
Cost-effectiveness of genome-wide sequencing for
unexplained developmental disabilities and multiple

congenital anomalies
Chunmei Li, MMI 1, Stacey Vandersluis, MSc1, Corinne Holubowich, MLIS1,

Wendy J. Ungar, MSc, PhD2,3, Elaine S. Goh, MD, MSc4, Kym M. Boycott, PhD, MD5,
Nancy Sikich, MSc1, Irfan Dhalla, MD, MSc1,6 and Vivian Ng, MSc, PhD1

Purpose: Genetic testing is routine practice for individuals with
unexplained developmental disabilities and multiple congenital
anomalies. However, current testing pathways can be costly and
time consuming, and the diagnostic yield low. Genome-wide
sequencing, including exome sequencing (ES) and genome
sequencing (GS), can improve diagnosis, but at a higher cost.
This study aimed to assess the cost-effectiveness of genome-wide
sequencing in Ontario, Canada.

Methods: A cost-effectiveness analysis was conducted using a
discrete event simulation from a public payer perspective. Six
strategies involving ES or GS were compared. Outcomes reported
were direct medical costs, number of molecular diagnoses, number
of positive findings, and number of active treatment changes.

Results: If ES was used as a second-tier test (after the current first-
tier, chromosomal microarray, fails to provide a diagnosis), it would

be less costly and more effective than standard testing (CAN$6357
[95% CI: 6179–6520] vs. CAN$8783 per patient [95% CI:
2309–31,123]). If ES was used after standard testing, it would cost
an additional CAN$15,228 to identify the genetic diagnosis for one
additional patient compared with standard testing. The results
remained robust when parameters and assumptions were varied.

Conclusion: ES would likely be cost-saving if used earlier in the
diagnostic pathway.
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INTRODUCTION
Genetic testing is part of standard-of-care for individuals with
unexplained developmental disabilities (DD) and multiple
congenital anomalies (MCA).1 These disorders are both
clinically and genetically heterogeneous and it can be
challenging to establish a molecular diagnosis. It is estimated
that 20% to 62% of these individuals remain undiagnosed
after comprehensive clinical assessment.2 A genetic diagnosis
can be key to understanding the cause and expected natural
history of the condition, avoiding unnecessary testing,
optimizing management, and facilitating appropriate support
systems (including connecting families to disease-specific
support groups).3,4

Current guidelines recommend taking a stepwise approach
when a genetic cause is suspected to explain the findings of
DD and/or MCA in patient.3,5,6 Chromosomal microarray
(CMA) is usually used as a first-tier test and the addition of
fragile X syndrome testing is recommended as first-tier in
people with DD. If no diagnosis is established, and depending
on the clinical presentation, targeted single-gene tests or gene

panels may be used to evaluate single-nucleotide variants
(SNVs) and small insertions and deletions (indel) as
potentially disease-causing. Biochemical/metabolic workups
and neuroimaging may also be employed as part of the
diagnostic care pathway. Unfortunately, the testing pathway
can be both costly and time consuming, and the diagnostic
yield low.1

Exome sequencing (ES) and genome sequencing (GS) are
newer methods for diagnosing genetic disorders and can
provide a higher detection rate than CMA.7 ES can detect
SNVs and indel variants but at this time has limited ability to
detect copy-number variations (CNVs) and complex struc-
tural variations.8 GS has the potential to capture all classes of
genomic variations in a single test. Although ES and GS are
promising technologies, there are limitations and challenges
for their use in clinical practice. Genome-wide sequencing can
result in variants of unknown significance (VUS) and
interpreting and acting upon these variants is very challen-
ging. In addition, depending on local protocols, sequencing
can generate secondary findings that are medically actionable
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but unrelated to the primary purpose of testing. Return of
secondary findings may be beneficial to prevent or better
manage certain health conditions (e.g., hereditary breast and
ovarian cancer syndrome, Lynch syndrome, and familial
hypercholesterolemia), but they may also increase the down-
stream health-care costs associated with diagnostic workup,
surveillance, and prophylactic management.
In recent years, economic evidence for genome-wide

sequencing9–16 is starting to emerge to inform funding
decisions, as this new technology is being increasingly sought
in clinical practice. However, there were very few model-based
economic evaluations,9,10 and most studies were based on
cohort studies with small sample sizes.11–16 The definition of
standard-of-care diagnostic testing varied across studies, and
genome-wide sequencing strategies also varied from one study
to another, making it difficult to compare the results.
Furthermore, very few studies addressed when in the
diagnostic pathway genome-wide sequencing should be used
(e.g., first-tier, second-tier, or after standard testing). The
study objective was to assess the cost-effectiveness of ES or GS
used at different timepoints (tiers) in the diagnostic pathway
in people with unexplained DD and MCA using an
economic model.

MATERIALS AND METHODS
A cost-effectiveness analysis was constructed to predict the costs
and outcomes associated with different genomic testing
strategies. The following diagnostic outcomes were used to
measure the effectiveness: number of molecular diagnoses
(primary findings only, i.e., genetic variants directed related to
DD and MCA), number of positive genetic findings (including
primary and secondary findings), and number of people whose
active clinical management was changed by a diagnosis, defined

as modifications to medications, procedures or treatment. To
predict the short-term impact of different testing strategies on
costs and outcomes, a three-year time horizon was used, starting
from the patient’s first appointment with a medical geneticist. If
a positive result was not reported within the time horizon due to
delays within the health-care system, such as wait time to see a
medical geneticist, it was treated as a negative finding. A longer
time horizon was not used because there is limited evidence on
the long-term impact of genome-wide sequencing on patient
management, use of health resources, and health outcomes. The
analysis was conducted from a Canadian public health-care
payer perspective. Costs and outcomes were discounted at 1.5%
per year.17

Genetic testing strategies
Seven testing strategies were compared:

1. Standard testing: conventional testing without genome-
wide sequencing (i.e., first-tier CMA ± fragile X ± second-
tier targeted single-gene tests or gene panels) (Fig. 1).

2. ES after standard testing: using ES as third-tier after
standard testing fails to provide a diagnosis.

3. ES as second-tier: using ES after the current first-tier test,
CMA, fails to provide a diagnosis.

4. ES alone as first-tier: using ES as first-tier and then CMA
as second-tier if there is no diagnosis.

5. ES+ CMA as first-tier: using both tests concurrently as
first-tier.

6. GS after standard testing: using GS as third-tier after
standard testing fails to provide a diagnosis.

7. GS as first-tier: using GS as first-tier.

For all testing strategies, it was assumed that trio testing
(in proband and unaffected parents) was used 90% of the
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Fig. 1 Standard testing pathway and current testing pathway with exome sequencing (ES). CMA chromosomal microarray, DD developmental
disability, MCA multiple congenital anomalies.
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time and the remaining 10% was proband only based on
Ontario data.

Model structure
A discrete event simulation model was constructed to
represent patients at an individual level and account for the
differences between testing strategies in wait time for genetic
services and for test results (Fig. 2). A hypothetical cohort of
1000 patients with unexplained DD and/or MCA was
simulated. Each simulated patient was assigned to have either
DD (with or without MCA) or MCA only. If the patient has
MCA only, he/she would not receive fragile X testing. Wait
times and test turnaround time were randomly generated
from distributions estimated from published literature or in
consultation with clinical experts.
In the model, the diagnostic pathway was represented by a

series of sequential events. First, the patient would receive
the initial pretest genetic services (visits with a medical
geneticist and a genetic counselor). Next, samples would be
taken from the patient (proband) and both parents (if
available and if applicable) and sent to the laboratory for
genetic testing. The test result would be returned to the
ordering physician within a few weeks, depending on the
turnaround time of the genetic test. Each patient could
receive either a positive or negative result. For genome-wide

sequencing, positive results could include primary findings
only, secondary findings only, or both; negative results
could include uncertain results (i.e., VUS) or clear null
findings (i.e., likely benign variants and known benign
variants). Results would be discussed with the patient’s
family either in a face-to-face meeting (for positive or
uncertain results) or in a telephone call (for clear null
findings). If a patient had a positive result, he/she would exit
the model after receiving post-test genetic services. If a
patient had a negative result, he/she would continue with
further genetic tests until the end of the testing strategy. The
model was developed using TreeAge Pro 2019 (TreeAge
Software, Williamstown, MA, USA).

Model assumptions
The unit of analysis was each patient with DD and/or MCA.
Costs of sequencing and confirmatory testing in parents
were assigned to the patient for the purpose of analysis, and
the consequences in parents were not considered. Currently
it is difficult to detect fragile X syndrome reliably with
genome-wide sequencing.18 Therefore, it was assumed that
at this time fragile X syndrome cannot be detected by CMA,
ES, or GS. The cost of fragile X testing was included for
individuals with DD, but the diagnostic yield from fragile X
testing was not counted in the outcome since it was very

Pre-test
counselling and
Test 1 (Standard
testing)

Pre-test
counselling and
Test 1 (Standard
testing)

Test result
available

Test result
available

Standard
testing

Patients
with DD
and MCA

ES after
standard
testing

Exit
1

2

Exit

End of time
horizon

Positive
result

Positive
result

Primary
only

Secondary
or both

Likely
benign or
benign
variants

Proceed to Test 2 (ES)

Positive
result

Negative
result

Negative
result

Negative
result

Receives results

Receive results

Receive results

Receive
results

Receive
results

Receive
results

VUS

Receive
results

End of time horizon

End of time horizon

End of time horizon

End of time horizon

End of time
horizon

End of time
horizon

End of time
horizon

End of time
horizon

End of time
horizon

Fig. 2 Model structure. DD developmental disability, ES exome sequencing, MCA multiple congenital anomalies, VUS variants of uncertain significance.
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small on its own.19 Similarly, since the diagnostic yields of
biochemical/metabolic tests and neuroimaging alone are
very small (<1–5% and 0.2–2.2%, respectively),3 their
diagnostic yields were not counted in the outcome and
only costs of these tests were included. It was assumed that
invasive diagnostic procedures such as muscle and skin
biopsies could be averted by genome-wide sequencing.
Finally, while the costs of returning secondary findings has
been included as post-test genetic services (genetic con-
sultation and counseling), due to the inherent challenges of
modeling the benefits and downstream costs associated with
unpredictable secondary findings, they were excluded from
the analysis.

Model parameters
Table 1 presents the clinical parameters, obtained from a
systematic review of the clinical literature.20 The diagnostic
yields of ES and GS were determined by tier. The diagnostic
yield of ES after standard testing (third-tier) was estimated to
be 0.33 (95% confidence interval [CI]: 0.30, 0.37, n= 6,091)

based on pooled estimates of 19 studies, and the diagnostic
yield of ES as first-tier was estimated to be 0.37 (95% CI: 0.27,
0.49, n= 706) based on five studies. Since only two studies
evaluated the use of ES as second-tier, the diagnostic yield of
second-tier ES was assumed to be between the yields of first-
and third-tier ES (0.35). The diagnostic yield of GS after
standard testing was estimated to be 0.32 (95% CI: 0.24, 0.42,
n= 353) based on four studies, and the diagnostic yield of GS
as first-tier was estimated to be 0.46 (95% CI: 0.36, 0.57, n=
295) based on five studies.
Diagnostic yields of proband and trio testing could not be

reliably estimated separately because many of the included
studies used a mix of proband and trio testing, and some did
not report clearly whether proband or trio testing was used. For
the 34 included studies of ES, the proportion of trio tests was
approximately 80%, which is close to the estimated percentage
of trio testing in Ontario (90%). Therefore, the diagnostic yields
of genome-wide sequencing were not adjusted.
A total of nine studies that included genome-wide

sequencing (ES or GS) and standard testing were identified.

Table 1 Clinical parameters.
Variables Mean (95% CI) Distribution Source

Patient characteristics
Multiple congenital
anomalies only

13% Beta (146, 987) Baldridge et al.31; Wright et al.27

Diagnostic yield for primary findings
Standard testing 0.21 (0.14–0.29) Beta (24, 89) Ontario Health (Quality), clinical evidence review (9 studies)20

CMA 0.10 (0.09–0.12) Beta (154, 1,382) Miller et al.1 (33 studies)
ES after standard
testing

0.33 (0.30–0.37) Beta (228, 464) Ontario Health (Quality), clinical evidence review (19 studies)20

ES as second-tier test 0.35 — Assumed to be between ES first-tier and third-tier testing
ES alone as first-
tier test

0.37 (0.27–0.49) Beta (27, 46) Ontario Health (Quality), clinical evidence review (5 studies)20

ES+ CMA as first-
tier test

0.47 — Assumed to be sum of yields of ES and CMA because these tests detect different genetic
variations (expert opinion)

GS after standard
testing

0.32 (0.24–0.42) Beta (33, 69) Ontario Health (Quality), clinical evidence review (4 studies)20

GS as first-tier test 0.46 (0.36–0.57) Beta (39, 46) Ontario Health (Quality), clinical evidence review (5 studies)20

Variant of unknown significance
ES or GS 0.17 (0.10–0.26) Beta (14, 69) Ontario Health (Quality), clinical evidence review (5 studies)20

Secondary findings
ES or GS 0.07 (0.04–0.10) Beta (19, 257) Ontario Health (Quality), clinical evidence review (14 studies)20

Rate of clinical utility (among diagnosed patients)a

CMA, ES, or GS 16.7% Beta (20, 99) Ontario Health (Quality), clinical evidence review (14 studies)20 (assumed same rate for
CMA, ES, and GS)

Wait time or turnaround time (weeks)
Standard testing 120 Normal (120, 24) Oei et al.22

CMA test result (as
first-tier testing)b

0 — CMA and testing for fragile X are usually done before referral to medical geneticist; results
will be explained in the first appointment (expert opinion)

CMA test result (as
second-tier testing)

5 Uniform (3, 7) Yuen et al.19

ES test resultb

• In Ontario 8 Uniform (6, 10) Expert opinion
• Commercial lab 8 Uniform (6, 10) GeneDx32; Baylor Genetics33

GS test resultb

• In Ontario 12 Uniform (10, 14) Expert opinion
• Commercial lab 12 Uniform (10, 14) GeneDx32; Baylor Genetics33

Post-test genetic servicesc

• Positive finding 3 Uniform (1, 6) Expert opinion
• Negative
finding or VUS

18 Uniform (12, 24) Expert opinion

Normal (µ, σ) denotes normal distribution where µ is the mean and σ is the standard deviation. Beta (α, β) denotes beta distribution where α and β are shape para-
meters. Uniform (a, b) denotes uniform distribution where a is minimum value and b is maximum value.
CI confidence interval, CMA chromosomal microarray, ES exome sequencing, GS genome sequencing, VUS variant of unknown significance.
aDefined as percentage of patients with a change in active clinical management (among those who have a diagnosis).
bDefined as time from blood draw to having lab report ready.
cDefined as time from receiving lab report in clinic to disclosure to family.
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Based on these studies, the weighted average yield of standard
testing was estimated to be 0.21 (95% CI: 0.14, 0.29, n=
992).20 The diagnostic yield of CMA in the target population
was estimated using studies systematically identified by Miller
et al.1 (see Figure S1). The weighted average yield of CMA was
0.10 (95% CI: 0.09–0.12, n= 21,698, 33 studies), and this is
consistent with other published studies in this patient
population.3,7,21 For concurrent testing with ES and CMA,
due to limited data, the yield was assumed to be the sum of ES
and CMA since they detect different types of genetic
variations and are considered complementary to each other.
The likelihood of identifying a VUS was found to be 17%

based on pooled estimates of five ES and GS studies (95% CI:
0.10, 0.26, n= 1996). The yield of medically actionable
secondary findings was estimated to be 7% based on 14 studies
(95% CI: 0.04, 0.10, n= 4576). For clinical utility, it was
estimated that 16.7% of people who were diagnosed had a
change in active clinical management. Test turnaround time
and wait time for post-test genetic services were obtained
from clinical experts and laboratory websites.
Table 2 presents the resource use and cost parameters. The

following types of costs were included: pre- and post-test genetic
consultation and genetic counseling, and cost of genetic tests
(e.g., CMA, ES, GS, fragile X testing, targeted single-gene tests
and gene panels) and nongenetic tests and procedures (e.g.,
biochemical/metabolic workup, neuroimaging, invasive tests
and procedures, echocardiogram, electroencephalogram). All
cost items are expressed in 2019 Canadian dollars. The cost of
ES was estimated based on the average price paid by the Out-of-
Country Prior Approval Program as ES is currently funded
through this program. The expected costs of conducting ES and
GS in local laboratories were obtained from a recently published
Ontario microcosting study by Jegathisawaran et al.9 Using a
bottom-up approach, the microcosting study captured all
relevant cost components from blood draw to returning
laboratory results back to the ordering physician. The cost of
GS was estimated based on the Illumina HiSeq X™ platform
with a 30–45× read depth. It should be noted that the specific
equipment and protocol used by the laboratory may impact
both yield and cost of ES and GS. For the cost of the comparator
(standard testing), because the patient population is very
heterogeneous and there is also variation in how clinicians
order genetic tests, it would be difficult to derive a single
estimate of the total costs. Therefore, the cost of standard testing
was estimated from the literature based on real-world Ontario
data.22

Analysis
For the reference case, probabilistic analysis was conducted to
capture parameter uncertainty. When possible, distributions
around input parameters were specified using the mean and
standard deviation. Selected cost parameters were character-
ized by lognormal or normal distributions, and probabilities
were characterized by beta distributions. The expected values
of costs and outcomes for each testing strategy were calculated
based on a total of 1,000,000 simulations. The probability of

each testing strategy being cost-effective was presented over a
range of thresholds on a cost-effectiveness acceptability curve
(Figure S2). Structural and parameter uncertainties were also
addressed by conducting a series of probabilistic scenario
analyses (Table S1).

RESULTS
The results showed that early use of genome-wide sequencing
in the diagnostic pathway could save on costs and improve
diagnostic yield compared to standard testing (Table 3). Four
genome-wide testing strategies had lower cost and higher
diagnostic yield than standard testing (CAN$8783 per
patient). ES as second-tier (after patients have no diagnosis
from CMA alone) was the least costly testing strategy (CAN
$6357 per patient), followed by ES alone as first-tier (CAN
$6755 per patient), ES+ CMA as first-tier (CAN$6985 per
patient), and GS as first-tier (CAN$7811 per patient). Using
ES or GS after standard testing were the most costly strategies,
which cost CAN$12,041 and CAN$12,958 per patient,
respectively. For every 1000 people tested, ES+ CMA as
first-tier led to the highest number of molecular diagnoses
(466), positive findings (515), and active treatment changes
(87) within the model time horizon (3 years). Standard testing
resulted in the lowest number of molecular diagnoses (185),
positive findings (185), and active treatment changes (31).
ES+ CMA as first-tier was considered to have absolute
dominance over several strategies (i.e., over GS as first-tier,
standard testing, ES after standard testing, and GS after
standard testing) because it was less costly and more effective.
ES alone as first-tier was less cost-effective compared with
ES+ CMA as first-tier. Compared with ES as second-tier after
CMA alone, ES+ CMA as first-tier demonstrated an incre-
mental cost of CAN$11,831 per additional molecular
diagnosis, CAN$10,848 per additional positive finding, and
CAN$64,082 per active treatment change.
Results of the scenario analyses are presented in Table S1.

The results remained robust when parameters and assump-
tions were changed, including time horizon, discount rate,
proportion of trios, diagnostic yield of standard testing, cost
of standard testing, cost of post-test activities, unit price of
electroencephalogram, and rate of secondary findings.

DISCUSSION
Clinical practice is rapidly transforming to incorporate the use
of genome-wide sequencing. This analysis explored the cost-
effectiveness of using ES/GS at various timepoints in the
diagnostic testing pathway. All strategies involving earlier use
of genome-wide sequencing were found to be less costly and
more effective compared with standard testing.
The costs of ES and GS were high relative to other genetic

tests in the diagnostic pathway, such as CMA. However, the
cumulative cost of the standard testing approach is high, and
associated with a prolonged time to diagnosis and a low yield.
ES as second-tier was the least costly testing strategy, and
ES+ CMA as first-tier had the highest diagnostic yield among
all strategies.
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Table 2 Resource use and cost parameters.

Parameters Mean Distribution Source and assumptions

Standard testing: patients receiving nongenetic investigations or procedures

Biochemical/

metabolic workup

55% Fixed Expert opinion: 20–90%

Neuroimaging (brain MRI) 40% Fixed Expert opinion: 30–50%

Invasive tests (muscle biopsy) 2.5% Fixed Expert opinion: 0–5%

Echocardiogram 3% Fixed Expert opinion: 1–5%

Electroencephalogram 35% Fixed Expert opinion: 20–50%

Cost of genetic and nongenetic diagnostic tests

CMA $825 Gamma

(2010, 2.44)

Jegathisawaran et al.9

ES (90% trio) $4589.40 Normal

(4589.4, 45)

Based on average price paid by OOC Prior Approval Program

GS (90% trio) $6235.40 — Weighted average based on Jegathisawaran et al.9

• GS proband $3350 Gamma

(3202, 0.96)

Jegathisawaran et al.9

• GS trio $6556 Gamma

(1992, 0.30)

Jegathisawaran et al.9

Standard genetic testing

• Test cost $7235.40 Lognormal

(8.40, 0.95)

Oei et al.23

• Physician cost $448.20 Fixed Cost per visit based on OHIP SOB (K222); assumed 6 medical geneticist visits on average

based on clinical expert opinion

Fragile X testing $333.90 Normal

(333.9, 2.6)

Yuen et al.19 (for patients with developmental disabilities only)

Biochemical or

metabolic workup

$528 Normal

(528, 53)

Bélanger and Caron, 20183

Neuroimaging (brain MRI)

• Test cost $771.60 Normal

(771.6, 77)

Ontario Case Costing Initiative 2017

• Physician fees $73.35 Fixed OHIP SOB (X421)

Invasive procedures

• Muscle biopsy $748.20 Normal

(748.2, 75)

Rosenberg et al.34

• Physician fees $48.65 Fixed OHIP SOB (L864)

• Skin biopsy $404.60 Normal

(404.6, 41)

Joshi et al. ($379)35

• Physician fees $48.65 Fixed OHIP SOB (L864)

Echocardiogram

• Test cost $412.90 Normal

(412.9, 41)

Medical Advisory Secretariat 201036

• Physician fees $204.05 Fixed OHIP SOB (G570, G571, G572)

Electroencephalogram

• Test cost $831.10 Normal

(831.1, 83)

Green et al.37

• Physician fees $47.55 Fixed OHIP SOB (G414, G415)

Pretest genetic services

Medical geneticist (cost

per session)

OHIP SOB (A225 for 1st session; K222 × 2 for 2nd session); Yuen et al. (CMA: 1 session

only; ES/GS: 90% have 1 session, and 10% have 2 sessions)19

• 1st session (assume 1 hour) $165 Fixed

• 2nd session (assume 1 hour) $149.40 Fixed

Genetic counselor (cost

per session; assume 1 hour)

$41.20 Fixed Yuen et al. (CMA: 1 session only; ES/GS: 90% have 1 session, and 10% have 2 sessions)19
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A significant benefit of using genome-wide sequencing
earlier in the diagnostic pathway is that patients may receive a
more timely diagnosis. Currently used testing approaches can
take many months and sometimes even years to reach a
diagnosis. Oei et al. found that in children with an elusive
diagnosis requiring complex care undergoing standard testing
in Ontario, the majority used a high volume of genetic tests
(median of 4) over a median of more than 2 years, and most
remained undiagnosed.22 Children with no genetic diagnosis
received a greater proportion of sequence-level testing (e.g.,
single-gene or gene panel tests). Standard testing is usually
conducted in a stepwise manner and requires the clinician to
make diagnostic hypotheses regarding putative candidate
genes based on the patient’s clinical symptoms. Genome-wide
sequencing, on the contrary, is a broader approach and if used
early in the diagnostic pathway, time to diagnosis can be
shortened in some patients. This analysis showed that when
the time horizon was shortened to one year, fewer people
undergoing standard testing would receive a molecular
diagnosis (85 fewer molecular diagnoses in every 1000 people
tested compared to the reference case). However, for testing
strategies involving early use of ES/GS, the number of people
who received a molecular diagnosis remained the same.
The findings clearly show that genome-wide sequencing,

applied to appropriate individuals and ordered and inter-
preted by medical specialists, can save both time and
resources for individuals and their families. This is consistent
with results from economic analyses based on cohort
studies.11–16 Because ES is not currently used as a first-tier
diagnostic test,23 averted testing is less relevant as a measure
of clinical utility because most of the clinical investigations
have already occurred. Also, metabolic and imaging tests are
usually used together with genetic testing to fully understand
the disease. Compared with some published studies, which
assumed a significant portion of nongenetic tests to be averted
by genome-wide sequencing,11–15 this analysis was very
conservative and assumed that only invasive procedures, such
as skin or muscle biopsy (in 2.5% of the target population),
could be averted. Nevertheless, strategies involving earlier use

of genome-wide sequencing were found to be cost-saving
compared with standard testing because of other genetic tests
avoided.
Overall, the cost-effectiveness results were most sensitive

to the cost of ES or GS. The cost of ES or GS varies based on
many factors, such as where the test is conducted (Ontario
vs. elsewhere), sequencing platforms (NovaSeq 6000 vs.
HiSeq X vs. HiSeq 2500 vs. NextSeq 550, etc.), and total
laboratory test volume and capacity. The unit cost of ES and
GS could be potentially reduced by achieving an economy of
scale that maximizes patient throughput. However, Jegathi-
sawaran et al. found that while there was considerable cost
reduction for proband testing when the total test volume
doubled (13.3% for ES on the HiSeq 2500 platform and 12%
for GS on the HiSeq X platform), there was minimal cost
reduction for trios at increasing test volumes (1.6% for GS
on the HiSeq X platform).24 This is because trio testing
already increased the number of tests by three factors (from
proband only to proband plus two parents). The relatively
minimal cost reduction for trios was attributable to its
equipment and follow-up costs constituting a smaller part
of total costs compared with the three-factor increase in the
cost of reagents and computation over singleton testing.
Finally, due to advances in sequencing technology, the cost
of ES/GS has continued to drop;25 it is uncertain whether
the cost of ES/GS will continue to drop in the next
few years.
This analysis presented herein has several strengths. First, it

was based on high-quality Ontario costing data. The precise
costs associated with CMA, ES, and GS (proband and trio) in
Ontario were obtained from a recently updated microcosting
study in the target population. The cost of standard testing
was also estimated based on several Ontario studies21,22,26 and
inputs from clinical experts. Second, this analysis included a
comprehensive list of possible testing strategies involving ES/
GS to help decision makers determine the optimal positioning
of ES/GS in the diagnostic care pathway. Although the most
common testing strategies involving ES/GS were considered,
there are likely other testing strategies, such as performing GS

Table 2 continued

Parameters Mean Distribution Source and assumptions

Post-test genetic services

Positive finding or VUS (cost per session)

• Medical geneticist (assume

1 hour)

$149.40 Fixed OHIP SOB (K222 × 2 for 1-h session)

• Genetic counselor (assume

1 hour)

$41.20 Fixed Yuen et al. (if secondary finding is identified)19

Negative finding — — Expert opinion: negative results are usually communicated by phone with medical

geneticist; no clinical visit is needed
Costs in 2019 Canadian dollars. Normal (µ, σ) denotes the normal distribution where µ is the mean and σ is the standard deviation. Gamma (α, λ) denotes the Gamma
distribution where α is the shape parameter and λ is the scale parameter. Lognormal (µ, σ) denotes the lognormal distribution where µ is the mean of logs and σ is the
standard deviation of logs.
CMA chromosomal microarray, ES exome sequencing, GS genome sequencing, MRI magnetic resonance imaging, OHIP SOB Ontario Health Insurance Program Schedule
of Benefit, ON Ontario, OOC out-of-country, VUS variant of unknown significance.
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after ES, that could be used in clinical practice but require
evaluation. Finally, compared with most published economic
studies, which considered proband testing only, this analysis
evaluated trio test costs, which reflects recommended clinical
practice. Traditionally, ES and GS have been conducted with
probands only due to the high cost of ES/GS. However, the
use of trio testing (including the two biological parents) is on
the rise in recent years since this sequencing method enhances
both the speed and likelihood of accurate diagnosis.27

There were some important limitations to this analysis.
First, the long-term costs and consequences related to primary
or secondary findings were not modeled due to a lack of data.
It is uncertain what effect these omissions may have on the
results. A recent Ontario study by Hayeems et al. described
the type and cost of health-care activities in a cohort of
children with developmental delay one year after receiving the
CMA and GS results.28 They found that in complex pediatric
care, post-test activities were mainly driven by the child’s
ongoing care (88.6%), rather than by CMA or GS results. The
mean post-test cost was CAN$136 (median $0, range $0–
$3595) for CMA if there is no diagnosis, CAN$77 for GS if
there is no diagnosis (median $0, range $0–$4826), and CAN
$180 for diagnostic GS (median $0, range $0–$1212). These
post-test costs from the Hayeems study were included in a
scenario analysis and the cost-effectiveness results remained
similar. Second, in this analysis clinical utility was defined as a
change in active clinical management (e.g., modifications to
medications, procedures or treatment) as a result of having a
diagnosis. In the literature, the definition of what constituted
a clinical management activity and what was reported varied.
Modifications to medications, procedures, or treatment were
grouped together as these activities are expected to have a
short-term effect on patient outcomes. Those activities
expected to have a longer-term effect on health, such as
referral to specialists, surveillance, or lifestyle changes, were
not included. This captures clinical utility for diagnosed
individuals only, but not for undiagnosed individuals (e.g.,
further testing avoided due to ES/GS). Third, effectiveness was
not measured using quality-adjusted life years (QALYs) (a
universal outcome measure), but instead clinical outcomes
such as the number of molecular diagnoses, positive findings,
and active treatment change. Without a commonly used
budget allocation threshold for these outcomes, it may be
difficult to interpret the cost-effectiveness results and compare
them with economic evaluations of other health technologies.
However, QALYs could not be used as an outcome measure
because data required to estimate QALYs are seldom available
for genomic technologies. Fourth, in some cases, clinicians
may request reanalysis in 1 year if ES is unrevealing, i.e., the
patient’s clinical presentation is still not explained after
clinical ES and new information on pathogenic variants may
have become available. However, reanalysis was not con-
sidered in this model as it is not done routinely. Including
reanalysis will likely make ES and GS more costly compared
with standard testing but potentially cost-effective compared
with single-analysis ES or GS since the cost of reanalysis isTa
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lower and more diagnoses will likely be identified as more is
learned about causal variants in this patient population. Also,
for concurrent testing with ES and CMA, due to limited data,
the yield was assumed to be the sum of ES and CMA since
they detect different types of genetic variations and are
considered complementary to each other. However, as ES is
increasingly able to detect CNVs, the diagnostic yield of ES
may overlap with that of CMA. Studies have found that using
ES to detect clinically relevant CNVs can increase the yield by
1.6–2%.29,30 The diagnostic yield of GS was also estimated
based on the current available literature. However, since only
a limited number of GS studies have been published, the cost-
effectiveness results may need to be re-evaluated in the near
future as new evidence becomes available. Finally, while the
availability of Ontario data has facilitated this analysis, region-
and country-specific differences in practice patterns and unit
prices would need to be taken into consideration when
generalizing the results to other settings.

CONCLUSION
The study results indicated that compared with standard
testing alone, incorporating ES after standard testing
increased diagnostic yield at an additional cost. Early use of
ES yielded more diagnoses at a lower cost compared with late
use of ES or standard testing alone. Early use of ES/GS could
enable more timely diagnosis for patients with unexplained
DD and MCA.

SUPPLEMENTARY INFORMATION
The online version of this article (https://doi.org/10.1038/s41436-
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