European Journal of Human Genetics (2022) 30:577-586 ESHG
https://doi.org/10.1038/541431-021-00916-8

ARTICLE

Genomic sequencing for the diagnosis of childhood mitochondrial
disorders: a health economic evaluation

You Wu'?3 . Shanti Balasubramaniam*® - Rocio Rius > - David R. Thorburn®?%3%7 - John Christodoulou®?*3>5 .
llias Goranitis ®"?3

Received: 2 February 2021 / Revised: 19 May 2021 / Accepted: 26 May 2021 / Published online: 8 June 2021
© The Author(s), under exclusive licence to European Society of Human Genetics 2021

Abstract

The diagnostic and clinical benefits of genomic sequencing are being increasingly demonstrated across multiple rare genetic
conditions. Despite the expanding clinical literature, there is a significant paucity of health economics evidence to inform the
prioritization and implementation of genomic sequencing. This study aims to evaluate whether genomic sequencing for
pediatric-onset mitochondrial disorders (MDs) is cost-effective and cost-beneficial relative to conventional care from an
Australian healthcare system perspective. Two independent and complementary health economic modeling approaches were
used. Approach 1 used a decision tree to model the costs and outcomes associated with genomic sequencing and
conventional care. Approach 2 used a discrete-event simulation to incorporate heterogeneity in the condition and clinical
practice. Deterministic and probabilistic sensitivity analyses were performed. Genomic sequencing was less costly and more
effective compared with conventional care, saving AU$1997 (Approach 1) to AU$8823 (Approach 2) per child tested, while
leading to an additional 11 (Approach 1) to 14 (Approach 2) definitive diagnoses per 100 children tested. The mean
monetary value of the incremental benefits of genomic sequencing was estimated at AU$5890 (95% CI: AU$5730—$6046).
Implementation of genomic sequencing for MDs in Australia could translate to an annual cost-saving of up to AU$0.7
million. Genomic sequencing is cost-saving relative to traditional investigative approaches, while enabling more diagnoses
to be made in a timely manner, offering substantial personal benefits to children and their families. Our findings support the
prioritization of genomic sequencing for children with MDs.

Introduction

Mitochondrial disorders (MDs) are rare genetic conditions,
evidenced in more than 1 per 5000 live births [1, 2], caused
by the variants in mitochondrial (mtDNA) or nuclear DNA
(nDNA) affecting mitochondrial oxidative phosphorylation.
The clinical manifestations of MDs are greatly hetero-
geneous, commonly involving multiple organs, and particu-
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with a complex and burdensome diagnostic odyssey, often
involving extensive investigations, including biochemical
testing, neuroimaging, biopsies, histology, and enzymology,
while requiring multiple specialist consultations that often
result in conflicting diagnoses [4—6]. MDs have detrimental
effects on patient and carer quality of life [7].

Genomic sequencing has provided an opportunity to
reshape the diagnostic approach to genetic conditions, and
in many countries with advanced economies, genomic
sequencing has started to be integrated into mainstream
clinical care [8]. A growing body of evidence demonstrates
the diagnostic, clinical, and personal outcomes generated by
genomic sequencing [9-11]. The health economics evi-
dence-base, however, is limited [12], even though evidence
of cost-effectiveness is required to support reimbursement
decisions and clinical guidelines by national health tech-
nology assessment (HTA) bodies. In the context of MDs,
genomic sequencing provides a definitive diagnosis in 35
—70% of patients [13], potentially enabling a range of
outcomes that are highly valued by society [14, 15], such as
knowledge about the cause of the condition, improvements
in the process and outcomes of medical care, ending diag-
nostic odyssey and associated uncertainty, and facilitating
access to peer support or clinical trials, which could justify
the additional cost of sequencing. To date, there have been
no studies evaluating the cost-effectiveness of genomic
sequencing specifically for patients suspected with MDs.
Access to genomic sequencing is, therefore, fragmented and
can only be gained through clinical research studies,
potentially through hospital budgets (in some countries like
Australia), or privately, which affects equity and economic
healthcare system objectives.

Our study aims to evaluate whether genomic sequencing
in children presenting with clinical indications of MDs is
cost-effective and cost-beneficial relative to the conventional
diagnostic pathway from an Australian healthcare system
perspective. Utilizing primary clinical and economic data
collected prospectively as part of the Australian Genomics
Mitochondrial Disease clinical project and retrospectively
through the Sydney Children’s Hospitals Network registry,
we explored two independent and complementary health
economic modeling approaches that generate the required
health economics evidence for the prioritization of genomic
sequencing for children with MDs.

Methods

Study design and participants

This study was informed by data from the Australian
Genomics Health Alliance Mitochondrial Disease clinical

project (AGHA cohort) and a historical cohort of patients
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with MDs from the Sydney Children’s Hospitals Network
(historical SCHN cohort). The AGHA cohort consisted of
78 pediatric-onset patients (age of onset < 16 years) with
suspected MDs prospectively recruited for genomic
sequencing between March 2017 and July 2019. For these
individuals, nuclear genomic sequencing was initially per-
formed, and if this was nondiagnostic, they went on to have
mtDNA genomic sequencing. Inclusion criteria were the
diagnosis of “probable MD”, defined as a score > 4 using a
modified Nijmegen scoring system [16], as described in the
online appendices (Table S1). Exclusion criteria were an
existing molecular diagnosis or a Nijmegen score of 4 or
less, as determined by an intake review committee.

The historical SCHN cohort included 61 pediatric
patients referred to the metabolic clinic at SCHN between
Mar 2001 and Mar 2018 who were suspected of having a
MD based on clinical, biochemical, imaging, and histolo-
gical grounds. These patients had undertaken traditional
diagnostic workup, including metabolic, imaging and his-
topathological investigations, and genetic testing. The Nij-
megen scores for this cohort at first and last clinical
presentation to the metabolic or neurology clinic were
assessed retrospectively through a review of medical files
by two members of the research team (SB and RR) to
ensure consistency between cohorts. Although clinicians are
increasingly using genomic sequencing, these traditional
diagnostic workups are considered as the conventional
practice, given that genomic sequencing for MDs is not
federally funded in Australia.

Ethical approval was granted from the Melbourne Health
Human Research Ethics Committee (MH-HREC reference
number HREC/16/MH/251) and individual patient consent
was received from all patients recruited prospectively.
Ethical approval was also granted from the Sydney Chil-
dren’s Hospitals Network Human Research Ethics Com-
mittee (SCHN-HREC reference number HREC/18/SCHN/
362) for accessing retrospective registry patient data. For
this, the need for individual patient consent was waived and
data were de-identified.

Economic evaluation

Two independent and complementary approaches were
used to model the costs and outcomes associated with
genomic sequencing and conventional diagnostic care in
children with probable MDs:

e Approach 1 utilized a decision tree that provided a
standardized description of the diagnostic pathways of
the different comparators. The modeled pathways were
conceptualized through a mapping exercise of clinical
practice across different states in Australia in collabora-
tion with participating centers in the AGHA study
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Fig. 1 Decision tree model. Notes: MRI/MRS magnetic resonance
imaging/magnetic resonance spectroscopy; MRC mitochondrial
respiratory chain; Dx diagnosis; Mx management; [+] plus sign

aiming to reach clinical consensus. Resource use
associated with the clinical utility of genomic sequen-
cing was identified through a clinician survey for each of
the children participating in the AGHA national cohort.

e Approach 2 utilized a discrete-event simulation model
that incorporated patient-level data from the historical
SCHN cohort and the patients from the AGHA cohort
who had been referred from SCHN. The model was
developed to reflect key events in children’s clinical
pathways, which enabled an incorporation of condition
heterogeneity and heterogeneity in clinical practice. The
analysis was restricted to the SCHN patients to ensure
consistency in the costing process.

In line with best practice recommendations [17], to
ensure face validity for each modeling approach, model
structures, associated assumptions, and model inputs were
all approved by leading clinicians both internal and external
to the research team. An internal validation of the models
was also performed by manual calculation of rhe expected
values.

Model structures

Approach la compared initially three diagnostic strategies:
(a) genomic sequencing, (b) late genomic sequencing, and
(c) conventional diagnostic pathway (Fig. 1). Genomic
sequencing options involved either exome sequencing (ES)
followed by mtDNA sequencing (herein labeled as “ES +
mtDNA”), if exome sequencing did not result in a definitive
diagnosis, or genome sequencing (GS). Patients were
regarded as diagnosed if they had pathogenic or likely
pathogenic variants, defined by standard criteria [18], in a
gene consistent with their presentation. Given that genome
sequencing could offer the advantage of identifying clini-
cally relevant noncoding pathogenic variants and improved
detection of copy number variants compared with ES +
mtDNA, GS and ES + mtDNA are modeled separately in an
additional analysis (Approach 1b).

definitive Dx)
Genomic sequencing

Clinical Mx (non-
No genomic sequencing Non-definitive Dx definitive Dx)

denotes similar model structure following genomic sequencing as the
one presented in the genomic sequencing pathway.

Across all strategies, children with a probable MD
initially have specific biochemistry tests and magnetic
resonance imaging (MRI)/magnetic resonance spectroscopy
(MRS) (Tier 1). Following Tier 1 in the genomic sequen-
cing pathway, children go straight to singleton genomic
sequencing. Depending on the identified variants, segrega-
tion testing of family members was performed to confirm or
clarify the genetic diagnosis. Following genomic sequen-
cing, children may have changes in their clinical manage-
ment (e.g., changes in treatment or surveillance). Following
Tier 1 in the conventional diagnostic pathway, children
generally undergo biopsies, histology and enzymology (Tier
2), and genetic testing (Tier 3). In the late genomic
sequencing pathway, children will follow the conventional
diagnostic pathway and receive genomic sequencing after
Tier 2 testing (Fig. 1).

The modeled pathways in Approach 2 are shown in
Fig. 2. Following the first metabolic or neurology clinic
consultation in the conventional pathway, children with a
probable MD could receive a presumed diagnosis either
through genetic testing or through clinical and biochemical
studies. In this analysis, we allowed age to vary within each
simulation to reflect the age distribution observed in the
SCHN data. Following a presumed diagnosis through
clinical and biochemical studies, the majority of children
(92%) still proceeded to genetic testing for a confirmed
molecular diagnosis. In the genomic sequencing arm, chil-
dren go directly to genomic sequencing after the initial
metabolic or neurology clinic consultation. In the absence
of a confirmed genetic or genomic diagnosis, diagnostic
investigations will continue. In the presence of a confirmed
diagnosis, some investigations and specialist appointments
may still be required.

Cost parameters
Unit costs included in Approach 1 were predominantly sourced

from the Australian Medicare Benefits Schedule (MBS) [19]
and the Victorian Clinical Genetics Services (VCGS) price list
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Fig. 2 Discrete-event simulation model. Notes: Dx diagnosis; Ix investigations.

(available from vcgs@vcgs.org.au), and are listed in Table S2.
Given the age of the cohort and severity of MDs, the mean cost
of biopsy (AU$5839), including surgeon and theater costs, as
well as ward medical and nursing costs, was estimated using
micro-costing methods based on the patient-level cost data of
24 children in the AGHA and historical SCHN cohorts who
had biopsies. The costs were obtained from the Royal Chil-
dren’s Hospital Melbourne and the SCHN costing departments.
To estimate the cost of genetic testing in the conventional
diagnostic pathway, a review of medical records in the his-
torical SCHN cohort was conducted by a member of the
research team (SB) to identify the number and type of genetic
tests performed for each child. Unit cost estimates from VCGS
were then applied to each genetic test identified (Table S2). The
costs of genomic sequencing pathways included the cost of
genomic sequencing, segregation tests, genetics consultations,
and resource use associated with the test’s clinical utility
(Table S2). A cost of $4150 was used for genome sequencing,
which included analysis for 101—-400 genes and whole
mtDNA genome analysis. For exome sequencing (analysis for
201—400 genes) and mtDNA sequencing, a cost of $2400 and
$1150, respectively, was used. To cost resource use associated
with changes in clinical management following testing, namely
resources associated with the test’s clinical utility, a purpose-
designed survey was administered to all participating clinicians
in the AGHA cohort. The survey, which is available in the
online supplemental material, asked information about treat-
ment changes and changes in screening tests and subspecialist
referrals following the genomic sequencing results. Clinical

SPRINGER NATURE

utility-related costs following a definitive or non-definitive
diagnosis were assumed to be similar across all comparators.
Given that secondary findings from genomic sequencing (i.e.,
results unrelated to the test indication) were not explored as part
of the clinical studies, and that the return of these findings
would relate to a separate reimbursement decision, at least
within the Australian context, healthcare resource use and
outcome implications from the return of secondary findings
were not modeled.

For Approach 2, direct hospital micro costing data for
inpatient and outpatient encounters were obtained from the
historical (n =42) and AGHA (n=24) SCHN cohorts
(Table S4). Cost of diagnostic workup included in the ana-
lysis consisted of four components: (1) cost of pathology and
imaging testing for diagnostic purposes of MDs (e.g., bio-
chemistry, hematology, histopathology, cytogenetics, ultra-
sound, MRI/MRS, and CT), (2) cost of procedures related to
diagnostic investigations (e.g., general anesthesia for MRI/
MRS and CT and surgery cost for biopsy), (3) cost of hos-
pital stay for diagnostic purposes, and (4) cost of outpatient
specialist consultation for diagnostic purposes. These costs
were then apportioned to the relevant time periods as shown
in Fig. 2 and Table S4. Approaches 1 and 2 used the same
costs for genetic testing and genomic sequencing.

Probability and other parameters

The diagnostic yield (0.38) of singleton genomic sequen-
cing, followed by segregation testing when necessary, and
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the proportion of participants who had segregation testing
and the number of segregation tests performed per child
were sourced from the AGHA cohort (Table S3). The
probability of having clinical management initiated or
canceled following a definitive diagnosis was 0.21 and 0.11,
respectively. Following a non-definitive diagnosis, the
probability of having clinical management initiated or
canceled was 0.17 and 0.13, respectively. To standardize
the diagnostic yield in the conventional diagnostic pathway,
two members of our research team (JC and SB) identified
the number of children in the historical SCHN cohort who
received a definitive genetic diagnosis and assessed whether
a genomic diagnosis could have been made. The proportion
of genetic diagnoses out of the overall genomic diagnoses in
the historical SCHN cohort was used to estimate the number
of diagnoses that would have been made by conventional
diagnostic pathways in the AGHA cohort. Following this
process, a diagnostic yield of 0.27 was estimated for the
conventional diagnostic pathway. This estimate was also
varied by 50% in a sensitivity analysis. Tables S2 and S3
list all probabilities and other parameters used in the two
modeling approaches.

Analyses

An expected value analysis was applied to estimate the
incremental cost-effectiveness and cost benefit of genomic
sequencing relative to conventional diagnostic pathway in
children with suspected MDs. Analyses were undertaken
from an Australian healthcare system perspective based on
the outcomes of cost per additional definitive diagnosis and
net benefit, defined as the difference between the incre-
mental monetary value of the benefits generated and the
incremental monetary value of the costs. To ensure that
analyses captured longer-term resource use implications
associated with the clinical utility of genomic sequencing, a
time horizon from the first metabolic or neurology clinic
consultation until the age of 18 was used. Given that dif-
ferences in survival probabilities between genomics and
nongenomics pathways on the basis of a confirmed mole-
cular diagnosis were not expected, children were assumed
to be alive during the modeled time horizon. All costs are in
2020 Australian dollars, and an annual discount rate of 0.05
was used as recommended in Australia [20]. Alternative
discounting rates (i.e., 0.015 and 0.035) were explored in a
sensitivity analysis. The incremental monetary value of the
benefits generated by genomic sequencing relative to con-
ventional care was estimated based on the findings of the
economic evaluation and the marginal utilities of our pub-
lished discrete-choice experiment (DCE) [15], using the
compensating variation formula [21], and with the marginal
willingness-to-pay for time-related attributes being dis-
counted using the recommended-in-Australia 0.05 annual

discounting rate. The process of estimating the welfare gain
of genomic sequencing has been extensively described in
our published DCE [15].

For a comprehensive evaluation of decision uncertainty
related to the model parameters and condition or patient
heterogeneity, probabilistic sensitivity analyses were con-
ducted using Monte Carlo simulations. The probabilistic
analysis generated 10,000 iterations of the model, whereby
each iteration provides a different set of parameter estimates
drawn from their corresponding parameter probability dis-
tribution (Approaches 1 and 2), with 10,000 children being
simulated per alternative within each iteration (Approach 2).
Gamma and Beta distributions were used for cost and
probability parameters, respectively (Tables S1-S3) [22].
Time parameters used in Approach 2 were assigned a
Gamma distribution, apart from the time to access
genomic sequencing and the time to genomic sequencing
results where a Uniform distribution was used (Table S4).
Cost-effectiveness acceptability curves (CEACs) were used
to demonstrate decision uncertainty by plotting the prob-
ability of each diagnostic option being cost-effective across
a range of willingness to pay thresholds per additional
diagnosis [23].

Deterministic sensitivity analyses were also conducted,
as previously described, to explore how variations in key
model inputs impacted on model results. Given potential
variations in the cost and diagnostic yield of GS for MDs
within Australia and beyond, an additional sensitivity ana-
lysis to Approach 1b was performed to demonstrate how the
incremental cost-effectiveness ratio (ICER) of GS relative
to ES + mtDNA varies depending upon variations in the
cost ($2500—$5000) and incremental yield (0.01—0.22) of
GS. Finally, a scenario analysis was additionally performed
in Approach 1, given that patients receiving non-definitive
diagnosis from genomic sequencing may be offered addi-
tional investigations to explore the underlying etiology,
particularly in children with strong indication of MDs based
on clinical features, metabolic, and imaging studies, or
those with novel variant(s) identified in known disease-
causing genes. Such investigations, which are mostly con-
ducted in the research laboratories, include biopsy, enzy-
mology, specific biochemistry tests, reanalysis of
sequencing data, other molecular tests, and/or functional
studies. This scenario analysis included the cost and diag-
nostic yield of additional investigations following a non-
definitive genomic diagnosis in the ES and GS pathways.
Nondefinitive diagnosis includes patients with negative
results and those with variants of unknown significance
(VUS). The relevant resource use and diagnostic rates were
informed by the investigations performed and initiated in
the AGHA cohort (Table S2) and test results obtained
(Table S3). The models were developed and analyzed in
TreeAge Pro 2020 software.

SPRINGER NATURE
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Table 1 Economic evaluation results.
Analyses Costs (AUS$) Diagnostic ~ Incremental Incremental ICER (AUS$) Incremental Net
yield (%) cost (AUS) yield (%) WTP (AUS$) benefit (AU$)
Approach la
Genomic sequencing 6757 38 —1997 11 Dominant 5890 7887
Conventional care 8754 27 - —
Late genomic 12,366 33 — —
sequencing
Approach 1b
ES + mtDNA 6406 33
GS 7170 44 764 11 6945 425 -339
Conventional care 8754 27 — - Dominated
Late ES + mtDNA 12,067 28 — — Dominated
Late GS 12,719 38 — — Dominated
Approach 2
Genomic sequencing 9387 38 —8823 14 Dominant 5890 14,713
Conventional care 18,210 24 — —

ES + mtDNA exome sequencing followed by mitochondrial DNA sequencing if a molecular diagnosis is not made, GS genome sequencing, /[CER

incremental cost-effectiveness ratio, WI'P willingness-to-pay.

Results

The results of the cost-effectiveness analysis for Approa-
ches 1 and 2 are available in Table 1. In Approach la,
genomic sequencing of all children with suspected MDs
resulted in a mean-per-child cost of $6757, with 38 children
out of 100 being definitively diagnosed. This cost was
attributed to Tier 1 testing (31.6%), genomic sequencing
(62.9%), and changes in clinical management (5.5%) for
children with definitive ($215) and nondefinitive ($469)
molecular diagnosis. The mean-per-child cost for the con-
ventional diagnostic pathway was $8754, with 27 out of
100 children being definitively diagnosed. This cost was
attributed to Tier 1 testing (24.4%), Tier 2 testing (62.7%),
genetic testing (8.4%), and changes in clinical management
(4.6%).

Therefore, genomic sequencing resulted in a cost-saving
of $1997 per child tested compared with conventional care.
Late application of genomic sequencing was dominated by
early genomic sequencing, as it was more costly and less
effective. The probability of genomic sequencing being
cost-effective  was >95% across any threshold of
willingness-to-pay per additional definitive diagnosis
(Fig. 3). The scenario analysis indicated that the additional
investigations conducted following a non-definitive geno-
mic diagnosis increased diagnostic yield from 0.38 to 0.44,
reducing therefore the cost per definitive genomic diagnosis
by approximately $2000.

In approach 1b, ES + mtDNA resulted in a mean-per-
child cost of $6406 and 33 definitive diagnoses in 100
children tested (Table 1). GS pathway was $764 more
costly per child ($7170) relative to ES+mtDNA and

SPRINGER NATURE

yielded 44 definitive diagnoses. Thus, GS had incremental
cost-effectiveness ratio of $6945 per additional definitive
diagnosis compared with ES + mtDNA. Table S5 presents
the outcomes of GS and ES +mtDNA across the eight
attributes included in our DCE [15]. The attributes are (1)
number of children who receive a genetic diagnosis, (2)
chance of improving the process of child’s medical care, (3)
availability of treatments, (4) time until the child has the
test, (5) time between the test and results, (6) enabling
access to other services and professional or peer support, (7)
enabling access to clinical trials, and (8) cost of testing.
Based on these differences, the mean monetary value of the
incremental benefits of GS relative to ES + mtDNA was
estimated at $425 (95% CI. $412—$440), which is
equivalent to $3863 per additional diagnosis. As shown in
Figure S1, at this threshold of WTP per additional diag-
nosis, ES + mtDNA appears to be the most cost-effective
option but only with 60% probability of being cost-effective
relative to GS. Figure 4 presents how the ICER of GS
relative to ES + mtDNA varies depending on the cost of
delivering GS and the incremental diagnostic yield of GS. If
the cost of delivering GS is less than $3500, GS is a more
effective and less costly diagnostic strategy compared with
ES + mtDNA. At a cost of $4000, the ICER of GS is less
than $2000 per additional definitive diagnosis if diagnostic
yield is more than 5 percentage points higher than ES +
mtDNA (i.e., > 38%). However, for higher costs of deli-
vering GS, there is more uncertainty as to which of the two
genomic sequencing strategies is more cost-effective.

In Approach 2, the genomic sequencing approach
resulted in a mean-per-child cost of $9387 and in 38 defi-
nitive diagnoses in 100 children being tested. The mean-
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per-child cost in the conventional diagnostic pathway was
estimated at $18,210, with 24 out of 100 children being
definitively diagnosed. Thus, genomic sequencing resulted
in a cost-saving of $8823 per child tested and in an addi-
tional 14 definitive diagnoses in 100 children. Genomic
sequencing was again the dominant diagnostic strategy,
with 100% probability of being cost-effective relative to the
conventional diagnostic pathway (Figure S2). Based on the
differences in the outcomes of genomic sequencing and
conventional diagnostic care across the eight attributes
included in our DCE (Table S5) [15], as identified in our
analyses, the mean monetary value of the incremental
benefits of genomic sequencing relative to conventional
care was estimated at $5890 (95% CI. $5730—$6046).
Genomic sequencing, therefore, results in a positive net
benefit of $7887 (Approach 1a) and $14,713 (Approach 2).

Discussion

This study evaluated the cost-effectiveness of genomic
sequencing in children with suspected MDs. Genomic
sequencing was found to be less costly and more effective
compared with conventional care in Australia, saving $1997
(Approach 1) to $8823 (Approach 2) per child tested, while
leading to an additional 11 (Approach 1) to 14 (Approach 2)
definitive diagnoses per 100 children tested relative to
conventional care. Assuming an incidence rate of 1 per
10,000 live births for childhood-onset MDs [1], a diagnostic
yield of 38%, and approximately 305,000 live births

annually in Australia [24], this would suggest that
approximately 80 children can be tested annually across
Australia for MDs using genomic sequencing. Therefore, an
implementation of genomic sequencing could translate to an
annual cost-saving of $0.7 million and to an annual net
societal benefit of $1.2 million, according to the outcomes
of Approach 2, if genomic sequencing was implemented for
the diagnosis of MDs.

To the best of our knowledge, this was the first economic
evaluation assessing the cost-effectiveness of genomic
sequencing in children with suspected MDs. Although
economic evaluations of genomic sequencing have so far
been limited, and with varying levels of methodological
quality [12], evidence that genomic sequencing offers cost-
savings relative to standard diagnostic care across different
settings is increasingly emerging. In Australia, Yeung et al.
[25] explored the cost-effectiveness of early genomic
sequencing in pediatric patients with complex monogenic
conditions compared with a matched historical cohort. The
authors concluded that genomic sequencing resulted in cost-
saving of AU$3602 (95% CI. $2520— $4685) and an
additional 19 diagnoses out of 100 children tested. In
Canada, Li et al. [26] evaluated the cost-effectiveness of
genomic sequencing for unexplained developmental dis-
abilities and multiple congenital anomalies. The authors
concluded that genomic sequencing resulted in a cost-
saving of CAN$2426 and an additional 23 diagnoses out of
100 patients tested.

The relevance of modeling over experimental and
observational study designs has been well documented
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Fig. 4 Variation in the incremental cost-effectiveness ratio (ICER)
of genome sequencing (GS) relative to exome sequencing followed
by mitochondrial DNA sequencing (ES + mtDNA), depending on
the cost of GS and its additional diagnostic yield (Dx)—Approach
1b: sensitivity analysis. Note: The gray curves below the x-axis are
presented for illustrative purposes only, as they represent negative

[22, 27]. The complexity of genomic sequencing coupled
with ethical hurdles in conducting randomized controlled
trials in the genomics space, and the rarity and hetero-
geneity of genetic conditions, essentially necessitates the
use of decision modeling to inform reimbursement deci-
sions. Decision modeling enables the synthesis of evidence
from multiple sources, exploration of decision uncertainty
and its effect on policy recommendation, comparisons of
multiple alternatives, enabling optimal implementation, and
inclusion of long-term and cascade, cost and outcome
implications of testing, and thus, it is recommended for
addressing the key challenges of genomic medicine
[28, 29].

Our study benefited from primary clinical and economic
data of an Australian-wide prospective cohort of children with
suspected MDs, as well as a retrospective cohort of children
that enabled incorporation of real-world data on the diagnostic
investigations involved in conventional, nongenomic, path-
ways. The review of children’s medical files enabled identifi-
cation of resource utilization with a high degree of accuracy,
overcoming a key challenge in the economic evaluation of
genomic sequencing in rare genetic diseases, which is model-
ing the costs and outcomes of standard care. Our study also
benefited from a large DCE designed to elicit population pre-
ferences and values in Australia related to genomic sequencing
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ICERs, to demonstrate the dominance of GS relative to ES + mtDNA,
namely that GS is both more effective and less costly relative to ES +
mtDNA. The black curves above the x-axis suggest that the cost-
effectiveness of GS relative to ES + mtDNA improves as the difference
in Dx yield increases.

[15]. This allowed us to incorporate the health and non-health
value components of genomic sequencing [30], which has been
one of the main challenges in the evaluation of genomics and
precision medicine [29]. The complementary analyses, along-
side the deterministic and probabilistic sensitivity analyses
conducted, place confidence that the findings of this study can
be generalizable to settings beyond Australia. Finally, another
benefit of our study is the incorporation of costs associated with
the clinical utility of genomic sequencing, an area where evi-
dence is particularly lacking [31].

There are limitations, however, worth highlighting.
Because the clinical phenotypes associated with MDs
can be very broad, with considerable overlap with non-
mitochondrial mendelian disorders, using clinical criteria
scoring systems, including the Nijmegen criteria, for
case selection, can at best be considered as a screening
tool. Predictably, relying on just clinical criteria will
result in lower genomic testing diagnostic yields. As
protein biomarkers, such as GDF15 and FGF21 [32],
become more readily available as additional screening
tools, we can expect the diagnostic yield to improve
significantly. Also, national funding agencies commonly
base reimbursement decisions on health economics evi-
dence generated using cost utility analyses, whereby
quality-adjusted life-years (QALYs) represent the
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standard unit of outcome [33-35]. However, the rele-
vance of QALYs in rare diseases has been questioned
[36], and QALYs are not commonly used for the eva-
luation of genomic technologies [12], partly because of
the large non-health benefits that are likely to be gener-
ated [30], and the pediatric population of interest [37].
Alternative methods for valuing the outcomes of geno-
mic sequencing, such as DCEs, have been recommended
[38], and are increasingly utilized [30]. Our analysis
relied upon a large DCE conducted to elicit preferences
for genomic sequencing from a large representative
sample of the Australian general public. Our analyses
incorporated evidence for healthcare resource utilization
following on from genomic sequencing. However, esti-
mates relied on a relatively small number of participants.
Thus, it is likely that the cost estimates used for this
parameter in the two approaches, could be different in
another larger sample of participants. Nevertheless,
deterministic and probabilistic sensitivity analyses per-
formed for these parameters did not alter the conclusions
drawn from the base-case analyses. Our analyses also
modeled children with a clinical indication of MD and a
Nijmegen score greater than 4. It may be likely that
genomic sequencing is cost-effective for scores of 4 or
below. Finally, there are significant diagnostic and eco-
nomic opportunities involved in functional genomic
studies conducted following a nondefinitive genomic
diagnosis. Although some of these benefits were
explored in our scenario analysis, studies that system-
atically evaluate the costs and outcomes of functional
genomics are needed.

In conclusion, our study evaluated the cost-effectiveness
and cost benefit of genomic sequencing relative to con-
ventional diagnostic care for children with MDs from the
perspective of the Australian healthcare system. The ana-
lyses performed concluded that genomic sequencing is cost-
saving relative to traditional investigative approaches, while
enabling more diagnoses to be made in a timely manner,
offering substantial personal benefits to patients and their
families. Implementation of genomic sequencing was found
to lead to up to $0.7 million of savings per year to the
Federal Government budget, freeing up resources that could
be used to further improve population health. Our findings
support the prioritization of genomic sequencing for chil-
dren with mitochondrial disorders.
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