cost, in the public payer (i.e.

provincial government) and societal perspectives, and outcomes of four genetic testing strategies.
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4.2.3 Methods

A microsimulation model was constructed to predict the costs and consequences in a cohort of
children diagnosed with ASD in Ontario, Canada under four genetic testing strategies. Each
simulated child in the cohort of 1000 was assigned a set of characteristics (Appendix 4.1)
selected because of their influence on the pathway of care. The time horizon was two years
starting from the time of ASD diagnosis and model cycle length was one week. Costs and
outcomes that surpassed one year were discounted at 3% (Sanders et al., 2016) to reflect the

present value of costs and benefits incurred in the future.

4.2.3.1 Genetic Testing Strategies

Four strategies were compared. The reference approach was based on the current guideline in
Ontario (Anagnostou et al., 2014), which is CMA as a first-line test for all children diagnosed
with ASD. The second comparator was CMA followed by ES for children with syndromic
features in addition to ASD with negative results on CMA, referred to as CMA+ES. Syndromic
features were defined as clinical features not typically found in idiopathic ASD; these included
microcephaly, macrocephaly, and congenital anomalies. The two other comparators were using
ES or GS as first-line genetic testing for all children with ASD, instead of CMA. The specific
testing platforms modelled were GeneChip System 3000Dx (Affymetric, U.S.A.) for CMA,
HiSeq 2500 System (Illumina, U.S.A.) for ES and HiSeq X (Illumina, U.S.A.) for GS.

4.2.3.2 Outcome

Study outcome was the number of children diagnosed with rare pathogenic genetic variants
within 18 months of ASD diagnosis. For this study, a rare pathogenic variant could be primary
(i.e. known to be associated with ASD and/or other clinical features) or secondary (i.e. medically
actionable genetic variants that are recommended to be reported by the ACMG (Green et al.,
2013; Kalia et al., 2016)). The outcome accounted for differences in wait times for test results
and in the length of post-test genetic counselling required between genetic testing strategies. ES
and GS test results require longer times to process the samples, interpret the results, and

communicate results to patients, since specific expertise of a genetics professional is required.
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4.2.3.3 Costing

Cost items (Appendix 4.2) were considered from the public payer and societal perspectives and
were generated using a probabilistic approach. The costs of each genetic test was the total of
each component cost based on a microcosting study (Tsiplova et al., 2017). Validation tests were
carried out for all positive and a proportion of negative ES and GS tests. Follow-up testing using
Sanger sequencing for the parents’ DNA and fluorescence in situ hybridization (FISH) for both
parents’ and child’s DNA were carried out for all children with validated positive findings. As
Fragile X syndrome cannot be detected by any of the comparators, Fragile X testing was
included as a fixed cost for individuals with intellectual disability (Carter & Scherer, 2013;
Filipek et al., 2000; Johnson et al., 2007; Schaefer & Mendelsohn, 2013; Vermeesch et al., 2007)

and positive test results were not counted in the outcome for all four strategies.

Direct healthcare costs also included genetic counselling before and after genetic testing. The
length of the sessions and the type of clinician delivering the results varied by genetic testing
platform and type of test results. Under the societal perspective, parental time lost from
accompanying their child to medical visits was estimated from the total duration of all medical
visits and valued using the human capital approach using sex-specific hourly wages in adults
(Statistics Canada, 2015b). As both biological parents undergo genetic testing with the child (i.e.
trio testing) to delineate inheritance pattern of identified variants, the model assumed one male
and one female adult accompanied each child to all assessments. All cost items are expressed in

2016 Canadian dollars (median 2016 conversion CADS$ 1.00 = US$ 0.77).

4.2.3.4 Model Pathway

Figure 4.1 is a schematic diagram of the health states in the microsimulation model built using
TreeAge 2015 (TreeAge Software, 2015). First, the child was referred to pre-test genetic
counselling which consisted of one or two consultation sessions with a medical geneticist and
then with a genetic counsellor. The model assumed that at the end of the pre-test counselling
session venipuncture for the child and both parents were carried out and samples were delivered
to the laboratories for genetic testing. Each child received either a positive primary finding only,

a positive secondary finding only, positive primary and secondary findings or a negative finding.

79



The families received genetic test results for the child and parents (if follow-up testing for
parents occurred) during the post-test counselling session. It was assumed that families received
negative test results through a telephone call by a medical geneticist. Children with positive
primary and/or secondary findings underwent in-person post-test genetic counselling sessions,
with longer sessions for secondary findings. The child then exited the model after post-test
counselling was completed. Wait times, length and frequency of counselling sessions and
diagnostic yields were randomly generated from distributions estimated from published literature
or in consultation with clinicians (Appendix 4.1). Diagnostic yield for GS was modified in
consultation with geneticists because it has yet to be validated for clinical use and the number of
genetic variants reported in clinical settings is lower compared to research settings due to more
stringent criteria. The wait time for test results (Appendix 4.1) varied by testing platform and
type of results; it included time needed for processing the samples, interpreting test results,
validation testing, follow-up testing in child and parents (if needed), and writing up the

laboratory report.

4.2.3.5 Statistical Analysis

Predicted outcomes and costs of the three alternate genetic testing strategies were compared to
the reference strategy, CMA, using incremental analysis and summarized as incremental cost-
effectiveness ratios (ICERs). The ICER is the difference in cost divided by the difference in
outcome between two strategies and represents the incremental cost per unit gain of health
outcome. For this study, the ICER was expressed as the incremental cost per additional child

identified with any rare pathogenic variants within 18 months of ASD clinical diagnosis.

Uncertainties in the ICERs were assessed using bootstrap sampling to mimic 1000 study
replications. ICERs were calculated for each hypothetical study replication and were plotted on a
cost-effectiveness plane. A cost-effectiveness acceptability curve (CEAC) was also constructed
by plotting the proportion of ICERs that were below the willingness-to-pay (WTP) threshold,
using a series of thresholds ranging from $0 to $20000/child.

The influence of changes in input parameters on outcomes was quantified using one-way

sensitivity analysis. As GS and ES are emerging technologies in ASD and their clinical utilities
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are uncertain, the analysis was repeated using two additional sets of parameter distributions that
reflected the “best case” and “worst case” scenarios. The “best case” distributions had shorter
wait times for test results and higher diagnostic yields. Best and worst case distributions were
centered on the upper and lower 95% confidence interval (CI) of the distributions in the original
model (e.g. wait time distribution in best case scenario centered on lower bound of the original
CI). The alternate distributions and the ranges for one-way sensitivity analysis are listed in

Appendix 4.3.

4.2.4 Results

Table 4.1 summarizes the mean and incremental costs and outcomes for the four strategies. The
mean costs, in either perspective, and outcomes were approximately 2 times higher in ES and 3
times higher in GS compared to CMA. Using CMA as the reference strategy, ES alone was the
least cost-effective option of the three comparators while CMA+ES had the lowest ICER.

All ICERs from bootstrap simulation comparing the three comparators to CMA alone were in the
northwest quadrant of the cost-effectiveness plane (Appendix 4.4), indicating that the
comparators were higher in cost and also identified more children with pathogenic variants
within 18 months. The CEAC (Figure 4.2) revealed that all simulated ICERs could be considered
cost-effective at thresholds of $10000 for CMA+ES and $15000 for GS. Consistent with
previous results, ES compared to CMA was the least cost-effective option and 1% of the

simulated ICERs remained above the WTP threshold of $20000/child.

4.2.4.1 Alternate Parameter Distributions

In both “best case” and “worst case” scenarios (Table 4.2), ES was the least cost-effective
strategy of the three comparators and had the highest ICER. Higher diagnostic yields and shorter
wait times in the “best case” scenario also led to increases in validation testing, follow-up testing
for parents, and more and longer post-testing counselling sessions, which increased costs. The
effectiveness of GS was highly sensitive to the wait time for test results and <1% of children,

compared to 61.2% in the “best case” and 28.5% in the reference case scenario, received their
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test results within 18 months of ASD diagnosis under the “worst case” scenario. On the other

hand, GS had the lowest ICER in the “best case” scenario.

4.2.4.2 One-way Sensitivity Analysis

The tornado diagram summarizes the results of one-way sensitivity analysis under the societal
perspective (Figure 4.3). All ICERs were sensitive to changes in wait time for pre-test genetic
counselling. The effectiveness of CMA+ES began to decrease when pre-test wait time exceeded
53 weeks because fewer children received their ES test results within 18 months. When pre-test
wait time reached 58 weeks, the addition of ES for syndromic patients with a negative CMA
resulted in an effectiveness of serial testing that was equivalent to CMA alone, but CMA+ES had
higher costs (incremental cost $221.9; incremental effect: 0.00). Similarly, the effectiveness of
ES and GS was lower than CMA such that CMA dominated ES when pre-test wait time was 55
weeks (incremental cost $891.3; incremental effect -0.02) and dominated GS when wait time

was 29 weeks (incremental cost $2113.8; incremental effect: -0.03).

The results were also sensitive to diagnostic yields of ES or GS. When the diagnostic yield of ES
changed from 5% below base value to 5% above, the ICER for CMA+ES dropped slightly (by
5%) but the decrease in the ICER for ES alone was more pronounced at 20%. The same
percentage change from the base value of GS diagnostic yield resulted in a 14% reduction in the
ICER for GS. Consistent with the results from the “worst case” scenario, the effectiveness of GS
was highly sensitive to the wait time for GS test results; the ICER doubled when wait time for
primary or negative GS results increased from the base value by 3 weeks (i.e. from 48 to 51
weeks). All ICERs were robust to changes in the cost of sequencing equipment or supplies and in
the discount rate (Figure 4.3). Findings were consistent between societal and public payer

perspectives (data available upon request).

4.2.5 Discussion

Findings from this study indicate that using ES or GS for all children diagnosed with ASD was
costly relative to CMA. Compared to CMA, the cost per additional child diagnosed with rare
pathogenic variants within 18 months of ASD diagnosis was approximately $14000 for ES and
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$11000 for GS. However, the addition of ES for children with a negative CMA and syndromic
features could be a cost-effective option at ICER $6000/child.

The limited influence changes in the costs of GS or ES had on the ICERs, especially compared to
diagnostic yields of ES or GS, emphasized that the focus of “value for money” decision-making
should be on the impact of genetic testing as well as on costs. Although the continuing decrease
in laboratory prices for ES and GS make both sequencing techniques increasingly attractive, their
clinical utility needs to be better established prior to widespread clinical use in ASD. To date,
there are few published studies that compared the clinical utility of GS or ES to CMA in ASD
and the reported diagnostic yield could be inflated due to differences in genetic variant
annotation between research and clinical populations. The three studies which used ES or GS in
ASD (Jiang et al., 2013; Tammimies et al., 2015; Yuen et al., 2015) classified variants as ASD-
specific based on a list of known ASD-risk genes, the clinical significance of which may differ
when interpreted in the context of the individual’s clinical presentation and cascade testing of
parents and other family members. As the list of possible ASD-associated variants continues to
grow as new evidence emerges, diagnostic yield will likely increase in the future. In turn, the
higher demand for genetic counsellors and medical geneticists to interpret and communicate test
results may prolong wait time and decrease clinical efficiency. Similarly, the clinical utility of
test results is also dependent on the accessibility and availability of the appropriate follow-up
diagnostic assessment, preventive intervention and treatment for comorbid medical conditions

associated with the detected pathogenic variants.

Streamlining the pipeline for clinical sequencing and automating annotation of pathogenic
variants are also critical given the ICERs were highly sensitive to changes in wait time. The use
of ES as a diagnostic test is currently available in select tertiary hospitals in Canada and GS is
not offered clinically as yet. In turn, the pipeline is being refined and the turnaround time for test
results will likely shorten with increased familiarity with and automation of the new sequencing
techniques. Delays due to the availability of genetic counsellors and medical geneticists to
review genetic findings and deliver test results will likely remain a critical issue as the demand
for genetics services increases with genomic sequencing being offered to more patient groups.

The time interval used for the outcome in this study was lenient to account for the novelty of GS
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and ES, but a desirable turnaround time for testing and results reporting should be less than 18
months. The estimated mean times from referral to completion of all post-test genetic
counselling were 10.8 and 17.3 months for ES and GS, respectively, which might be considered
excessively long for some families. As ES and GS results could be used to inform family
planning and immediate risk of comorbid conditions, delay in receiving test results could reduce
the perceived utility of test results. Therefore, successful implementation of GS and ES requires
strengthening of clinical genetics and laboratory services such that they are accessible in a timely

manner.

To date, there is no clinical guideline on the use of GS or ES in children with ASD. ES is
currently used in specific tertiary settings and often limited to children with a clinical indication
of an underlying Mendelian (i.e. single-gene) condition. This study demonstrates that the use of
ES after a negative CMA in these individuals could be considered cost-effective compared to
CMA alone if the payer is willing to spend $10000 to identify each additional child with a
pathogenic variant. A recent study in intellectual disability (Monroe et al., 2016) reported
potential cost savings by using ES as first-line test in place of other genetic and metabolic
investigations. Our findings indicate that GS would be the more cost-effective approach
compared to ES, if CMA was to be replaced by sequencing. However, policies on provincial

health coverage for ES or GS are still being developed in Canada.

4.2.5.1 Limitations

Although the genetic test results do not directly influence ASD treatment, the diagnosis of
comorbid conditions can change the course of non-ASD related healthcare. Inclusion of follow-
up assessment and treatment of comorbid conditions was beyond the scope of the current study,
but their inclusion would likely increase the clinical utility of ES and GS. However, how patient
management, health services use and health outcomes change after receiving genetic test results
is still under study. A dynamic lifetime model is needed to estimate the potential impact of
genetic testing and timing of intervention on long-term health outcomes for identified childhood-
onset and adult-onset conditions and on ASD over time. Another limitation was that the model
assumed that pattern of referral for additional testing was consistent between clinicians. The

characteristics defined as syndromic in this study might not be considered syndromic by all
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clinicians, which could lead to differential referral for ES in CMA+ES and bias the estimation of

both costs and health outcome in either direction.

This study defined the outcome as the number of children identified with pathogenic variants
within 18 months of ASD diagnosis, but might have excluded some potential benefits of genetic
testing. For example, genetic test results can be used to guide family planning or provide an
explanation for a child’s ASD diagnosis. Inclusion of such benefits in the study outcome would
have lowered the ICERs for GS and ES, but there is no systematic documentation on the

personal utility of genetic test results.

4.2.5.2 Conclusion

Study results indicate that ES and GS are costly compared to CMA with ICERs up to $10784.5
for GS and $13504.2 for ES. Strategic implementation of ES in ASD, however, could be a cost-
effective option. While the continuous drop in prices for GS and ES make the new technologies
attractive options, whether and how these test results will influence clinical care needs to be
better established. Moreover, clinical genetic and laboratory services need to be strengthened in
order to handle anticipated increase in demand and ensure equitable access. Despite the promise
of higher diagnostic yield of GS and ES compared to CMA, the long wait time for genetic
services and high costs of follow-up testing mitigate the potential benefit of these new
technologies. In order to increase the cost-effectiveness of GS and ES, the focus should shift
from solely on improving diagnostic yield and lowering costs to consider the increasing need for

genetic services and the utility, both personal and clinical, of test results.

85



Table 4.1 Mean and incremental costs and outcomes by test strategy.

Strategy Cost (Public Payer) Cost (Societal) Effect ICER

Mean (sd) Incremental Mean (sd) Incremental Mean (sd) Incremental Public Payer  Societal
CMA 996.9 (284.3) Ref 1079.9 (287.8) Ref 0.090 (0.285) ref ref ref
CMA+ES 1211.8 (554.2) 214.9 1301.8 (559.9) 221.9 0.127 (0.332) 0.037 5808.9  5997.8
ES 1878.1 (155.5) 881.2 1971.2 (170.1) 891.3 0.156 (0.360) 0.066 13352.9 13504.2
GS 3089.9 (241.8) 2093.0 3193.7 (260.3) 2113.8 0.285 (0.442) 0.196 10678.8  10784.5

CMA: chromosomal microarray; ES: exome sequencing; ICER: incremental cost-effectiveness ratio. GS: genome sequencing; sd:
standard deviation.
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Table 4.2 Incremental cost-effectiveness ratios from sensitivity analyses using alternate distributions.

“Best case” “Worst case”
Strategy . . . .
Public Payer ~ Societal  Public Payer  Societal
CMA ref ref ref ref
CMA+ES $5757.4 $5930.7 $14125.0 $14506.3
ES $6393.5 $6492.7 $59500.0 $60013.3
GS $4325.1 $4384.4 dominated dominated

CMA: chromosomal microarray; ES: exome sequencing; ICER: incremental cost-effectiveness ratio. GS: genome sequencing



Figure 0.1 Schematic diagram of the microsimulation model.
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Figure 0.2 Cost-effectiveness acceptability curve of the three comparison strategies using

chromosomal microarray as reference in the societal perspective.
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Figure 0.3 One-way sensitivity analysis under the societal perspective.
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Appendix 0.1 Input parameters used in the microsimulation model.

Patient Characteristics

Distributions

Source

Sex (Male)
Intellectual disability

Congenital anomalies

Macrocephaly (head circumference >97"

percentile)

Microcephaly (head circumference <3™
percentile)

Bernoulli(0.85)
Male: Bernoulli (0.20)

Female: Bernoulli (0.55)
Bernoulli (0.11)

Bernoulli(0.17)

Bernoulli (0.03)

(Centers for Disease Control
and Prevention, 2016; Coo et
al., 2012)

(Banach et al., 2009; Charman
etal., 2011; Yeargin-Allsopp et
al., 2003)

(S. Dawson, Glasson, Dixon, &
Bower, 2009; Timonen-Soivio
et al., 2015; Wier, Yoshida,
Odouli, Grether, & Croen,
2006)

(Fombonne, Rogé, Claverie,
Courty, & Frémolle, 1999;
Lainhart et al., 2006)

(Lainhart et al., 2006)

Wait Times (weeks)

Pre-testing genetic counselling

CMA test results

ES test results- primary or negative

ES test results- secondary

GS test results- primary or negative

Gamma(36,1.5)

Trun N(5, 2, 3, 7)

Trun N(20, 2, 18, 24)

ES primary + 2 weeks
Trun N(48, 2, 44, 52)

(Ontario Genetics Secretariat,
2014)

(Ny Hoang, MSc, email
communication, April 2016).

(Melissa Carter, MD, email
communication, 2016).

(Ny Hoang, MSc, email
communication, April 2016).

GS test results- secondary GS primary + 2 weeks
Diagnostic Yield
Chromosomal microarray N(0.09,0.02) (McGrew, Peters, Crittendon,
& Veenstra-Vanderweele,
2012; Shen et al., 2010;
Tammimies et al., 2015)
Exome sequencing (Tammimies et al., 2015)
(all children with ASD)
Primary variants only N(0.08,0.02)
Secondary variants only N(0.06,0.02)
Both primary and secondary N(0.024,0.01)

Exome sequencing
(syndromic children with ASD and
negative CMA)*

Primary variants only
Secondary variants only

Both primary and secondary

N(0.13,0.024)
N(0.10,0.03)
N(0.04,0.01)

(Tammimies et al., 2015)
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Genome sequencing (Yuen et al., 2015)

Primary variants only N(0.16,0.05)
Secondary variants only N(0.21,0.09)
Both primary and secondary N(0.05,0.02)

*N(0.6, 0.1) of syndromic children with ASD with a rare genetic variant are assumed to be detected by
CMA (Tammimies et al., 2015).

CMA: chromosomal microarray; ES: exome sequencing; GS: genome sequencing.

Bernoulli(p) denotes a Bernoulli distribution where p is the probability of having the trait. Gamma(a, A)
represents the Gamma distribution, where o is the shape parameter and A is the scale parameter. Trun
N(u, o, a, B) represents truncated normal distribution where p is the mean, o is the standard deviation, o
is the minimum value and B is the maximum value. N(u,o) denotes the normal distribution where p is the

mean and o is the standard deviation.
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Appendix 0.2 Unit price and resource use of cost items in the microsimulation model.

Distribution Unit

Cost Items Cost ($) Source Resource Use Source
Single Gene Tests
Fragile X N(325,2.5) (Hospital for Sick Children, In children with ID
2015)
Chromosomal Microarray (CMA)
Pre-testing counselling
Medical geneticist N(90.9,8.7)" (Ministry of Health and Long- 1 session of N(30,7) minutes (Ny Hoang, MSc, email

Genetic counsellor

Cost of 1 test
Labour
Overhead
Equipment
Supplies
Validation (QPCR)

Follow-up genetic testing
(FISH)
Post-testing counselling

Medical geneticist

Exome Sequencing
Pre-testing counselling

Medical geneticist

N(40.1, 2.13)°

N(141.6, 4.8)
N(39.5,1.1)
N(30.1,1.0)
N(434.6,3.5)
N(223.9, 12.6)
N(671.1,8.5)

N(90.98,8.7)"

N(90.9,8.7)"

Term Care, 2015; Régie de
I’assurance maladie du
Québec, 2015)

(Cheryl Shuman, MSc, email
communication, January 2016)

(Tsiplova et al., 2017)
(Tsiplova et al., 2017)
(Tsiplova et al., 2017)
(Tsiplova et al., 2017)
(Tsiplova et al., 2017)
(Tsiplova et al., 2017)

(Ministry of Health and Long-
Term Care, 2015; Régie de
I’assurance maladie du
Québec, 2015)

(Ministry of Health and Long-
Term Care, 2015; Régie de
I’assurance maladie du
Québec, 2015)

1 session N(60,15) minutes

Per test
Per test
Per test
Per test
Positive finding in child: 1 test
Positive finding in child: 1 trio

Positive finding in child: 1 session
of N(30,7) minutes

Negative finding in child: 1 session
of N(15,3) minutes

90% children: 1 session of N(30,7)
minutes

communication, April
2016)

(Ny Hoang, MSc, email
communication, April
2016)

(Tsiplova et al., 2017)
(Tsiplova et al., 2017)

(Ny Hoang, MSc, email
communication, April
2016)

(Ny Hoang, MSc, email
communication, April
2016)
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Cost Items

Distribution Unit
Cost ($)

Source

Resource Use

Source

Genetic counsellor

Cost of 1 test
Labour
Overhead
Equipment
Bioinformatics
Supplies
Validation (Sanger
sequencing)
Follow-up genetic testing
(Sanger sequencing)

Post-testing counselling

Medical geneticist

Genetic counsellor

Genome Sequencing
Pre-test counselling
Medical geneticist

Genetic counsellor

N(40.1, 2.13)°

N(318.4,12.4)
N(165.5,3.4)
N(394.5,8.0)
N(6.2,0.4)
N(657.7,12.2)
N(38.5, 0.8)

N(38.5, 0.8)

N(90.9,8.7)"

N(40.1, 2.13)°

N(90.98,8.7)"

N(40.1, 2.13)°

(Cheryl Shuman, MSc, email
communication, January 2016)

(Tsiplova et al., 2017)
(Tsiplova et al., 2017)
(Tsiplova et al., 2017)
(Tsiplova et al., 2017)
(Tsiplova et al., 2017)
(Tsiplova et al., 2017)

(Tsiplova et al., 2017)

(Ministry of Health and Long-
Term Care, 2015; Régie de

I’assurance maladie du
Québec, 2015)

(Cheryl Shuman, MSc, email
communication, January 2016)

(Ministry of Health and Long-
Term Care, 2015; Régie de

I’assurance maladie du
Québec, 2015)

(Cheryl Shuman, MSc, email

10% children: 2 sessions of N(30,7)
minutes each

90% children: 1 session N(60,15)
minutes

10% children: 2 sessions N(60,15)
minutes each

Per test
Per test
Per test
Per test
Per test

Positive finding in child: 2 tests
30% negative finding: 2 tests

Primary or secondary finding in
child: 4 tests (2 for each parent)

Primary or secondary finding in
child: 1 session of N(30,7) minutes
Negative finding: 1 session of
N(15,3) minutes

Primary finding in child: 0
Secondary finding in child: 1
session N(60,15) minutes

90% children: 1 session of N(30,7)
minutes

10% children: 2 sessions of N(30,7)
minutes each

90% children: 1 session N(60,15)

communication, January 2016) minutes

(Ny Hoang, MSc, email
communication, April
2016)

(Tsiplova et al., 2017)

(Tsiplova et al., 2017)

(Ny Hoang, MSc, email
communication, April
2016)

(Ny Hoang, MSc, email
communication, April
2016)

(Ny Hoang, MSc, email
communication, April
2016)

(Ny Hoang, MSc, email
communication, April
2016)
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Distribution Unit

Cost Items Source Resource Use Source
Cost ($)
10% children: 2 sessions N(60,15)
minutes each
Cost of 1 test

Labour N(250.5,12.2) (Tsiplova et al., 2017) Per test

Overhead N(241.7,5.3) (Tsiplova et al., 2017) Per test

Equipment N(592.7,17.2) (Tsiplova et al., 2017) Per test

Bioinformatics N(207.5,8.9) (Tsiplova et al., 2017) Per test

Supplies N(1381.1,43.1) (Tsiplova et al., 2017) Per test

Validation genetic testing

Follow-up genetic testing
Sanger sequencing

qPCR

Post-testing counselling
Medical geneticist

Genetic counsellor

Productivity Cost (per
hour)
Mother

N(38.5,0.8)

N(38.5,0.8)

N(684.9, 22.8)

N(90.98,8.7)"

N(40.1, 2.13)°

N(21.6,0.8)

(Tsiplova et al., 2017)

(Tsiplova et al., 2017)

(Tsiplova et al., 2017)

(Ministry of Health and Long-
Term Care, 2015; Régie de

I’assurance maladie du
Québec, 2015)

(Cheryl Shuman, MSc, email
communication, January 2016)

(Statistics Canada, 2015b)

Positive finding: 2 tests
20% negative finding: 2 tests

Primary or secondary finding in
child: 4 tests (2 for each parent)

In 10% of positive (primary or
secondary): 1 trio

Primary or secondary finding in
child: 1 session of N(30,7) minutes
Negative finding: 1 session of
N(15,3) minutes

Primary finding in child: 0
Secondary finding in child: 1
session N(60,15) minutes

Pre-testing counselling (90 minutes)
+ post-testing counselling (30
minutes for primary, 90 minutes for
secondary)

(Tsiplova et al., 2017)

(Tsiplova et al., 2017)

(Tsiplova et al., 2017)

(Ny Hoang, MSc, email
communication, April
2016)

(Ny Hoang, MSc, email
communication, April
2016)

(Ny Hoang, MSc, email
communication, April
2016)
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Distribution Unit

Cost Items Source Resource Use Source
Cost ($)
Father N(25.5, 0.8) (Statistics Canada, 2015b) Pre-testing counselling (90 minutes) (Ny Hoang, MSc, email
+ post-testing counselling (30 communication, April
minutes for primary, 90 minutes for 2016)
secondary)

“Based on physician fee code K016 in Ontario and 09056 in Quebec. "Based on hourly rate at Hospital for Sick Children.
FISH: fluorescence in situ hybridization; ID: intellectual disability; qPCR: real-time polymerase chain reaction
N(u,o) denotes the normal distribution where  is the mean and o is the standard deviation.
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Appendix 0.3 Values used in one-way sensitivity analysis and alternate parameter distributions
for microsimulation model.

Range "Best Case'' "Worst Case"
Diagnostic Yield
Chromosomal microarray 0.06-0.13 N(0.12,0.02) N(0.06,0.02)
Exome sequencing
(all children with ASD)
Primary variants only 0.04-0.16 N(0.13,0.02) N(0.03,0.02)
Secondary variants only 0.01-0.20 N(0.11,0.02) N(0.02,0.02)
Both primary and secondary 0.01-0.15 N(0.04,0.01) N(0.006,0.01)
Exome sequencing
(syndromic children with ASD and
negative CMA)
Primary variants only 0.09-0.37 N(0.18,0.02) N(0.08,0.02)
Secondary variants only 0.05-0.30 N(0.15,0.03) N(0.04,0.03)
Both primary and secondary 0.05-0.25 N(0.06,0.01) N(0.02,0.01)
Genome sequencing
Primary variants only 0.082-0.25  N(0.26,0.05) N(0.006,0.05)
Secondary variants only 0.33-0.50 N(0.31,0.09) N(0.11,0.09)
Both primary and secondary 0.01-0.20 N(0.08,0.02) N(0.001,0.02)
Wait Time (weeks)
Pre-testing genetic counselling 4-55 N(14.06,3.48) N(27.71,3.48)
CMA test results 1-9 N(3.,2) N(7,2)
ES test results- primary or negative | 18-24 N(18,2) N(24, 2)
ES test results- secondary 20-26 ES primary +2  ES primary + 2
GS test results- primary or negative | 36-52 N(44,2) N(52,2)
GS test results- secondary 38-54 GS primary +2  GS primary + 2
Costs
Cost of ES
Equipment 377-409
Supplies 633-682
Cost of GS
Equipment 559-626
Supplies 1298-1465
Discount Rate 0-5%

ASD: autism spectrum disorder; CMA: chromosomal microarray; ES: exome sequencing; GS:
genome sequencing.
N(u,0) denotes the Normal distribution where u is the mean and o is the standard deviation.
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Appendix 0.4 Incremental costs and effects, from bootstrap simulation, of each alternate genetic
testing strategy compared chromosomal microarray only in the societal perspective.
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5. DISCUSSION

5.1 Summary of Main Findings

The overall goal of this thesis was to estimate the monetary and health impact of introducing two
diagnostic and screening services along the ASD clinical pathway. The meta-analysis in Chapter
2 summarized the accuracy of the M-CHAT and concluded that it performs with low-to-
moderate accuracy in identifying ASD among children with developmental concerns. The pooled
sensitivity was 0.83 (95% Crl: 0.75, 0.90), specificity was 0.51 (95% Crl: 0.41, 0.61), PPV was
0.55 (95% Crl: 0.45, 0.66) in high-risk children and 0.07 (95% Crl: <0.01, 0.16) in low-risk
children. Findings from the meta-regressions suggest that clinicians should account for a child’s
age (sensitivity was higher at 30 months compared to 24 months) and existing developmental
concerns (PPV was higher in high-risk compared to low-risk children) when considering using
the M-CHAT and interpreting its score. Quality assessment also identified potential bias in
sample selection, implementation of the M-CHAT and/or ASD clinical diagnosis in all 13
included studies. Moreover, studies in low-risk samples did not follow-up with children with a
negative screen, thus sensitivity and specificity of the M-CHAT in low-risk children could be not
estimated. Although the M-CHAT was designed to screen high- and low-risk children ages 16 to
30 months (Robins et al., 2001), there is a lack of evidence supporting its use as part of universal
screening at 18 and 24 months. Given the low pooled specificity in high-risk children and low
ASD prevalence, unnecessary referral to in-depth assessment due to false positive screens would
be high. Validation studies with methodological rigor in both low- and high-risk populations are

needed before it can be recommended to be used on a population level.

Using results from the meta-analysis, the CEA in Chapter 3 quantified the incremental benefits
and costs of universal or high-risk screening compared to surveillance monitoring in ASD. The
simulation study demonstrated that universal screening would greatly burden the healthcare
system by increasing the demand for ASD diagnostic services and by increasing the need for
treatment services for those who may not benefit. Although universal screening was 3 times
more effective compared to surveillance, the number of children referred for diagnostic
assessment was also 6-fold higher and yielding ICERs of $65000-140000/child diagnosed or

initiated treatment earlier. In turn, some children waited more than 12 months for diagnostic
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assessment. As some clinicians who carry out ASD diagnostic assessment also attend to children
with other neuropsychiatric, behavioural or developmental conditions, this would delay access
for children other than those with suspected ASD. Rather, targeting ASD screening towards
children at heightened risk of ASD (e.g. children with one or more full sibling diagnosed with
ASD) could be considered cost-effective at a willingness-to-pay threshold of ~$2000 per
additional child diagnosed or initiated treatment earlier. Eliminating or reducing wait time for
ASD intervention had the highest impact on the effectiveness of screening, particular for
surveillance. Given the hypothesized benefits of early diagnosis is mediated through early
treatment initiation, resource allocated towards reducing wait times for ASD services appear be

more worthwhile.

Results from the CEA on genetic testing in Chapter 4 also demonstrated that a strategic approach
to resource allocation is most efficient. Compared to all children with ASD undergoing CMA,
the addition of ES for children with negative CMA and syndromic symptoms was the most cost-
effective genetic testing strategy, resulting in ICERs ranging from $5800-6000 per additional
child with pathogenic variants within 18 months of ASD diagnosis. I[f CMA was to be replaced
by a new sequencing platform, GS would be a more cost-effective option compared to ES
(ICERs $10700-10800 vs. $13400-13500). The cost-effectiveness of ES and GS were highly
sensitive to changes in wait times for pre-test genetic counselling and for test results. Despite
rapid decrease in the costs of GS and ES, the clinical and personal utility of genetic test results
for children with ASD needs to be better established prior to clinical implementation. While this
study assumed test results received within 18 months of ASD diagnosis is an acceptable timeline,
a much shorter time interval should be targeted if sequencing is to be introduced broadly across
clinical settings. Moreover, the potential benefit of test findings, both ASD and non-ASD
specific, is contingent on availability and accessibility of appropriate follow-up assessment,
preventive intervention and treatment services. In turn, accompanying services, such as clinical
genetics and laboratory services, need to be scaled up to meet the anticipated surge in service

demand in order to ensure children have timely access.
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5.2 Implications for ASD Clinical Care

The studies in this thesis show that strategic resource allocation, such that targeted populations
who would most benefit from additional health services receive them, is most efficient in terms
of screening and diagnosis in ASD. Due to the cascade of medical, psychosocial and educational
services required by individuals with ASD, changes in one component of care can lead to drastic
increases in demand, wait time and public expenditure. This is particularly important given that
the type and number of services recommended as standard care for individuals with ASD will

likely increase as we continue to learn more about the condition.

An example would be clinical genetic services. Clinical guidelines published in recent years
(Anagnostou et al., 2014; Miller et al., 2010; Schaefer & Mendelsohn, 2013; Volkmar et al.,
2014) recommend the use of CMA in all children with ASD. The integration of ES and GS as
part of recommended ASD care could occur in the near future, especially given the pace of
emerging research on their ability to identify additional pathogenic genetic variants. Although
findings from Chapter 4 indicate that the use of ES in children with syndromic features after a
negative CMA could be considered cost-effective, policies on provincial health coverage of ES
and GS are still being developed. In Ontario, ES is currently covered for select individuals on a
case by case basis using a special authorization program. In 2017, in recognition of the rapid
evolution of sequencing technology and the need for evidence to inform policy decision-making,
Health Quality Ontario established the Ontario Genetics Testing Advisory Committee as a
special sub-committee of the Ontario Health Technology Assessment Committee (OHTAC), “to
advise on the clinical utility, validity, and value for money of new and existing genetic and
genomic tests in Ontario to support OHTAC’s role in making recommendations” (Health Quality

Ontario, 2016).

Other than the cost of the test, the clinical and personal utility (ACMG Board of Directors, 2015;
Foster, Mulvihill, & Sharp, 2009) of genetic test results need to be better established prior to
implementation to understand the value of adding genetic sequencing to the ASD pathway of
care. While ES and GS hold promise for more personalized ASD intervention, the evidence is
not yet available. Timing is another critical component to be considered as some families can

feel overwhelmed when first learning of their child’s ASD diagnosis and may not want to be

101



informed of their child’s other, potentially adult-onset (i.e. incidental findings), conditions at the
same time. Conversely, the benefits perceived by patients and families from knowing the genetic
basis of the condition, having timely information on one’s health risk and the ability to use the
test results to inform family planning may decrease given the long time interval (predicted mean
of 11 months for ES and 17 months for GS from Chapter 4) between referral and receiving

sequencing results.

In terms of ASD screening, the addition of targeted screening could improve identification of
children who potentially have ASD, leading to earlier diagnosis and treatment. Who should
undergo standardized screening, however, is likely dependent on context. Children at heightened
risk for ASD (e.g. children with a full sibling diagnosed with ASD, premature babies, infants
with specific genetic conditions (Grenborg et al., 2013; Limperopoulos et al., 2008; Ozonoff et
al., 2011; Richards et al., 2015)) are likely to benefit from active screening in order to capture
subtle abnormalities in development. While there are reports of under and/or delayed ASD
diagnosis in ethnic minorities (Jo et al., 2015; Mandell et al., 2009), whether they would benefit
from active screening is uncertain. For example, disparities in diagnosis due to differences in
ASD clinical profiles or decreased likelihood to undergo well-child visits (Chi et al., 2013;
Jhanjee et al., 2004; Tek & Landa, 2012) would not be ameliorated by more frequent screening.

The results of the two CEAs in this thesis also emphasized the need to reduce or eliminate wait
times for services used by individuals with ASD as opposed to putting resources into universal
screening. The impact was particularly evident when wait times for ABA-based therapy and
EIBI was eliminated, which led to a 50% and 100% increase in the number of children who
started treatment by 48 months. A recent Canadian study (Piccininni et al., 2017) further
estimated the potential gain in health outcomes and cost savings in the long run if wait time for
EIBI was reduced or eliminated. Given the rapid development in young children, timely
diagnosis, of ASD and of genetic conditions, and access to appropriate intervention is critical to

ensure their developmental trajectory could be reverted to a more age-appropriate level.

Although this thesis generated evidence to inform policies on ASD pathways of care, actual

implementation might be difficult. Provinces struggle with introducing new standards and
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policies in ASD due to the interests of different parties (i.e. parents, clinicians, educators,
community) involved. In turn, effective and efficient policies in ASD care will need to balance

societal values and scientific evidence.

5.3 Implications for the Healthcare System

The interventions examined in this thesis can have drastic impacts on the healthcare system, but
in different ways. A negative consequence of universal screening is not just the cost of screening,
but the increase in demand, wait time and expenditure for downstream services. Genetic
sequencing test, on the other hand, are high in cost but test results could potentially guide
prevention efforts for conditions with onset later in life, which could reduce healthcare use in the

long run.

Although the focus of these studies was in ASD, the simulation models demonstrated that the
impact of increasing services for one patient group can influence access for others. Availability
of genetic counsellors and medical geneticists is limited and wait time for consultations can be
up to 8 months for individuals with developmental delay (Ontario Genetics Secretariat, 2014).
Implementation of ES and GS in ASD would require longer or more consultation sessions which
would further prolong wait times for all individuals who need clinical genetic services. Similarly,
some clinicians who carry out ASD diagnostic assessment also attend to individuals with other
developmental, behavioural or psychiatric concerns. In turn, the delay in ASD diagnosis
resulting from universal screening would be experienced by other children who require in-depth

clinical assessment.

In both instances, ASD screening and implementation of genetic sequencing could potentially
widen the equity gap due to differential access to health services. GS and ES are currently
available in specific tertiary hospitals, in comparison to standard care which is offered by more
laboratories. Families in remote regions or urban cities with low service coverage would have
limited access, even if GS and ES were covered by provincial health insurance plans and were
offered clinically. The same could be apply to the specialized follow-up care needed to treat and
monitor conditions associated with the identified pathogenic variants. In terms of ASD

screening, families who can pay out-of-pocket for behavioural or developmental interventions at

103



first sign of atypical development, thus bypassing the long wait times for diagnostic services and
publically funded interventions, would benefit more from frequent screening than those without

access to or the means to pay for private care.

Overall, policy decisions on ASD resource allocation should anticipate the potential gaps in
services that would be introduced. One of the benefits of system-wide simulation models is the
ability to estimate the impact of policy changes on the individual-level and on the healthcare
system-level. While both models in Chapters 3 and 4 focused on the healthcare system, services
from other sectors (e.g. social services, education) could also be included. This is particularly

relevant for ASD given the spectrum of service needs across lifespan.

5.4 Future Research

The meta-analysis in Chapter 3 summarized published evidence on the M-CHAT and also
identified a lack of quality research on screening tools for children without developmental
concerns. In the limited studies on low-risk children, clinical diagnosis was not established for
children who screened negative on the M-CHAT and the sensitivity and specificity could not be
estimated. Methodological flaws, such as lack of blinding, high drop-out rates and selection bias,
were also identified in the published studies, which could have biased the estimated accuracy of
the M-CHAT. If a tool is to be recommended for use on a population level, it must be validated
in both low- and high-risk children by studies with methodological rigour. From an analytic
standpoint, this is one of the few meta-analyses where a bivariate regression model under a
Bayesian framework was used. Although it was used to jointly summarize the sensitivity and
specificity of a screening tool, the same statistical method would be applicable to areas where

outcomes are correlated.

The outcomes of CEAs on genetic testing should move beyond health benefits (i.e. morbidity
and mortality) and include the clinical and personal utility a family gains from genetic test
results. How health service utilization changes after receiving a genetic diagnosis is not only
critical for establishing the clinical utility, but also for the government and healthcare providers
to anticipate changes in demand for services. Given the novelty of the construct, qualitative

studies using a variety of sample populations and genetic testing scenarios are likely needed to
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better define what personal utility entails. For example, personal utility gained from genetic
sequencing in children, where results could affect parents (e.g. explanation for ASD by
establishing a genetic etiology, family planning) and the patient themselves (e.g. awareness of
health risks), will differ from perceived personal utility from testing in adult populations. After
delineating what personal utility is, the construct could then be accurately measured and

potentially be integrated in economic evaluations.

As simulation models require large amounts of detailed information to accurate reflect clinical
reality, several areas with limited high-quality evidence was identified. Data on the longitudinal
outcomes for children with ASD identified by active screening compared to surveillance and
between children who underwent ASD intervention at different ages is crucial to better estimate
the long-term impact of more vigorous screening. Information on out-of-pocket expenditures in
parents of children with ASD is needed not only for CEA, but for the government to plan for
changes in demand for publically funded services. The studies in this thesis adds to the limited
published simulation studies in ASD (Mavranezouli et al., 2014; Motiwala et al., 2006; Penner et
al., 2015; Piccininni et al., 2017), and the first to use DES. This research demonstrates that
dynamic modelling could better describe the complexity of developmental trajectories in
children and how service use varies depending on each child’s presenting symptoms. Another
advantage of using the DES is that it could quantify changes in wait time, a widely used
performance benchmark in the Canadian healthcare system, in relation to service use and
referral. Given the spectrum of services that individuals with ASD uses, future models should
also broaden the clinical pathway in order to captures health, psychosocial and educational
services. With more accurate and longitudinal inputs, simulation models could better predict the
short- and long-term impact of policy decisions on the individual-level, for patients and families,

and on the system-level across sectors.

5.5 Conclusion

Given the network of services necessary to care for individuals with ASD, changes in one area
could have a large impact on the healthcare system overall. Strategic resource allocation is
critical to ensure that introduction of new services is efficient and effective. Newer genetic

sequencing platforms are available, but existing clinical genetics and laboratory facilities may
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not be able to support the increase in service demand from offering sequencing to all individuals
with ASD. Rather, offering ES to children with a clinical indication that a more thorough

examination of their genome is necessary could be a cost-effective option.

Although universal screening could lead to more children diagnosed or initiated treatment earlier
compared to surveillance monitoring, it would also greatly burden the healthcare system and
further delay access for children who require in-depth behavioural or psychiatric evaluation. A
more cost-effective and efficient strategy would be to screen children at heightened risk for
ASD, but criterion to define this high-risk population requires further study. Other than the lack
of evidence supporting universal screening, studies with methodological rigour are needed to
validate the use of a commonly used screening tool, M-CHAT, on a population level. Additional
research is also needed prior to clinical implementation of either genetic sequencing or ASD

screening to ensure timely and equitable access to services for individuals with ASD.
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