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Background: Despite the emergence of diagnostic and clinical utility evidence in nephrology, publicly

funded access to genomic testing is restricted in most health care systems. To establish genomic

sequencing as a clinical test, an evaluation of cost-effectiveness is urgently required.

Methods: An economic evaluation, informed by a primary clinical study and available clinical evidence

and guidelines in nephrology, was performed to evaluate the cost-effectiveness and optimal timing of

exome sequencing (ES) in adults and children with suspected monogenic glomerular diseases compared

with nongenomic investigations (NGIs). Six diagnostic strategies reflecting current practice and recom-

mended models of care in Australia were modeled: (i) NGIs, (ii) late gene panel followed by ES, (iii) late ES,

(iv) early gene panel, (v) early gene panel followed by ES, and (vi) early ES.

Results: ES with targeted analysis achieved a diagnosis in 23 of 63 (36.5%) adults and 10 of 24 (41.6%)

children. NGIs were estimated to diagnose 4.0% of children, with an average estimated cost of AU$6120

per child. Integrating ES as a first-line test in children was cost saving, with an incremental cost saving of

AU$3230 per additional diagnosis compared with NGIs. In adults, NGIs was estimated to diagnose 8% of

patients, with an average estimated cost of AU$1830 per person. In adults, integrating ES early resulted in

an incremental cost per additional diagnosis of AU$5460 relative to NGIs.

Conclusions: Early ES with targeted analysis was effective for diagnosing monogenic kidney disease, with

substantial cost savings in children.
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C
hronic kidney disease poses a significant health
and economic burden, affecting more than 10% of

the adult population,1,2 with its prevalence increasing
globally. In high-income countries, chronic kidney
disease is associated with high health care utilization
and expenditure, due in part to the disproportionate
cost of kidney replacement therapy. This contributes to
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more than half the estimated expenditure on chronic
kidney disease.3 Traditionally, the diagnostic workup
of kidney disease is expensive; obtaining a precise
etiology of kidney disease is difficult even with inva-
sive investigations, such as kidney biopsy.4,5 This is
particularly the case when a patient presents late in the
course of disease.4

Monogenic kidney disease (MKD) is estimated to
account for 10% of adults6 and 20% to 30% of chil-
dren7 with kidney disease. The integration of genomic
testing into the diagnostic pathway has demonstrated
substantial diagnostic utility,6,8,9 as well as short-term
clinical utility in selected cohorts.10 Currently, third-
party funding for genomic testing in patients with
Kidney International Reports (2021) 6, 2850–2861
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kidney disease is limited in many public health sys-
tems.11,12 Even in countries where testing is funded,
the paucity of cost-effectiveness data, along with other
implementation challenges, have hindered the access to
the routine use of genomics as a diagnostic tool in
nephrology.13–15 Therefore, genomic testing is gener-
ally considered only after exhaustive clinical in-
vestigations, including renal biopsy. Furthermore, it is
still common practice for patients to have single-gene
or multi-gene panel tests ordered initially, followed
by genomic sequencing in those who remain undiag-
nosed. The main benefit of exome sequencing (ES) with
targeted analysis is that data can be analyzed more
broadly and reanalyzed over time if the initial virtual
panel does not provide a diagnosis or patient features
evolve, whereas conventional gene panels are redun-
dant at the point of use.16

To date, health economic analysis of genomic
sequencing has not been performed in kidney disease
cohorts, apart from a study limited to pharmacoge-
nomic testing.17 A small number of prospective studies
has demonstrated early integration of genomic
sequencing to be cost-effective as a diagnostic test in
pediatric patients with rare diseases.18,19 For example,
one study examined the cost-effectiveness of imple-
menting whole-exome sequencing (WES) as a routine
clinical test for infants with suspected monogenic dis-
orders.18 Integrating WES after nongenomic in-
vestigations cost AU$8112 (US$6327) per additional
diagnosis, replacing some existing investigations with
WES cost AU$2622 (US$2045) per additional diagnosis,
and implementing WES as a first-line test to replace
most investigations saved AU$2182 (US$1702) per
additional diagnosis. There is an urgent need to
determine whether genomic testing is cost-effective as a
diagnostic investigation, as well as when and how to
best integrate it in the diagnostic pathway for patients
with kidney disease.20

The objective of this study was to evaluate the cost-
effectiveness of ES with targeted analysis in patients
with suspected monogenic glomerular diseases
compared with other diagnostic investigations
currently in use. Another aim was to evaluate the
optimal timing of genomic testing implementation in
the diagnostic pathway. Although the term ’ES’ is used
throughout, the whole exome is sequenced, with
analysis targeted to genes associated with the patient’s
phenotype. This approach targets genomic analysis to
variants that are most likely to be clinically relevant,
while reducing unsolicited findings. We chose to
evaluate the glomerular disease group, as variants
associated with glomerular disease are found in more
than 30% of MKD,6,10 and this group represents the
most common cause of MKD second to autosomal
Kidney International Reports (2021) 6, 2850–2861
dominant polycystic kidney disease (which is often
well established clinically).21 In addition, glomerular
diseases have a well-defined diagnostic pathway22,23

that is less heterogeneous compared with other dis-
ease groups.

METHODS

The analysis drew on primary diagnostic and clinical
evidence of patients with suspected MKD that fell into
one of the following clinical subgroups: Alport syn-
drome (AS), nephrotic syndrome, or other glomerular
disease. More information about the clinical cohort,
including the full study design, methodology, and
clinical outcomes can be found in the previous publi-
cation.10 Patient characteristics are presented in
Supplementary Methods S1. Diagnostic and clinical
information from this study was complemented with
other published clinical evidence and guidelines in
nephrology,22–27 as recommended when informing de-
cision making.28 Detailed methods can be found in the
Supplementary Methods S2. A glossary of relevant
health economic terms can be found in Table 1

Decision Model

A decision tree was used to model the costs and out-
comes associated with 6 diagnostic strategies that
reflect current practice and recommended models of
care based on other cohorts18: (1) NGIs, (2) late con-
ventional gene panel followed by ES, (3) late ES, (4)
early conventional gene panel, (5) early conventional
gene panel followed by ES, and (6) early ES (Figure 1,
Supplementary Figure S1). The model was developed in
TreeAge Pro Healthcare 2020.29 Details of how these 6
diagnostic strategies were constructed are contained in
Supplementary Methods S2 and the strategies are out-
lined in Figure 1.

First, we considered NGIs, because at the time of the
study, genomic testing (including single-gene/panel
tests) was not funded in the Australian health care
system. In the previously described study,10 patients
were categorized by clinical subgroup, depending on
their presenting clinical features, and the suspected
diagnosis at the time or referral to the Renal Genetics
Clinic (RGC). All children with nephrotic syndrome
had already failed to respond to at least 6 weeks of
steroid therapy at the time of review.

Prospective costs of the exact number and type of
nongenomic diagnostic investigation for individual
patients were not available for 2 main reasons: (i) pa-
tients with kidney disease, especially adults, often have
a long diagnostic trajectory, and presented several
years before study entry. Therefore, it was not possible
to determine the exact number and type of diagnostic
investigations that occurred. (ii) Many investigations
2851



Figure 1. Diagnostic trajectory and resulting diagnostic yields for standard care and integrating genomic sequencing using 5 models. Adult and
pediatric patients were modeled separately for all pathways.
Model 1: Nongenomic investigation (NGI) pathway: a team of 8 nephrologists (including 4 who were not involved with the study) generated a
standard care (NGIs) pathway for patients with glomerular disease. These pathways were based on standard order sets in the electronic
medical record used in the study site, published guidelines, and literature. Where there was debate regarding standard practice, this was
resolved by discussion among the team. Investigations were divided into 3 tiers: (i) baseline investigations that established the clinical dif-
ferential of glomerular disease and/or required before genomic testing, (ii) complex noninvasive investigations, and (iii) complex invasive
investigations.
Model 2: All NGIs are exhausted first, followed by panel testing; if panel testing was nondiagnostic, exome sequencing (ES) would be performed
as the final test.
Model 3: All NGIs are exhausted first, followed by ES.
Model 4: Patients had early genomic sequencing (after Tier 1 tests), in the form of panel testing only, followed by ES in unresolved cases.
Model 5: Patients had early panel testing only.
Model 6: Early ES (following Tier 1 tests) in all patients
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are performed for management rather than investiga-
tive purposes; therefore, we did not consider using
health systems data as a reliable way of recording
standard diagnostic investigations. For these reasons,
we felt the most appropriate approach was to establish
a standardized list of the most reasonable diagnostic
investigations based on current evidence and
consensus nephrology opinion. Given that most pa-
tients with hematuria and/or proteinuria have standard
nephrology investigations, a team of 8 nephrologists
(including 4 who were not involved with the study)
generated a NGI pathway for patients with glomerular
disease. These pathways were based on standard order
sets in the electronic medical record used at the study
sites, published guidelines, and literature.22–27 Where
there was debate regarding standard practice, this was
resolved by discussion among the team. Supplementary
Methods S3 details the costs of all investigations.

The NGI pathway was standardized for all adults
presenting with glomerular disease, and 2 pathways for
children with glomerular disease (one for AS/other
suspected glomerular disease, another for steroid-
2852
resistant nephrotic syndrome, Table 2 and
Supplementary Methods S2). Adult and pediatric pa-
tients were modeled separately to reflect differences in
the diagnostic investigations performed. A detailed list
of assumptions for the modeled pathways can be found
in Supplementary Methods S4.

Five genomic sequencing strategies were modeled
(Figure 1). The cost of the genomic sequencing path-
ways included the cost of genomic sequencing, 2 ge-
netics clinic consultations with a clinical geneticist and
a genetic counselor, and a proportion of Tier 2 tests.
When modeling late integration of genomic
sequencing, we assumed that most patients (95%) with
suspected MKD would still need to undergo genomic
sequencing, given that a clinical diagnosis is not pre-
cise, even following renal biopsy (for example, even if
the biopsy was diagnostic of focal segmental glomer-
ulosclerosis in a child with nephrotic syndrome, it
would not determine the precise diagnosis, which
could include monogenic disease).

In the panel testing pathway, patients were modeled
to have targeted NGS panel sequencing,16 which is
Kidney International Reports (2021) 6, 2850–2861



Table 1. Glossary of health economic terms

Cost-effectiveness analysis The comparative analysis of alternative courses of action
(comparators) in terms of both their costs and outcomes;
in this case, the outcome is cost per case successfully
diagnosed

Time horizon The period during which the relevant costs and outcomes
are considered

Incremental cost (or
outcome)

The difference in cost (or outcome) between 2 comparators

Incremental cost-
effectiveness ratio (ICER)

The ratio of the incremental differences in costs and
outcomes between 2 comparators

Net benefit The difference between the incremental monetary value of
the benefits between 2 comparators and the incremental
value of the costs

Probabilistic sensitivity
analysis (SA)

An analysis that incorporates the inherent uncertainty in
model parameters using probability distributions instead of
fixed estimates

Deterministic sensitivity
analysis (SA)

An analysis that explores the effect of changing 1 or more
model parameter estimates on the cost-effectiveness
results

Willingness to pay Reflects the monetary value of the benefits generated from
a specific course of action

Cost-effectiveness
acceptability curve (CEAC)

Presents the probability of each comparator being cost-
effective across different thresholds of willingness to pay
per additional unit of outcome

Decision tree A graphical representation of events related to the different
comparators being evaluated
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limited by static panel design and the inability for
expanded analysis. In suspected AS, patients were
modeled to undergo the 3-gene panel that is currently
funded by the Australian health care system.30 In other
cases, the panels included genes on the Renal Glomer-
ular Disease (PanelApp Australia version 0.174, 60
genes), and Proteinuria (PanelApp Australia version
0.112, 55 genes) lists based on the currently available
consensus diagnostic gene panels.31

Procedures for ES, variant detection, and filtering and
analysis are already described.10 In brief, variants in genes
associated with the patient’s specific disease category (e.g.,
glomerular disease) were evaluated using a tiered
approach. If no variants were identified, analysis was
expanded up to a maximum of 336 known kidney disease
genes, depending on the patient’s phenotype.32 In the 87
patients with glomerular disease, most patients required
analysis of 1 to 100 genes, with the exception of 2 patients,
one of which required Mendeliome analysis, and another
who required analysis of a broader group of 336 known
kidney disease genes. We assumed that a proportion of
patients will still require some Tier 2 tests to clarify the
genetic diagnosis (whether positive or negative following
genomic sequencing, see Figure 2, Supplementary
Methods S4).

Cascade Testing

We also considered the overall effect of subsequent
cascade testing in family members of the proband. We
only considered the benefit to family members of a
molecularly diagnosed proband, who accepted cascade
Kidney International Reports (2021) 6, 2850–2861
testing (Figure 3). See Supplementary Methods S2 and
S5 for further details.

Economic Evaluation

An incremental cost-effectiveness analysis comparing
genomic sequencing strategies to NGIs was performed
based on the outcomes of cost per successful diagnosis
and net benefit, which represents the difference be-
tween the monetary value of benefits and monetary
value of costs. The economic evaluation was under-
taken from the Australian health care system perspec-
tive. Based on current available evidence,27 the patient
groups included in this study were deemed unlikely to
have significant changes in management following test
results, regardless of whether they had a molecular
diagnosis. As changes in immunosuppression for those
with steroid-resistant nephrotic syndrome informed a
diagnosis,22 these were included as part of the diag-
nostic workup. Surveillance costs were considered;
however, additional surveillance mainly related to pa-
tients with suspected AS. These patients are already
recommended to have ophthalmology and hearing loss
based on clinical suspicion.27 Additional surveillance
costs were included for asymptomatic family members
as part of the cascade analysis.

Therefore, the period whereby the relevant costs
and outcomes are considered was determined to be 12
months (from presentation to 3 months following test
result). The time horizon was considered similar in
both standard and nongenomic arms, as although
nongenomic investigations occur sequentially in a more
protracted course, the results are returned faster
compared with the standard turnaround time of 3 to 6
months for genomic results.10

The diagnostic rates of the genomic sequencing
strategies were sourced from the previously described
cohort.10 A genomic diagnosis was considered when a
pathogenic or likely pathogenic variant was found ac-
cording to current American College of Medical Ge-
netics and Genomics criteria.33 Patients who could have
been diagnosed from panel testing were determined by
comparing the current available gene lists31

(Supplementary Methods S6) for each clinical sub-
group to the pathological variant or variants identified
through ES. A diagnosis from the standard pathway
was considered correct if the diagnosis at referral was
the same as the molecular diagnosis following ES, and if
the suspected mode of inheritance entered before ES
was also correct. If there was more than 1 differential
diagnosis suspected, this was considered incorrect (ES
resulted in clarification of the diagnosis and removed
diagnostic uncertainty). Supplementary Methods S2
includes detailed information on the outcomes of the
economic evaluation.
2853



Table 2. Details of investigations and summary of costs (Australian dollars) in the standard and genomic pathways

Genomic

Exome sequencing

Adult/child Costs of test plus genetics clinical consultationsa $2355

Panel testingb

Adult/child Costs of test plus genetics clinical consultationsa $2355

Nongenomic

Tier 1

Adult/child Baseline blood and urine tests, renal ultrasound, chromosomal microarray N/Ac

Tier 2

Adult ‘Glomerular screen’, audiology and ophthalmology review in patients with suspected ASd $640

Child with suspected AS/other hematuria ‘Glomerular screen’, audiology and ophthalmology review in patients with suspected ASe $587

Child with suspected other glomerular hematuria ‘Glomerular screen’ $338

Child with suspected SRNS ‘Nephrotic screen’f $347

Children (overall) $496

Tier 3

Adult Renal biopsy, further investigations when isolated hematuria presentg $1194

Child with suspected AS/other hematuria Renal biopsy, further investigations when isolated macro-hematuria presenth $4727

Child with suspected SRNS Renal biopsy, diagnostic trial of immunosuppressioni $8310

Child (overall) $5623

See Supplemental Methods for details and individual costs.
aIncludes clinical geneticist appointments (initial and review), genetic counselor appointments (initial and review).
bSee methods for details on genes analyzed.
cCosts were not calculated for Tier 1 tests, as these are required to inform a suspected diagnosis of monogenic kidney disease, and/or before ordering a genomic test, and are common
in all subgroups.
dThe ‘glomerular screen’ was based on an electronic medical record order set in one of the main hospital sites of the study. The working group of nephrologists reviewed this list and did
not agree that they would order all of these tests for every patient; therefore, we attributed 90% of the cost of the glomerular screen tests (Supplementary Methods S2) in the analysis.
eFor children, the ‘glomerular screen’ was based on consensus agreement among 4 pediatric nephrologists, as there was no specific guideline for this in children. As the group could
not agree on all these tests, we attributed 80% of the cost of the tests (Supplementary Methods S2) in the analysis
fFor children, the ‘nephrotic screen’ was based on current guidelines and consensus agreement among 4 pediatric nephrologists. Some of the investigations included in the guideline
were deemed not to relate directly to finding a diagnosis and were therefore excluded. In addition, as the group could not agree on all these tests, we attributed 80% of the cost of the
previously mentioned tests in the analysis.
gRenal biopsy in 70% of patients, isolated hematuria present: urine cytology x3, computed tomography, urology review, cystoscopy; clinicians agreed this would be undertaken in
approximately 50% of patients with isolated hematuria, hence based on this cohort (1.59% of patients).
hUrology review, Doppler ultrasound of bladder and kidney; modeled on proportion in the cohort (4 children) in the Alport clinical subgroup had isolated macrohematuria.
iWe assumed 90% of patients with SRNS would go on to have 6-month trial of tacrolimus, and following this 50% of patients receiving tacrolimus would be nonresponders and receive
rituximab (International Pediatric Nephrology Association guidelines19).
AS, Alport syndrome; SRNS, steroid-resistant nephrotic syndrome
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Two different approaches were used to estimate the
incremental willingness to pay (WTP) of ES relative to
NGIs. The first relied on a contingent valuation exer-
cise whereby participants indicated their maximum
WTP on a payment card (Supplementary Methods S8).
The payment card presented values ranging between
AU$500 and AU$8000, with AU$500 increments, and
included an open-ended question that enabled re-
spondents to indicate a WTP that was not listed on the
card. WTP data were analyzed using linear regression
methods. Given that only 38 (44%) of participants
responded to the WTP question, and without signifi-
cant evidence that the WTP estimates differed between
pediatric and adult participants, 1 WTP estimate was
generated for the whole sample (Table 3). The second
approach relied on an estimation of WTP using the
compensating variation formula,34 based on the esti-
mated marginal utilities reported in the study by
Goranitis et al.,35 assuming a 30% chance of having a
genomic diagnosis, moderate severity of condition, no
availability of preventive or treatment options, and
very likely chance of improving the process of the
patient’s medical care.
2854
Resources that were used to provide a service related
to the diagnostic test were valued based on unit cost
information obtained from the Medicare Benefits
Schedule,30 testing laboratories, and the Pharmaceu-
tical Benefits Scheme.36 The cost of biopsy was sourced
from participating hospitals (Monash Medical Centre
for adults and the Royal Children’s Hospital, Mel-
bourne, Australia for children). All costs were in
Australian dollars (1AUD ¼ 0.73USD on September 30,
2019).37 Supplementary Methods S3 provides further
costing details.

The results are presented as incremental cost-
effectiveness ratios (ICERs), defined as incremental
cost per additional diagnosis, and the net monetary
benefit. The base case analysis incorporated assump-
tions that are listed in Supplementary Methods S4.

Probabilistic and deterministic sensitivity analyses
were performed to test the robustness of the results
to variations in key model inputs and assump-
tions (Supplementary Methods S2 and S7).
Cost-effectiveness-acceptability curves are used to
graphically represent decision uncertainty. Cost-
effectiveness-acceptability curves plot the probability
Kidney International Reports (2021) 6, 2850–2861



Figure 2. Assumptions on the need for further investigations in the genomic pathways (Models 3–5) for adults (a) and children (b). GKD, genetic
kidney disease.

K Jayasinghe et al.: Cost-Effectiveness of Genomics in Kidney Disease CLINICAL RESEARCH
of each diagnostic option being cost-effective across a
range of WTP values per additional unit of outcome.

RESULTS

Base Case Analysis
Adults

The NGI pathway (model 1) was estimated to achieve a
diagnostic rate of 7.9%, whereas ES diagnosed 37% of
Kidney International Reports (2021) 6, 2850–2861
adults with suspected monogenic glomerular disease.
The mean per-patient estimated cost of NGI pathway
(excluding Tier 1 investigations) was estimated at
AU$1830 (Table 4). All genomic sequencing pathways
(models 2–5) were dominated by early ES (model 6), as
they were more costly and less effective relative to
early ES. The main results for all diagnostic pathways
(Models 1–6) are summarized in Table 2. Given that a
2855
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Figure 3. Cost-effectiveness acceptability curve for adults (top): For any willingness to pay (WTP) per additional diagnosis above $8650, there is
more than 95% probability that whole-exome sequencing (WES) is cost-effective compared with standard diagnostic pathway; for a WTP
threshold above $6950, the probability of WES being cost-effective is above 80%. Children (bottom): For any WTP per additional diagnosis above
$950, there is more than 95% probability that WES is cost-effective compared with standard diagnostic pathway. CE, cost-effectiveness.
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proportion of patients would still require Tier 2 and
Tier 3 tests following results of genomic testing
(Figure 2a and b), the estimated cost per adult in the
early ES pathway (model 6) was AU$3390. Therefore,
early ES resulted in an incremental cost of AU$1560
and an additional 29 successful diagnoses per 100
adults tested, leading to an ICER of AU$5460 per
additional diagnosis. When considering the effect of
cascade testing (Supplementary Figure S2), the
estimated cost per adult in the cascade testing
2856
pathway was AU$3400. Therefore, cascade testing in
family members of probands resulted in an incre-
mental cost of AU$1560 and an additional 32 suc-
cessful diagnoses per 100 adults tested, leading to an
ICER of AU$4960.

The mean WTP for ES over NGIs was estimated at
AU$1400 (AU$845–1990) using our study’s contingent
valuation data, and at AU$900 (AU$800–1000), using
the marginal utility estimates from a published discrete
choice experiment.35 Given that the mean incremental
Kidney International Reports (2021) 6, 2850–2861



Table 3. Estimated willingness to pay for exome sequencing over
standard nongenomic investigations, using 2 methods: contingent
valuation data and the marginal utility estimates from a published
discrete choice experiment.
Willingness to pay (AU$) 95% confidence interval

Contingent valuation exercise

Overall 1400 845–1990

Discrete choice experiment

Pediatric mean 4400 4200–4600

Pediatric median 3700 3300–4100

Adult mean 900 800–1000

Adult median 770 740–800

K Jayasinghe et al.: Cost-Effectiveness of Genomics in Kidney Disease CLINICAL RESEARCH
benefit of ES is lower than the mean incremental cost
(AU$1560), ES has a negative net benefit relative to
NGIs and may not be considered as cost-beneficial.
Because our participants were willing to pay on
average AU$1400 for ES, which resulted in an addi-
tional 29 diagnoses per 100 adults tested, we can infer
that the WTP per additional diagnosis is AU$4900. At
this threshold of WTP per additional diagnosis, there
was 35% probability that ES is cost-effective relative to
NGIs (Figure 3).

The results of 1-way sensitivity analyses
(Supplementary Methods S7 and tornado diagrams in
Supplementary Figure S3) revealed that some parame-
ters have a larger impact on the cost-effectiveness
analysis results. For example, in adults, comparing
“early ES” strategy with NGI if the proportion of pa-
tients with MKD is as low as 18%, the ICER could be as
high as AU$12,250. However, if the proportion of MKD
is 55%, the ICER may reduce to AU$3230. If patients
did not require clinical genetics consultation as part of
the RGC, the ICER may reduce to AU$2570. In the
scenario when a correct clinical diagnosis is considered
as a correct diagnosis in NGIs regardless of the pre-
sumed inheritance pattern, the ICER may increase to
AU$8930.
Table 4. Summary of cost-effectiveness analysis results
Cost (AU$) Diagnostic rate

Adult patients

Model 1: Nongenomic investigations 1830 0.08

Model 2: Late genomic sequencing (panelþES) 5600 0.35

Model 3: Late genomic sequencing (ES) 4070 0.35

Model 4: Early genomic sequencing (panel þES) 5000 0.37

Model 5: Early genomic sequencing (panel only) 3440 0.32

Model 6: Early genomic sequencing (ES) 3390 0.37

Pediatric patients

Model 1: Nongenomic investigations 6120 0.04

Model 2: Late genomic sequencing (panelþES) 9850 0.40

Model 3: Late genomic sequencing (ES) 8360 0.40

Model 4: Early genomic sequencing (panel þES) 6470 0.42

Model 5: Early genomic sequencing (panel only) 5230 0.33

Model 6: Early genomic sequencing (ES) 4900 0.42

ES, exome sequencing.

Kidney International Reports (2021) 6, 2850–2861
Children

NGIs were estimated to achieve a diagnosis in 4% of
children, whereas ES achieved a diagnosis in 42%. The
mean estimated cost of NGIs pathway was AU$6120 per
child. Integrating ES as a first-line test (model 6),
replacing most investigations was cost saving and had
higher diagnostic utility compared with NGIs. The
estimated cost per child in the early ES pathway was
AU$4900, leading to a cost saving of AU$1220 per child
tested relative to NGIs and to an additional 38 di-
agnoses of 100 children tested, leading to an incre-
mental cost saving of AU$3230 per additional
diagnosis. As all other genomic sequencing pathways
(models 2–5) were all more costly and less effective,
early ES was the least costly and most effective
(dominant) pathway (Table 3).

When considering the effect of cascade testing
(Supplementary Figure S2), the estimated cost per child
in the cascade testing pathway was AU$4900. There-
fore, cascade testing in family members resulted in an
incremental saving of AU$1210 and an additional 41
successful diagnoses per 100 children tested.

The mean incremental WTP for ES relative to NGIs
was estimated at AU$1400 (AU$845–AU$1990) using
our contingent valuation data and AU$4400 using the
marginal utilities of the discrete choice experiment,35

leading to a net benefit of AU$2620 and AU$5620,
respectively. As shown in Figure 3, ES dominates NGIs
and there is nearly 100% probability that ES is cost-
effective relative to NGIs in children.

In children, when the cost of biopsy reduces to
AU$3260 or less, the NGI pathway may also become
less costly and less effective than early ES (ICER
AU$330 with a cost of biopsy at AU$3000). Early ES
remains dominant with the variation of other parame-
ters presented in the tornado diagram, including the
scenarios of (i) increasing the diagnostic yield of NGIs
Incremental cost (AU$) Incremental outcome ICER (AU$)

Dominated by model 5

Dominated by model 5

Dominated by model 5

Dominated by model 5

1560 0.29 5460

Dominated by model 5

Dominated by model 5

Dominated by model 5

Dominated by model 5

�1220 0.38 Dominant
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to 7.9% in children (same level as is adults) and (ii)
when a correct diagnosis in standard care only requires
a correct suspected diagnosis (without requiring cor-
rect mode of inheritance). See Supplementary Methods
S7 and tornado diagrams in Supplementary Figure S3
for details of sensitivity analyses.
DISCUSSION

This is the first study to investigate the cost-
effectiveness of genomic sequencing in a kidney dis-
ease cohort. Our results demonstrate that using ES as an
early diagnostic tool is highly cost-effective in children
with glomerular disease. In adults, the ICER of the
early ES pathway was AU$5460 per additional diag-
nosis compared with NGIs, therefore results of this
study do not support cost-effectiveness of ES in adult
patients. The substantial cost savings observed in
children is mainly due to the higher cost associated
with pediatric kidney biopsies, in which a general
anesthetic is required as part of the procedure.38,39

Genomic testing was not funded by the Australian
health care system at the time of the study, therefore
our estimates of cost-effectiveness analysis compared
standard NGIs with various genomic sequencing stra-
tegies. Following this study, the Australian health care
system funded testing for 3 genes associated with AS.30

We recognize that panel testing for suspected AS and
other glomerulopathies is becoming standard of care in
Australia and other health care settings. Therefore, our
analysis included scenarios where panel testing was
offered following standard NGIs. In both adults and
children, early gene panel, late gene panel, and late ES
pathways were dominated by the “early ES” strategy
(Table 3), as they were more costly and less effective
relative to “early ES.” Therefore, most of our discus-
sion focuses on ES as the preferred genomic sequencing
modality.

Early ES dominated all other genomic pathways,
including panel testing (Table 3). Currently, cost of
analyzing <100 genes via ES is similar to panels in our
setting, and given the greater diagnostic utility, the
preferential use of ES over panels is justified. We
recognize that in some settings, the cost of panels may
be lower than ES, depending on the size of panels and
laboratory. Our costs are similar when compared with
other settings,38,39 and we accounted for this variation
in our sensitivity analysis (Supplementary Methods
S7). We suggest that the most cost-effective option
would be to analyze a prespecified list of genes
consistent with phenotype first (virtual panel), through
ES. This would allow expanded analysis and reanalysis
if no variants were found initially. In this cohort, there
were patients who were referred with glomerular
2858
disease who were found to have diagnostic variants in
nonglomerular disease genes.10 Therefore, careful
consideration needs to be given to the analysis
approach, and the scope of analysis should be broad-
ened based on phenotype.

Our estimates of cost-effectiveness are based on pa-
tients attending a multidisciplinary RGC, which as-
sumes that 3 specialists review each patient on 2
occasions; however, this model is already evolving. ES
is likely to be cost-effective in adults when nephrolo-
gists become more confident and competent in using
genomic testing, reducing the need for a clinical
geneticist to formally review all patients.12,15 Recently,
one of the hospital sites in the study has moved to a
model that involves a nephrologist trained in renal
genetics working alongside a genetic counselor, with
review by a clinical geneticist being reserved for
complex cases, such as patients with dysmorphic fea-
tures or intellectual disability. This model has also
demonstratated success internationally, and is likely to
be establised as the standard model of service in the
future,40 when formal genetics training/dual training in
genetics becomes incorporated in nephrology training.
Currently, formal training in genetics is lacking in most
nephrology curricula worldwide. The development of
Reporting Item Standards for Education and its Eval-
uation in Genomics will facilitate the development and
delivery of genomics education and evaluation for ne-
phrologists in future.41 Results of our sensitivity
analysis indicate that if patients were reviewed by a
nephrologist together with a genetic counselor at the
RGC (without requiring review by a clinical geneticist),
the ICER would decrease to AU$2570, which is less
than half the cost of the base case analysis. The cost of
genomic pathways may also further decrease as price of
sequencing falls.20,42

A significant strength of our study is the inclusion
of WTP evidence from both a contingent valuation and
a discrete choice experiment. Although there are
challenges of using stated preference methods, in the
context of genomics,43 WTP estimations are becoming
increasingly important as they incorporate all relevant
value components of genomic information to inform
decision making.44 Another strength of our study was
the inclusion of the effect of cascade testing. In adults,
cascade testing resulted in a reduction of the incre-
mental cost per additional diagnosis to AU$4960. This
is even after considering the increased surveillance
costs for an average of 10 years of a family member who
would otherwise be symptomatic. There is likely
additional value of an earlier diagnosis of asymptomatic
family members, from early initiation of treatment and
delay of kidney failure, which was beyond the limits of
this study.
Kidney International Reports (2021) 6, 2850–2861
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The main limitation of our study is that there are no
data on the long-term impact of treatment decisions
following genomic testing in kidney disease. There
may be long-term cost and outcome implications by a
change in diagnosis following genomic test result.
However, due to the currently limited evidence base,
these long-term outcomes were not able to be captured.
Therefore, we did not model quality-adjusted life years
in a cost utility analysis. The challenges with
adequately capturing quality-adjusted life years for
genomic diagnostics have been well described,39,45 and
a cost-effectiveness analysis is well-recognized as a
useful method to inform decision making in this
context.

In this disease group, we also assumed that the
overall short-term management costs did not change,
regardless of diagnostic outcome. Currently, there are
no specific treatments in AS, apart from renin-
angiotensin inhibitors, which are already indicated in
most patients with proteinuria.27 Evidence for the
safety and efficacy of preemptive renin-angiotensin
inhibition has recently emerged,46,47 which highlights
the role of cascade testing for AS in family members.
This evidence may result in changes to current prac-
tice, including commencement of therapy in patients
with AS before the onset of proteinuria.

Finally, our results are based on assumptions that are
generalized to a cohort with suspected glomerular
disease, as described in Supplementary Methods S4,
and focuses on the economic impact of a diagnosis. This
study supports the use of ES early in patients with
features strongly suggestive of monogenic glomerular
disease in a multidisciplinary RGC.10 This diagnostic
yield of ES is similar to previously selected cohorts,8,9

and our sensitivity analyses accounted for variation
in the yield. The analysis can now be expanded to
other subgroups of MKD.

Our estimates of NGIs are conservative because
prospective costs of each diagnostic investigation for
individual patients were not available. Therefore, the
number and type of NGIs were averaged for each pa-
tient, based on clinical evidence and guidelines in
nephrology,22–27 as recommended when informing
reimbursement decisions.28 We did not account for
patients having tests such as renal biopsy repeated in
situations in which no diagnosis is established,48 or if
they attend multiple health services. We also consid-
ered that not all patients with suspected genetic kidney
disease would undergo the gold standard (and often
most expensive test), the renal biopsy. Furthermore, we
did not consider the additional value of a “confirmed”
genomic diagnosis, as clinicians were not asked about
the certainty of the a priori clinical diagnosis. We
assumed that the clinicians were certain of the
Kidney International Reports (2021) 6, 2850–2861
“suspected” diagnosis that was entered before ES to
give the most conservative value of a genomic diag-
nosis. Although reanalysis of genomic data was beyond
the limits of this study, this is likely to improve the
diagnostic yield over time, as demonstrated repeatedly
in other rare disease cohorts.49 Previous health eco-
nomic evaluation of reanalysis in an Australian rare
disease cohort50 has recently resulted in limited health
care funding in our setting.

For ES to be cost-effective, results must be available
in a timely manner. At the end of the study, the
turnaround time of ES was roughly 3 months.10 This is
far longer than results of renal biopsy, which are often
available after 4 weeks in our center; however, this is
only performed after exhausting several other baseline
investigations, hence the time to result is likely to be
similar.

In conclusion, this is the first study to provide evi-
dence of the health economic value of using genomic
sequencing as a diagnostic tool among patients with
suspected monogenic glomerular disease. Early integra-
tion of ES is cost saving in children. Although long-term
management was not included in this analysis, given the
significant cost savings observed in children, these
savings are unlikely to be offset by future management
costs among a proportion of children for whom ES
demonstrates clinical utility.51 When comparing
genomic approaches, integrating ES with targeted
analysis early in the diagnostic pathway is the most
cost-effective genomic approach. ES should be priori-
tized over conventional panels due to similarities in cost
and greater diagnostic yield. These findings favor
broader testing in patients with glomerular disease than
what is currently supported in Australia and other
health care systems. Further research that considers the
long-term clinical implications of genomic testing across
all Genetic Kidney Disease is required to establish the
cost-effectiveness of genomic investigations in kidney
disease.51
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