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Abstract

The clinical use of whole-genome sequencing (WGS) is expected to alter pediatric medical management. The study aimed to
describe the type and cost of healthcare activities following pediatric WGS compared to chromosome microarray (CMA).
Healthcare activities prompted by WGS and CMA were ascertained for 101 children with developmental delay over 1 year.
Activities following receipt of non-diagnostic CMA were compared to WGS diagnostic and non-diagnostic results. Activities
were costed in 2016 Canadian dollars (CDN). Ongoing care accounted for 88.6% of post-test activities. The mean number of
lab tests was greater following CMA than WGS (0.55 vs. 0.09; p = 0.007). The mean number of specialist visits was greater
following WGS than CMA (0.41 vs. 0; p =0.016). WGS results (diagnostic vs. non-diagnostic) modified the effect of test
type on mean number of activities (p < 0.001). The cost of activities prompted by diagnostic WGS exceeded $557CDN for
10% of cases. In complex pediatric care, CMA prompted additional diagnostic investigations while WGS prompted tailored
care guided by genotypic variants. Costs for prompted activities were low for the majority and constitute a small proportion of
total test costs. Optimal use of WGS depends on robust evaluation of downstream care and cost consequences.

Introduction

Electronic supplementary material The online version of this article
(https://doi.org/10.1038/s41431-017-0020-3) contains supplementary
material, which is available to authorized users.

The potential medical and economic benefits of whole-
genome sequencing (WGS) in pediatrics has generated
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much enthusiasm, in part because anticipated benefits
include early detection and tailored management [1—4]. In
particular, for children with unexplained developmental
delay/intellectual disability, replacement of multiple
expensive genetic tests with a single lower cost genome
sequence test can shorten a stressful diagnostic odyssey and
generate system-level savings [5, 6]. Initial evidence sug-
gests that the diagnostic performance of WGS is superior to
conventional genetic tests [7-9]. However, empiric data that
reflect upon the downstream care and cost implications
remain limited. In a climate of fiscal constraint [10] with
evolving systems for evaluating and funding diagnostics
[11-13], policymakers require accurate assessments of the
downstream consequences of genetic testing to make sound
investment, reimbursement, and delivery decisions [14].

Knowledge of genetic status gained through diagnostic
investigations is thought to have personal utility for patients
and families and clinical utility for practitioners and the
health care system. While measurement strategies for cap-
turing utility are being developed and debated [14, 15],
preliminary evidence of clinical utility, as indicated by
altered medical management, is beginning to emerge [16—
25]. However, the known effects of WGS on downstream
clinical activities are largely drawn from case reports or case
series [16—25]. Comparative studies are needed to system-
atically determine the health care consequences and costs of
WGS in relation to first line conventional tests (e.g., chro-
mosome microarray (CMA)) [26]. The objective of this
study was to quantify the incremental change in clinical
activity and cost with WGS above and beyond standard care
(i.e., CMA) and to contrast the patterns of prompted activity
between testing strategies in children with developmental
delay/intellectual disability.

Methods
Study design

This observational cohort study was embedded within The
Hospital for Sick Children (SickKids) Genome Clinic Pro-
ject [27, 28], a Toronto-based program of translational
research in genomics. Since a primary aim of the Genome
Clinic was to determine the diagnostic performance of WGS
compared to CMA, all children received CMA as part of
standard clinical workup and WGS on a research basis [7].
Informed consent was obtained and the study was approved
by the SickKids Research Ethics Board.

Sample

Children for whom CMA was indicated because of two or
more structural malformations and/or unexplained
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developmental delay/intellectual disability were eligible;
they were recruited prospectively from the Division of
Clinical and Metabolic Genetics over a 9-month period (9/
2013-5/2014). Only cases for whom post-CMA or WGS
clinical follow-up occurred at SickKids were included in
this report. Additional details on the study cohort are
available [7].

Platforms

CMA was undertaken using the 4 x 180 K CytoSureISCA
v2 oligonucleotide microarray platform (Oxford Gene
Technology, Oxford, UK), the standard diagnostic service
offered by SickKids Clinical Laboratory Improvement
Amendments (CLIA)-certified diagnostic laboratory. Var-
iants detected were classified according to the 2011
American College of Medical Genetics’ CMA guidelines
[29]. Pathogenic variants and variants of unknown
significance-likely pathogenic were categorized as “diag-
nostic” whereas variants of uncertain clinical significance,
uncertain clinical significance-likely benign, and benign
significance were classified as “non-diagnostic” [7]. Geno-
mic DNA was sent to Complete Genomics (Mountain
View, CA, USA) for WGS as described previously [7, 30].
Raw sequence reads, an average of ~52X coverage, were
reassembled against a reference genome (GRCh37) and
robust variant calling was completed using Complete
Genomics assembly pipeline 2.4 [7, 31]. For six cases,
exome sequencing was completed as WGS was not avail-
able in a timely manner.

Data collection

Prompted activity included clinical care activity that was
either recommended or pursued following CMA result
reporting and subsequent WGS result reporting. Activity
data were obtained for each participant from hospital
medical records and face-to-face physician interviews. An
average interval of 15 months (range 5-20 months) elapsed
between CMA and WGS result reporting, creating separa-
tion in prompted clinical activity and enabling the capture
of a full range of activity prompted by CMA. At the outset
of the study, physicians were encouraged to maintain the
same standard of care that they would have performed
outside of a study context. Study data were collected and
managed using Research Electronic Data Capture (RED-
Cap) software (Nashville, TN) [32]. From each patient
record, we ascertained age at CMA, sex, phenotype, pri-
mary CMA and WGS results (i.e., diagnostic or non-
diagnostic as per laboratory reports). Phenotype was
extracted directly from the patient’s PhenoTips (Toronto,
ON) record [33, 34]. Using PhenoTips, we determined the
number of organ systems affected in each patient,
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and used this as a proxy for disease severity and complexity
[25].

The type and volume of clinical activity prompted by
CMA and WGS results were recorded using a structured,
electronic data report form that captured six categories of
clinical activity [25]. Activity recommended by medical
geneticists at the time CMA (and later WGS) results were
disclosed to parents was captured and the actual pursuit of
this activity was recorded if indicated in the patient chart
(e.g., documentation of laboratory test or specialist consult).
All activity occurring up to 1 year following disclosure was
recorded. Activity categories included: specialist consults,
allied health consults, laboratory tests, imaging tests, med-
ication alterations, and laboratory investigations for family
members. In addition, medical geneticists were asked to list
any services that were averted due to CMA or WGS results.
Each unique activity was counted and was assumed to occur
once, unless otherwise specified. Clinical activities related
to ongoing clinical care (i.e., phenotype-driven) were dis-
tinguished from those prompted by the genetic test result
(i.e., genotype-driven). For a given participant, the same
ordering physician was involved in the interpretation,
reporting and follow-up of CMA and WGS results, thus
controlling for variation in practice patterns among practi-
tioners. For each participant, chart extracted data were
verified with the consulting physician. While care activities
prompted or averted following WGS may have been
influenced by care activities prompted or averted following
CMA, interviews were conducted with physicians to verify
activities that were specifically prompted by CMA or
independently by WGS. All findings and categories of
activity prompted by the disclosure of primary WGS results
were verified by a second post-study chart review.

Costing

Each activity prompted or averted following CMA or WGS
was assigned a unit price (Supplementary Table 1).
Laboratory test costs were obtained from the Ontario Health
Insurance Plan (OHIP) Schedule of Benefits for Laboratory
Services [35]. Prices for genetic tests or other tests not
found in this Schedule of Benefits were obtained from the
laboratories that performed these tests (i.e., SickKids’
Genome Diagnostics Laboratory or external laboratories).
Each specialist referral was priced as one assessment visit
using the OHIP Schedule of Benefits for Physician Services
[36]. Allied health consultations included audiology, die-
tetics/nutrition, occupational therapy and physiotherapy,
speech, and language therapy and psychology. Referrals to
allied health professionals were priced using a standard fee
per visit obtained from fee schedules provided by profes-
sional associations (Ontario Society of Occupational
Therapists, Ontario Psychological Association, Ontario

Association of Speech-Language Pathologists and Audiol-
ogists). For occupational therapy, a fee schedule was not
available so a representative average fee was estimated
using an Internet search of Canadian providers. Dietician
assessment fees were based on an average hourly rate at
SickKids. The OHIP Schedule of Benefits—Physician
Services was used to obtain prices for medical imaging tests
and other tests (e.g., electrocardiogram (ECG) electro-
encephalogram (EEG), Holter monitor). The actual CMA
and WGS tests, follow-up validation testing (i.e., Sanger
sequencing), and genetic counseling that occurred following
these tests were not counted as separate activities and were
not included in the total costs since these costs did not differ
by participant.

Analysis

Descriptive statistics were used to describe participant
characteristics, as well as the volume, type, and cost of
clinical activity that followed CMA and WGS. We exam-
ined total volume of activities as well as mean number of
activities per participant. First, we characterized the total
number and type of activity prompted by ongoing care for
the full sample (n=101). We assessed the association
between the mean number of ongoing activities and parti-
cipant characteristics using a negative binomial model. This
model was most appropriate for count data which exhibited
over-dispersion, a characteristic of this data set. The model
was also compared with ordinary least squares and Poisson
models and was found to be the best fit to the data based on
Akaike information criterion (AIC) and Bayesian informa-
tion criterion (BIC). Characteristics included age as a
categorical variable: <12 months (reference group), 1-5
years, 6-10 years, >10 years; sex: male (reference group),
female; number of organ systems affected: 1-2 (reference
group), 3—4, 5-6, 7-8, and 9 or more.

Unless a second genomic diagnosis was suspected [7],
WGS would not typically be indicated for children who had
received a diagnostic result via CMA. As such, the
remainder of our analysis examined activity prompted by
WGS compared to activity prompted by CMA non-
diagnostic results (n = 93). The data were not independent
since each patient received both CMA and WGS. Models
for count data were considered, but ultimately linear models
were used as they were the most straightforward approach
to modelling repeated measures data. We compared the
mean number of activities per patient prompted by CMA
with the mean number of activities per patient prompted by
WGS and compared selected activity types (i.e., specialist
and allied health visits, lab tests) based upon descriptive
findings using a paired #-test. We used a linear mixed effects
regression model to assess whether WGS result type (i.e.,
diagnostic vs. non-diagnostic) modified the effect that each
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test (WGS or CMA) had on clinical activity. Three
regressions were run; (i) mean number of all activities, (ii)
specialist and allied health visits and, and (iii) lab tests. The
models used random intercepts to address the non-
independence in the data. We also characterized the num-
ber and type of services averted as a result of WGS. A total
cost per patient was determined by multiplying the volume
of resource use for each item by a corresponding unit price
in 2016 CDN dollars. The mean cost per patient was cal-
culated for each comparator group. Given the skewed nature
of resource use, cost 10" and goth percentiles were calcu-
lated. All statistical analysis was conducted using R (2016,
Vienna, Austria) [37].

Results
Sample characteristics

Of 201 potential participants approached, 101 children were
included (50.2% participation rate). Most children were
under 6 years old and had 3 or more organ systems impli-
cated in their phenotype. The cohort was balanced with
respect to sex. Following CMA testing, a diagnostic variant
was identified in 8 (7.9%) cases. Among those for whom
CMA did not yield a diagnostic result (n=93), WGS
identified a diagnostic variant in 22 (23.7%; Table 1).

Activity following genetic testing

Within 1 year following the disclosure of CMA and WGS
results, a total of 973 clinical activities were recommended
by consulting geneticists for 101 children. The largest
proportion of activity was driven by the child’s ongoing care
(88.6%; 862 activities) rather than by CMA/WGS. A total
of 427 specialist MD visits constituted the largest propor-
tion of ongoing care (49.5%) and 130 allied health con-
sultations (e.g., occupational therapy, physiotherapy)
comprised 15.1% of ongoing care. Among specialist MD
consults prompted by ongoing care, continued follow-up
with genetics was the most common (20.8%), followed by
neurology (10.3%). Among allied health providers, the most
common referrals were for genetic counseling after result
disclosure (29.2%), followed by audiology (16.2%). Med-
ical imaging comprised 24.0% of ongoing care (207 activ-
ities), of which ultrasound was the most common. Other
investigations comprised 8.2% (e.g., ECG, EEG) and
laboratory tests comprised 3.1%, of which other genetic
tests (i.e., non-CMA/WGS tests) were the most common
(Supplementary Table 2; Supplementary Fig. 1).

With respect to the effect of participant characteristics on
mean number of clinical activities, the regression model
indicated that sex was not significantly associated with
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Table 1 Sample characteristics (n = 101)

Characteristics n %
Sex
Male 54 535
Female 47 46.5
Age at CMA
<12 month 26 25.7
1-5 years 37 36.6
6-10 years 15 14.9
>10 years 23 22.8
Phenotype: number of organ systems
affected
0-2 7 6.9
34 25 24.8
5-6 26 25.7
7-8 22 21.8
9 or more 21 20.8
CMA result
Diagnostic 8 79
Non-diagnostic 93 92.1
WGS result (non-diagnostic CMA only,
n=93)
Diagnostic 22 23.7
Non-diagnostic 71 76.3

CMA  chromosomal
sequencing

microarray analysis, WGS whole-genome

ongoing care whereas certain age groups and number of
organ systems involved were (Supplementary Table 3).
Relative to infants less than 12 months old, a child aged
6—10 years had a 28% decrease in the estimated mean
number of ongoing care activities (p =0.034) and a child
who was 10 years or older had a 31% decrease in the
estimated mean number of ongoing care activities (p =
0.008). Compared to 1-2 organ systems affected, having 9
or more affected organ systems increased the estimated
mean number of ongoing care activities by 56% (p=
0.042).

Genotype-driven care

A highly skewed distribution of activity was observed; for
at least 81.7% of the CMA negative cohort (n = 93), zero
activities were prompted by CMA or WGS (Table 2). Of the
total volume of care prompted by genetic testing for these
patients, the mean number of activities per patient was 0.56
following non-diagnostic CMA and 0.62 following WGS
(diagnostic and non-diagnostic combined); these were not
significantly different (r=0.24, df=92, p=0.815).
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However, the mean number of lab tests was significantly
greater following CMA (t = —2.78, df =92, p =0.007) and
the mean number of specialist or allied health visits was
significantly greater following WGS (t=2.46, df =92, p =
0.016; Table 2; Fig. 1)

The mean difference in total number of activities
between CMA and WGS was —0.54 when WGS was non-

diagnostic, compared to 2.00 when WGS was diagnostic
(Table 2). The linear mixed regression results (Table 3)
confirm that this difference between WGS and CMA
prompted activity depended on the WGS result type (p <
0.001). The regression results also show that the difference
in lab activities did not depend on WGS result (p = 0.278)
but the difference in specialist and allied health referrals did

Table 2 Distribution of
participants by number of
activities and mean number of
activities per patient, prompted

Prompted by CMA Prompted by WGS

by CMA and WGS for CMA
non-diagnostic cases only and
stratified by WGS result: all
activities, lab tests, specialist and
allied health visits

Category N (%) Mean Category N (%) Mean
(SD) (SD)
Total (n=93)
All activities 0 77 (82.8%) 0.56 0 76 (81.7%) 0.62
1-2 10 (10.8%) (1.66) 12 10 (10.8%) (1.98)
34 3 (3.23%) 34 2 (2.15%)
5 or more 3 (3.23%) 5 or more 5 (5.38%)
Lab tests 0 77 (82.8%) 0.55 0 85 (91.4%) 0.09
1-2 10 (10.8%) (1.64) 12 8 (8.60%) (0.28)
34 3 (3.23%) 34 0 (0%)
5 or more 3 (3.23%) 5 or more 0 (0%)
Specialist and allied health visits 0 93 (100%) 0 (0) 0 85 (91.4%) 0.41
1-2 2 (2.15%) (1.60)
34 3 (3.23%)
5 or more 3 (3.23%)
WGS non-dx (n=71)
All activities 0 57 (80.3%) 0.65 0 64 (90.1%) 0.11
1-2 9 (12.7%) (1.82) 1-2 7 (9.86%) (0.36)
34 2 (2.82%) 34 0 (0%)
5 or more 3 (4.23%) 5 or more 0 (0%)
Lab tests 0 57 (80.3%) 0.65 0 65 (91.6%) 0.08
12 9 (12.7%) (1.82) 1-2 6 (8.45%) (0.28)
34 2 (2.82%) 34 0 (0%)
5 or more 3 (4.23%) 5 or more 0 (0%)
Specialist and allied health visits 0 71 (100%) 0 (0) 0 71 (100%) 0 (0)
WGS dx (n=22)
All activities 0 20 (90.9%) 0.27 0 12 (54.5%) 2.27
1-2 1 (4.55%) (0.94) 1-2 3 (13.6%) (3.60)
3-4 1 (4.55%) 3-4 2 (9.09%)
5 or more 0 (0%) 5 or more 5 (22.7%)
Lab tests 0 20 (90.9%) 0.23 0 20 (90.9%) 0.09
1-2 1 (4.55%) (0.75) 1-2 2 (9.09%) (0.29)
34 1 (4.55%) 34 0 (0%)
5 or more 0 (0%) 5 or more 0 (0%)
Specialist and allied health visits 0 22 (100%) 0 (0) 0 14 (63.6%) 1.73
1-2 2 (9.09%) (2.98)
34 3 (13.6%)

5 or more 3 (13.6%)

CMA chromosomal microarray analysis, dx diagnostic, SD standard deviations, WGS whole-genome

sequencing
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Fig. 1 Number of activities by type prompted by sequential testing
scenario: non-diagnostic CMA followed by diagnostic and non-
diagnostic WGS results (n=93). CMA chromosomal microarray
analysis, WGS whole genome sequencing. 1. Lab tests may include
genetic, biochemical and hematogy tests. Allied health may include
audiology, dietetics/nutrition, occupational therapy and physiotherapy,
spech and language therapy and psychology. Other activities may
include electrocardiogram (ECG) electroencephalogram (EEG), Holter
monitor, visual evoked potential (VEP), electromyography (EMG),
Electroretinography (ERG), evoked potential, monitoring and sur-
veillance and other. 2. The number of times a given test was imple-
mented was included in the activity count. 3. Activities that are
standard after CMA or WGS tests, validation testing (Sanger
sequencing) and genetic counselling were not included

(p <0.001). The latter results are highlighted in Table 2,
where the mean difference in referrals between CMA and
WGS is 0 when WGS is non-diagnostic and 1.73 when
WGS is diagnostic. Among WGS diagnostic results (n =
22), the most common specialist referrals were ophthal-
mology/optometry (19.2%), gastroenterology (15.4%), and
cardiology (15.4%). The most common allied health refer-
rals were occupational therapy (25.0%), physiotherapy
(25.0%), speech/language therapy (16.7%) and dietetics/
nutrition (16.7% Supplementary Table 1).

No medication prescriptions/alterations and no cascade
family genetic testing outside of parental testing for the
purpose of interpreting proband results were observed post
CMA or WGS reporting. Physician interviews indicated
that following the completion of WGS, six activities were
averted among children who received non-diagnostic WGS
results (i.e., lab tests and specialist consults) and five
activities were averted among children who received diag-
nostic WGS results that might otherwise have been pursued
in the absence of WGS.

Projected cost of genotype-driven care

Given the skewed distribution of activity observed, costs
incurred were similarly skewed, but also had heavy tails.
The mean per patient cost of activities prompted by a non-
diagnostic CMA result alone was $136.20 CDN (range $0—
$3595.00) (Table 4). The additional, mean per patient cost
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of activities prompted by those who went on to receive a
diagnostic WGS result was $179.68 CDN (range $0-
$1212.00). The additional, mean per patient cost for those
who went on to receive a non-diagnostic WGS result was
$76.55 CDN (range $0-$4826.00). Some of the very high
costs (e.g., >$2000 CDN per activity) were due to com-
prehensive gene panel tests that were conducted outside of
Canada (e.g., ARHGAP31, DOCK6, EOGT, and RBP con-
nective tissue gene panel, performed in USA). The mean
savings per patient due to activities averted following WGS
was $42.95 CDN (range $0-$583.00) for those who
received diagnostic results and $4.17 CDN (range $0-
$74.00) for those who received non-diagnostic results.
Table 4 also shows that activity costs following non-
diagnostic CMA results fell below $168.00 CDN for 90%
of patients. For those who went on to receive non-
diagnostic WGS results, zero activity costs were incurred
for 90% of patients. For those who went on to receive
diagnostic WGS results, prompted activity costs fell below
$557.30CDN for 90% of patients.

Disscussion

In a young, phenotypically complex pediatric cohort that
underwent genomic testing, the majority of clinical activ-
ities recommended following testing were determined by
the child’s clinical presentation, rather than by the child’s
genotype. Unsurprisingly, a greater volume of clinical
activities was observed in younger and more phenotypically
complex children.

While the volumes of activities prompted by CMA and
WGS were similar, the nature of the prompted activities was
markedly different, highlighting a particular form of clinical
utility. Specifically, non-diagnostic CMA results were more
likely to lead to additional laboratory investigations,
reflecting an ongoing pursuit of a diagnosis, while diag-
nostic WGS results were more likely to prompt specialist or
allied health visits, reflecting clinicians’ shift away from
diagnostic activities and toward disease-specific manage-
ment, likely directed by the organ systems implicated in the
genomic variants identified. As such, our data suggest that
the incorporation of WGS into the genetic evaluation of
children with complex health problems may increase
referrals to specific specialty areas. To meet these increasing
demands, targeted capacity building and coordination of
care may be warranted.

Part of the utility of genomic testing relates to avoiding
unnecessary care and associated costs. While diagnostic
WGS results prompted specialist visits, these results were
also associated with averting other types of care activities,
presumably because achieving a diagnosis precluded the
need for certain (typically diagnostic) investigations.
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Importantly, non-diagnostic WGS results were also asso-
ciated with averted care. This may be due to the clinician’s
assumption that WGS is ‘the end of the line’ in terms of our
current ability to rule out causal variants; therefore, addi-
tional investigations may no longer be justifiable. The
reduction in volume of laboratory testing following the
receipt of non-diagnostic and (less so) diagnostic WGS
results, compared to the volume of laboratory testing fol-
lowing non-diagnostic CMA results supports this premise.

Table 3 Linear mixed effects model of mean number of activities
based on the test, WGS result and an interaction between the test and
WGS result (n=93)

Estimate Standard t-value p-value
error

All activities
Test (WGS vs. CMA) —0.54 0.29 —1.87 0.064
WGS result (dx vs. non- —0.38 0.42 —-0.90 0.370
dx.)
Interaction 2.54 0.59 4.30 <0.001
(WGS)xWGS result
Lab tests
Test (WGS vs. CMA) —0.56 0.19 —2.96 0.004
WGS result (dx. vs. non- —0.42 0.29 —1.47 0.144
dx.)
Interaction 0.43 0.39 1.09 0.278
(WGS)XWGS result
Visits to specialists and allied health
Test (WGS vs. CMA) 0.00 0.17 0.00 1.000
WGS result (dx. vs. non- 0.00 0.25 0.00 1.000
dx)
Interaction 1.73 0.35 4.95 <0.001

(WGS)xWGS result

CMA chromosomal microarray analysis, dx diagnostic, WGS whole-
genome sequencing

Other studies have investigated the clinical utility of both
whole exome and WGS in various pediatric patient popu-
lations. Case reports and small case series using WGS
report direct links between mutations identified and man-
agement changes [16—18]. In the context of whole-exome
sequencing (WES), establishing a diagnosis in 37 of 115
(32.2%) patients attending a genetics clinic led to dis-
continuation of additional diagnostic testing in all whom
were diagnosed, screening for additional manifestations in
21.6%, new medication therapy in 5.4%, identification of
other familial mutation carriers in 13.5%, and reproductive
planning in 16.2% [20]. A more recent study found that of
the 23 children who received a diagnosis via WES, clinical
management was altered for 6 (26%), additional diagnostic
investigations were canceled for 1 (4%), and prenatal and
preimplantation genetic diagnosis was initiated for 1 (4%)
[21]. In various CMA-based case series, ranging from 48 to
1792 cases, clinical action was prompted for the majority of
children who received pathogenic results [22-24]. Finally,
in a large pediatric cohort (n = 742), our group found that
diagnostic variants and variants of uncertain clinical sig-
nificance were associated with higher rates of clinical
recommendations compared with non-diagnostic results
(RR=1.34; 95% CI 1.22-1.47; RR=1.23; 95% CI
1.09-1.38) [25]. While findings to date are suggestive of
clinical utility, results reported herein represent the first
prospective controlled comparative study to address this
particular outcome of genomic medicine.

The ultimate value of diagnostic WGS compared to
standard care approaches such as CMA cannot be fully
considered without an assessment of cost-effectiveness. In
the present study, the costs of the genetic tests were omitted
to enable examination of the incremental costs of prompted
clinical activity. The data are beginning to emerge on the
laboratory costs of WGS as well as costs that characterize
the entire testing pathway in a clinical rather than research
setting [38]. In a separate study, members of our team used

Table 4 Summary statistics for

costs for patients with CMA Mean Median SD Lower quantile (10%) Upper quantile (90%) Min Max
non-diagnostic result only, for CMA prompted 13620 0.00  530.94 0.00 168.00 0.00 3595.00
all activities prompted by CMA
and WGS (n=93)
WGS prompted
WGS non-dx
(n=171) 76.55 0.00 574.18 0.00 0.00 0.00 4826.00
WGS dx
(n=22) 179.68 0.00 327.95 0.00 557.30 0.00 1212.00

CMA chromosomal microarray analysis, dx diagnostic, WGS whole genome sequencing

Notes: The cost estimates included lab and imaging tests, visits with specialists and allied health
professionals, and other activities. The cost estimates excluded the prices of the CMA or WGS test and the
cost of activities that are standard after the CMA or WGS test, validation testing (Sanger sequencing) and

genetic counseling
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a bottom-up micro-costing approach to provide a compre-
hensive estimate for WGS and CMA. For our institution,
the total cost per patient with developmental delay and/or
congenital anomalies (including labor, small and large
equipment, supplies, bioinformatics, and validation)
was $744.00 2015 CDN for CMA and $2851.00 2015 CDN
for WGS [39]. Thus while the average per patient costs
associated with activity triggered by diagnostic WGS results
($179.68CDN) are greater than those incurred for non-
diagnostic CMA or WGS results ($136.20CDN or
$76.65CDN, respectively), these costs are a small fraction
of the testing pathway of care [39]. These costs are also a
small fraction of the total costs associated with often-
extensive diagnostic work up [5, 6] and care plan [40] for
these complex patients. For example, the diagnostic work
up in neurology clinics for patients with a broad range of
neurological phenotypes has been reported to range from
$5,382CDN to $17,692CDN [5, 6]. In the only other
comparative study that reflects on this question, cost of care
prompted by WGS among healthy adults did not differ from
cost of care prompted by family history alone. In both
groups, 6 month post-test care costs ranged between $40
and $200 USD (unpublished data).

It is expected that technical costs associated with high
throughput sequencing will continue to decrease and that
diagnostic performance will continue to improve. While
greater diagnostic yields for primary targeted variants as
well as secondary medically actionable variants may
translate into improved health outcomes in the long run, in
the short term a growing list of reportable variants will
prompt additional downstream clinical activities, thereby
putting increased pressure on medical geneticists, other
clinical sub-specialists, allied health professionals, labora-
tory scientists, and imaging services, adding costs to the
healthcare system. Ultimately, in adjudicating investment
and adoption of complex genome diagnostics, decision
makers will require rigorous evidence of cost-effectiveness
to trade-off these costs with the anticipated value of WGS.
The data reported herein begin to characterize the nature
and cost of these downstream pathways.

We acknowledge several limitations. While a rando-
mized controlled trial would be the ideal design for asses-
sing the impact of WGS compared to standard care, the
Genome Clinic was structured to perform both WGS and
CMA on all participants. As an embedded research study, it
was not feasible to randomize participants. This limited our
ability to directly attribute observed differences to WGS.
However, given the heterogeneity of the patient sample, a
non-experimental controlled comparison with each subject
serving as his/her own control has merit. Moreover,
approaching the analysis as a sequence of tests allowed for
marginal analysis of additional clinical activity and costs
triggered by WGS. Since the same physician advised on

SPRINGER NATURE

clinical activity following CMA and WGS, they were not
blind to the CMA results or recommended activity that
preceded the receipt of WGS. Thus, it is possible that
activity prompted by CMA was affected by the knowledge
that WGS results were pending. Similarly, activity promp-
ted post-WGS may have been influenced by activity already
prompted by CMA. This bias was mitigated by recording
activity recommended after each type of testing strategy as
if it was the solo test. This approach also controlled for
variation in practice between providers. Although the
interval between CMA and WGS reporting was
<12 months for a small number of cases, an average of
15 months between CMA and WGS result reporting sug-
gests that practitioners were unlikely to be influenced by the
other test in recommending clinical activity. In addition, six
cases reported in Stavropoulos et al. [7]. are not reported
here because follow-up consultation data were unavailable
or because they were siblings of the index case. Six other
cases reported here but not in Stavropoulos et al. [7]
represent exome sequencing cases. While these exome
cases did not meet criteria for Stavropoulos’ technical
comparison study, outcome data prompted by WES result
disclosure remain relevant to the study reported here. As
well, while pharmacogenomics variants were identified in
this cohort [41], medical management implications of these
variants were not captured because identified variants had
not been validated or reported back to patients at the time
these data were ascertained. The absence of cascade family
testing is surprising, but perhaps attributable to de novo
findings or the absence of documentation related to cascade
family testing in the proband’s medical record. It is possible
that cascade testing was documented in family members’
charts but these records were not reviewed. In addition,
while the endpoints (i.e., type, volume and cost of clinical
activities triggered by CMA/WGS) are somewhat generic
from a clinical perspective, these data assist our efforts to
characterize the care pathway and resource demands
implicated by genome-wide technologies. Finally, assigned
costs represent projected costs as verification that all
recommended activities were pursued was not achieved.
Although limited in scope, this cost analysis fulfills a
necessary first step towards a full economic evaluation that
includes both costs and health benefits as a consequence of
WGS compared to conventional genetic testing.

In conclusion, this comparative study of the clinical
consequences and costs of hospital clinic-based pediatric
WGS may inform a decision model to assess cost-
effectiveness of WGS compared to standard care. This
could be achieved in a variety of ways. The absolute
numbers of lab tests, specialist visits and other services
prompted by WGS compared to CMA could be used as
reference case inputs associated with post-testing health
states for the same type of patient population. The relative
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increase or decrease in use of the various categories of
health services observed in the present study could set the
boundaries for a “treatment effect” in a model, or be used to
validate results obtained from a separate independent
observational study or chart review. In addition, we
emphasize that more robust study designs that capture the
downstream effects of WGS are warranted as are novel
measures that capture a more comprehensive notion of
clinical utility [15]. However, well-suited to the transla-
tional stage of WGS today [42], findings reported herein, as
a form of early health technology assessment [43], can
begin to inform sound investments in and appropriate use of
state of the art genomic technology in pediatrics.
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