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Introduction: Diagnostic genomic sequencing is the emerging standard of care in nephrology. There is a
growing need to scale up the implementation of genomic diagnostics nationally to improve patient
outcomes.

Methods: This pragmatic study provided genomic or genetic testing to patients with suspected monogenic
kidney disease through a national network of kidney genetics clinics (KGCs). We sought to evaluate the
experiences of implementing genomic diagnostics across Australia and associated diagnostic outcomes
between 2013 and 2022.

Results: We successfully established and expanded a nationwide network of 20 clinics as of 2022;
concurrently developing laboratory, research, and education programs to scale the clinical application of
genomics in nephrology. We report on an Australian cohort of 1506 kidney patients, of whom 1322
received their test results. We assessed barriers to implementation in the nephrology context, and where
possible, applied real-time solutions to improve clinical processes over 10 years.

Conclusion: Developing a multidisciplinary kidney genetics model across multiple health services na-
tionally was highly successful. This model supported optimal care of individuals with monogenic kidney
disease in an economically responsible way. It has continued to evolve with technological and service
developments and is now set to scale further as genomic testing for kidney patients transitions to health
care system funding.

Kidney Int Rep (2024) 9, 2372-2385; https://doi.org/10.1016/j.ekir.2024.04.068
KEYWORDS: genomic testing; implementation; kidney disease
© 2024 International Society of Nephrology. Published by Elsevier Inc. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

idney diseases are a major global health priority,
K and monogenic causes account for 30% to 50% of
childhood nephropathy'* and 10% to 30% of adult
chronic kidney disease.”” A timely and accurate ge-
netic diagnosis can provide valuable prognostic and
predictive information, influence clinical decision-
making, including treatment strategies and kidney
transplant-related considerations, and inform repro-
ductive decisions for affected individuals and their
families.” Furthermore, genomic sequencing can
transform diagnostic pathways by facilitating the
diagnosis of rare disorders and improving the under-
standing of disease mechanisms, paving the way for
future therapies.

Although many studies have validated the diag-
nostic yield, clinical utility, and cost-effectiveness of
genetic and genomic sequencing in kidney disease co-
horts,”® most of these investigations have occurred
within research settings, focusing on specific pheno-
typic subgroups.'’ This context underscores the
imperative to transition these findings into broader
clinical implementation.'""'* Equitable and sustainable
implementation in the clinical setting requires whole-
system changes'’ that overcome implementation chal-
lenges relating to workforce capacity, infrastructure,
and funding, as well as the establishment of appro-
priate service delivery models.'*"”

Multidisciplinary clinics are a well-recognized
means of addressing such implementation challenges.

Kidney International Reports (2024) 9, 2372-2385

This model of care has an established track record of
supporting genomic implementation in kidney medi-
cine and other specialties such as cardiology and
oncology.''” For example, a 5-year review of a single
KGC highlighted the benefits of including a multidis-
ciplinary team (MDT) for kidney patients in the United
Kingdom.16 The multidisciplinary KGC (MD-KGC)
model allowed for a coordinated approach between
clinical genetics and nephrology, and resulted in timely
diagnosis and improved clinical management of genetic
kidney disease.'® In the United States, an MD-KGC
model consists of adult and pediatric nephrologists
and genetic counselors and reported on only a rela-
tively small number of patients.'” Support for genomic
testing among nephrologists, with a strong preference
for a multidisciplinary model involving a nephrologist,
clinical geneticist, and genetic counselor, has also
contributed to establishing a network of KGCs within
the Australian public health care system.” The first
MD-KGC was established in Queensland (Australia) and
provides services to pediatric and adult patients with
suspected monogenic kidney disease.'® Subsequently,
the MD-KGC started its implementation in other
Australian jurisdictions, including a network of 4 ac-
ademic centers in Victoria (Australia)."”

The initial focus on demonstrating the clinical ben-
efits of a multidisciplinary approach to genomic testing
in kidney disease also precipitated the need to docu-
ment practical experiences from its implementation
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into clinical practice.20 Furthermore, it is vital to scale
up these models beyond individual tertiary centers to
serve the needs of diverse and geographically dispersed
populations. Studies that explore clinical testing at a
broader scale, particularly in a nephrology context, are
lacking. The implementation and contextual factors at
organizational, provider, and individual levels (clini-
cian and patient) that lead to the successful integration
of genomic testing in nephrology are poorly defined.
Nevertheless, some barriers have been identified that
hinder the effective implementation of genomic testing
into the routine clinical management of genetic kidney
diseases. For example, a lack of funding and awareness
among clinicians and their perceived lack of pre-
paredness have been highlighted.'”'”*' A learning
health care system has been suggested to address these
challenges using continuous quality improvement
strategies, which can keep up with technological ad-
vances in genetic medicine."’

We developed and implemented an iterative
learning health care system approach to delivering
kidney genomic services in Australia. Through this
model, we established and used a national network of
KGCs to continuously collect and aggregate sequencing
data, including diagnostic and clinical outcomes.
Analysis of these data informed implementation efforts
to scale up genomic medicine in kidney disease at the
national level. We actively collected feedback from
clinical practices to inform our ongoing service model
delivery. Here, we present a decade of extensive
experience and proven results; our nationwide
network of MD-KGCs has demonstrated significant
improvements in the availability of genetic diagnosis
for patients while optimizing the process for health
care providers.

Ethics

This study was approved by the Human Research
Ethics Committee at Melbourne Health (HREC/16/MH/
251) as part of the Australian Genomics Health Alli-
ance: preparing Australia for Genomic Medicine pro-
gram. Governance site-specific approval for the project
was obtained for all participating KGCs. All partici-
pants provided written informed consent for data
collection and to undergo clinically indicated genomic/
genetic testing.

Context

In 2013, the first MD-KGC in Australia was established
in Brisbane, Queensland, with initial outcomes subse-
quently reported.'® Subsequently, a consortium of
clinicians, counselors, scientists, and researchers
(KidGen Collaborative) was formed to improve genetic
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kidney disease outcomes.”” These activities have
occurred in the context of broader state and national
genetic initiatives aimed at supporting the integration
of genomics in clinical and research settings, including
the Australian Genomics Health Alliance, the Mel-
bourne Genomics Health Alliance, and the Queensland
Genomics Health Alliance.'*”**° These initiatives have
focused on building the evidence base for using
genomic testing in different clinical
including kidney disease while tackling some of the
data infrastructure, policy, ethics, and workforce
challenges that large-scale implementation poses. Some
notable developments from the Australian Genomics
Health Alliance include developing a national clinical
consent form and the Shariant platform, which enables
evidence sharing across Australian clinical genomic
testing laboratories to support and promote variant
interpretation consistency.””*°

Genomic test funding in the clinical setting is a
pressing issue. One major enabler is that the KidGen
Collaborative facilitated access to funding for genomic
testing for all patients with suspected monogenic kid-
ney disease. Funding sources varied, including local
hospital departments, research projects, and state-
based funding until 2022. From mid-2022, and partly
due to the collaborative work undertaken by KidGen,
genomic testing for kidney diseases has been funded
through the Australian Federal Government’s national
Medicare health schemes (mbsonline.gov.au), which
provides Australians with subsidized health care.

scenarios,

Assessment of Implementation

We conducted a formative evaluation to investigate the
uptake of genomic testing while establishing a national
MD-KGCs network. Clinicians delivering the MD-KGC
service were invited via email to give written feed-
back on the perceived barriers to KGC service delivery
at their site during 2021 and 2022. The rationale behind
this approach was rooted in the clinicians’ firsthand
experiences with patients, which were crucial for
shaping effective implementation strategies. For
instance, these clinicians identified, nominated, and
presented their cases at MDT meetings. Their active
engagement ensured that MD-KGC operations were
continuously refined to align with the evolving needs
of both patients and health care providers, thereby
enhancing the effectiveness and quality of care
provided.

In addition, clinicians were encouraged to nominate
any solutions they had implemented to address iden-
tified barriers, fostering a collaborative effort toward
improvement. Three primary periods of interest along
the patient journey were before referral (before the
patient was referred to MD-KGC), pretesting (includes

Kidney International Reports (2024) 9, 2372-2385
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clinical assessments by MD-KGC and laboratory in-
teractions), and posttesting (the return of results). We
mapped the barriers and solutions to the Consolidated
Framework for Implementation Research to generate
findings that could be applied to other settings.”” The
Consolidated Framework for Implementation Research
is a versatile framework for analyzing and enhancing
innovation and intervention implementation in com-
plex organizations. It includes the following 5 key
domains: (i) intervention characteristics (complexity
and adaptability), (ii) outer setting (external factors like
resources and culture), (iii) inner setting (organizational
factors like leadership support and staff skills), (iv)
characteristics of individuals (unique factors like
motivation and beliefs), and (v) process (implementa-
tion activities like planning and training).y’29

Participants

Participants with kidney disease were recruited from
our MD-KGCs network. Two distinct groups were
enrolled. The first group consisted of a retrospective
cohort comprising individuals undergoing clinical
genomic testing directly or after being referred to MD-
KGCs between 2013 and 2019. The second group
comprised a prospective cohort of patients referred to
MD-KGCs between 2017 and 2022, including in-
dividuals who did not undergo genomic testing. All
patients were referred to a KGC, and advice was sought
for clinical genomic testing by the MDT, which
included representation from at least 1 of each disci-
pline, such as a nephrologist, geneticist, and genetic
counselor. Each patient was seen at least twice in the
KGC, once before genomic testing and again for the
return of the results. During each clinic visit, a team of
2 or more disciplines reviewed the patient’s case. Pa-
tients with existing confirmed molecular genetic di-
agnoses were excluded from the study. In addition,
patients without a clear clinical indication for genomic
testing and those determined by the MDT to have a low
likelihood of an underlying monogenic basis were
excluded from this study.

Genetic/Genomic Testing and Variant Analysis
DNA was isolated from blood or saliva samples, and
sequencing was undertaken at clinically accredited
laboratories for both cohorts, as described else-
where.'””” Genomic and genetic testing in our cohort
encompassed chromosomal microarray analysis, Sanger
sequencing, whole exome sequencing, whole genome
sequencing, and variable number of tandem repeats
testing as clinically indicated. The earlier tests utilized
targeted panels of genes and the newer technologies,
such as whole genome sequencing and whole exome
sequencing, were analyzed only for variants in a

Kidney International Reports (2024) 9, 2372-2385
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virtual panel of genes specific to the clinical phenotype
using a curated list of several hundred genes associated
with genetic kidney disease (PanelApp, Australia).31 In
Supplementary Table S3, we provide a comprehensive
list of all the genes included in the Kidneyome Super-
Panel (Version 8.53). Detected variants were classified
according to American College of Medical Genetics and
Genomics guidelines for clinical sequencing interpre-
tation.”” MDT meetings reviewed variants and pheno-
typic data when required to assist with interpretation
at the case level before reporting.

Data Collection

Genomic and genetic test results and clinical and de-
mographic data were collected and entered a research
electronic data capture (REDCap) and data management
platform’”** hosted at the Murdoch Children’s
Research Institute, Melbourne, Australia. Data capture
included age at the test, testing date, KGC location,
sequencing approach, and diagnostic outcomes. The
suspected clinical diagnosis before genomic testing was
also collected and classified according to a broad
aetiologic category.

Statistical Analysis

Baseline characteristics are expressed as counts (1, %)
or medians with interquartile range, as appropriate.
The Chi-square or Fisher exact tests were performed to
compare the proportions of clinical characteristics be-
tween respective groups. The primary outcome was the
diagnostic yield based on variants classified as “path-
ogenic” and “likely pathogenic” according to American
College of Medical Genetics and Genomics guidelines,32
with consideration of appropriate inheritance patterns
and phenotype consistency. Variants of uncertain sig-
nificance (VUS)’” were not included. Accordingly, the
diagnostic yield was calculated using the formula:
Diagnostic Yield = positive result (PR / [PR + NR +
VUS| x 100), where PR represents positive results, and
NR denotes negative results. Diagnostic yield is
expressed as percent (%). Data were analyzed using the
Stata/MP 16.0 statistical package (StataCorp LP, College
Station, TX). Statistical significance was determined
using 2-sided P-values, with a significance level set at
the conventional 5% threshold.

RESULTS

Determinants of Implementation of Genomic
Testing Within KGCs

As of 2022, 20 MD-KGCs have been established across
all Australian state jurisdictions. Participating clini-
cians at these MD-KGCs identified contextual and in-
dividual provider issues that may impact future
implementation programs. Barriers were identified by
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geneticists and nephrologists who were working in
KGCs. Most were coded to the "inner setting" and
"intervention characteristics" Consolidated Framework
for Implementation Research domains (Table 1). Bar-
riers relating to the "inner setting" domain dominated
both the "before referral” and "post referral-pretesting
periods," with barriers falling under the structural
characteristics and implementation climate, knowledge,
and available resources subdomains (Table 1). The
"intervention characteristics" domain dominated the
"post referral-pretesting" period, with responses
relating to the complexity of whole genome sequencing
or whole exome sequencing technology (Table 1). Key
strategies to overcome barriers during the "before
referral" period included presenting new evidence of
genomic testing and highlighting the clinical utility of
genomic testing in kidney disease through education
and engagement activities such as conferences and
workshops. Concerns about testing efficiency were
noted. Strategies, including variant prioritization
meetings and shared gene lists, aimed to enhance
consistency in analysis. However, the MD-KGC model
could not address all barriers, such as funding inse-
curity and patient remoteness (Table 1).

In addition to establishing a publicly available
nationwide network of MD-KGC, the KidGen Collabo-
rative has also invested in many other resources to help
improve equity and appropriate use of genomic testing
for those with suspected monogenic kidney disease.
The network has driven national consensus on gene
panels for kidney genomic tests. These panels are
hosted on PanelApp Australia, an openly accessible
platform.”" The network developed an education pro-
gram consisting of online modules and workshops to
upskill nephrologists on various aspects of genomic
testing, including patient selection, test ordering, and
result interpretation. In addition, the KidGen Collabo-
rative has recently hosted 5 educational events dedi-
cated to genetic kidney diseases, marking the 10th
anniversary of the first KGC in Australasia.'®

Demographics

In total, 1506 participants were included in the study,
of whom 125 did not proceed with genomic or genetic
testing, leaving 1381 participants who underwent
testing. Among the tested patients, results of 59 in-
dividuals (from the prospective cohort only) were not
returned by the end of the audit cut-off date, bringing
the total number of patients with genetic testing results
to 1322 (Figure 1). The underlying reasons for the
absence of results were not explicitly examined but
included those that had not yet had results reported
during the study period. The demographic
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characteristics of participants are shown in Table 2.
Almost two-thirds (849/1381) of participants were
adults, and the median age at testing was 29 (inter-
quartile range: 10-45) years. Detailed patient recruit-
ment data across various states, stratified by years, is
presented in Supplementary Table S1. It is noteworthy
that during the most severe period of the COVID-19
pandemic in 2020, recruitment activities nearly
ceased across all states except Western Australia, where
only 4 patients were successfully recruited.

The retrospective cohort comprised 714 participants
who all underwent genomic testing. The prospective
cohort comprised 792 participants referred to KGCs, of
whom 667 underwent genomic testing (Figure 1). Five
percent (41/792) of participants within the prospective
cohort were not recommended for testing by the MDT
(greyed Figure 1) for the following reasons: testing
would not impact the clinical management of either the
participant or family members, an adequate prior
diagnosis, or clinical presentation was not in keeping
with monogenic kidney disease. In addition, 11% (84/
792) of the prospective participants in the prospective
cohort were not tested as the participant declined (n =
31) or for unknown reasons (7 = 53) (Figure 1).

Within the retrospective cohort, 48% (341/714)
received a positive (pathogenic/likely pathogenic)
result (PR) from genomic testing. In addition, a VUS
was detected in 14% (100/714). Of the patients with a
VUS identified, 30 of 100 (30%) were VUS with sus-
pected clinical relevance (VUS x). Within the prospec-
tive cohort, 43% (288/667) received a PR. In addition, a
VUS was detected in 17% (112/667) participants, and of
those, 8% (9/112) had a VUS with suspected clinical
relevance (Figure 1).

Diagnostic Yield, Clinical Diagnoses, and
Sequencing Method

The diagnostic yield for the national cohort between
2013 and 2022 was 45.8% (606/1322) (Table 3).

When the overall cohort is stratified according to the
pretest clinical diagnosis, the diagnostic yield is highest
for Alport syndrome (61.7%; 127/206) and lowest for
congenital anomalies of the kidney and urinary tract
(24.7%; 18/73), as shown in Table 4. The diagnostic
odds ratio for Alport syndrome was 2.14, and for
congenital anomalies of the kidney and urinary tract, it
was 0.37 (Table 5). The evolution of sequencing
methods throughout the study is presented in Table 6.
In the earlier years (2013-2015), targeted panels of
genes using massively parallel sequencing and Sanger
sequencing were most commonly utilized. Since 2017,
whole exome sequencing or whole genome sequencing-
based approaches have been more widely used.

Kidney International Reports (2024) 9, 2372-2385
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Table 1. Barriers and suggested interventions to integrate routine kidney genomic testing into clinical practice

Clinician reported barrier

Before-referral period

Delay in referrals and uptake by nephrologists not
engaged with kidney genetics

The inequity of referral for testing
Variable access fo festing between jurisdictions
Nephrologists are unsure whom to refer fo

Nephrologists uncertain of the benefit of referral

Poor community and consumer understanding of
genomic tesfing

Patients and the general community are uncertain of
the benefits of referral.

Post referral-prefesting period

The logistics of festing are too complicafed fo
incorporate into clinics

Nephrologists did not know how to order fests or
prioritize patients for festing.

Clinicians are unsure of which genes fo test, which
method fo use

Delay in sequencing
Variation in access fo and cost of testing
No consistent clinical genetics support

The remote location of the clinical geneticist

The remote location of patients who may lack literacy
Missed appointments to clinics reduce sustainability.
Unable to access clinical geneficist during clinic

No secure funding for the mulfidisciplinary feam
(MDT) model of care

Variable hospital funding for fests

Post-testing period

Long furn-around-time for sequencing and analysis
Delay in refurn of resulis

Results difficult for nephrologists without specific
fraining fo inferpret/apply

Results not received by the referring doctor

Unclear recommendations fo referrer regarding the
clinical application of findings

Difficulty in understanding the implications of a
variant of uncerfain significance

Delay or failure of whom fo clinically act on genetic
findings

CFIR construct

Inner setting

Inner setting

Inner setting
Characteristics of individual

Intervention characteristics
Process

Intervention characteristics

Intervention characteristics
Inner setting

Inner setting and
characteristics of individual

Process
Intervention characteristics
Inner setting

Inner setting
Oufer sefting
Oufer sefting
Inner setting
Inner setting

Outer seffing

Intervention characteristics
Inner setting

Intervention characteristics

Process
Intervention characteristics

Characteristics of individual

Characteristics of individual

Description

Culture and implementation climate

Structural characterisfics and
underpinnings of inequity

Structural characteristics and readiness

for implementation

Knowledge and beliefs about the
intervention

Evidence Strength & Quality
Engaging

Evidence strength & quality

Complexity

Knowledge and beliefs about the
intervention, self-efficacy

Access fo knowledge and information

Executing
(Perceived) Cost
Available resources

Available resources
The patient’s needs and resources
The patient’s needs and resources
Available resources
Available resources

Exfernal policy and incenfives

Complexity
Available resources

Complexity

Executing
Complexity

Knowledge and beliefs about the
infervention and self-efficacy
Knowledge and beliefs about the
infervention

Intervention applied in practice

Education initiatives
Education initiatives
Education initiatives
Education initiatives

Education initiatives
Engagement with communities and public engagement events

Engagement with communities and public engagement events

Process simplification
Education initiatives
Developing standardized gene lists and recommended method
Variant prioritization - meetings initiated
Engagement with clinical genetics services and national consortia;

Identification of clinical geneticist champions
Telehealth clinics, remote/visiting clinics

Impact on the clinical setfing

Earlier referrals to kidney genetics clinics

Increased referrals and reach of genomic
festing

Equitable access to genomic festing in kidney
disease

Increased number of appropriate referrals
Increased number of appropriate referrals

Increased utilization of genomic fesfing and
application of findings

Increased utilization of genomic testing and
application of findings

Increased utilization of genomic festing
Increased utilization of genomic testing
Increased ufilization of genomic festing

Earlier genomic festing

Increased clinical genetics department
engagement

Increased access fo clinical geneticists

Engagement with clinical services for the redesign of existing acfivities and ~ Sustfained operation of MDT models of care

demand; clinical champions engaged

Variant prioritization - meetings initiafed
MDT results meetfings and review systems

Targeted and susfained multimodal education supported by the National

Strafegic Action Plan for Kidney Disease
Upfront information for docfors

Facilitated inferprefation and clinician guidance in interprofessional
communication

Upfront information for doctors and patients

within existing resourcing

Earlier genomic festing

Improved accountable delivery of results to
consumers

Perceived improving clinician confidence

Clinical franslation of genomic festing
Supported referrer actioning of result oufcomes

Clinical franslation of genomic tesfing

CFIR, Consolidated Framework for Implementation Research; MDT, multidisciplinary team.
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2013-2019 | KidGen National Cohort | 2017-2022
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Retrospective Cohort Prospective Cohort No testing
N=714 N=792 Diagnosis-related
MDT - N=41
No testing
3 I} ¥
Genetic Testing | | Participant-related || Reason unknown
N=667 N=31 N=53
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Positive Results || Negative Results VUsS Positive Results || Negative Results VUsS Unreturned Results
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------- 2 Withdrawal, N<75

Figure 1. Recruitment of the KidGen national cohort for genomic testing. Two participant nonoverlapping retrospective and prospective cohorts
were recruited between 2013 and 2022, creating the KidGen national cohort. The dashed rectangle depicts the number of patients who
withdrew and were excluded from the study. Carrier, an individual with an allele predisposing to disease; MDT, multidisciplinary team; VUS, a
variant of uncertain significance; VUSx, VUS with suspected clinical relevance.

Genes With Clinically Significant Variants VUS with suspected clinical relevance) identified in the
Pathogenic and likely pathogenic variants were iden- cohort are presented in Supplementary Figure SI.
tified in genes relating to cystic kidney disease, Alport

syndrome, and renal tubular disorders in descending

frequency, accounting for approximately two-thirds of DISCUSSION

the pathogenic and likely pathogenic variants identi- Our study delves into the complex process of imple-
fied (Figure 2). The most frequently affected gene in menting genomic testing within kidney medicine,
cystic kidney disease was PKD1(106 cases), followed by emphasizing the successful role of a nationwide KGCs
PKHDI (56 cases) and HNF1B (28 cases). The SLC12A3 network embedded with a MDT. Focusing on real-
gene was the most frequent in tubular kidney disease world applicability, we explored the challenges and
(Figure 2), where we identified 18 compound hetero- successes of integrating genetic testing seamlessly into
zygotes and 12 homozygotes carrying pathogenic var- clinical practice. We extended a theory-informed
iants in this gene. All genes are listed in Supplementary approach to determining barriers to implementing
Table S2. Variants of unknown significance (VUS or genomic testing in a nephrology context and, where

Table 2. Demographic characteristics of participants who underwent genomic testing

Characteristic Retrospective cohort (2013-2019; n = 714) Prospective cohort (2017-2022; n = 667) All KidGen cohort (N = 1381)
Patient
Adult (=18 yr) 387 (54.20%) 462 (69.27%) 849 (61.48%)
Pediatric (<18 yr) 327 (45.80%) 205 (30.73%) 532 (38.562%)
Total 714 667 1381
Median Age (IQR) 22 (6-42) n= 707 (99%) 33 (17-49) n = 594 (89%) 29 (10-45) n= 1301 (94%)
Sex“
Male 339 (47.48%) 327 (49.02%) 666 (48.23%)
Female 374 (562.38%) 289 (43.33%) 663 (48.01%)
Unknown 1 (0.14%) 51 (7.65%) 52 (3.76%)
Total 714 667 1381
Location
Queensland 324 (45.38%) 164 (24.59%) 488 (35.34%)
New South Wales 226 (31.65%) 137 (20.54%) 363 (26.29%)
Victoria 121 (16.95%) 244 (36.58%) 365 (26.43%)
South Australia 28 (3.92%) 59 (8.85%) 87 (6.30%)
Western Australia 10 (1.40%) 63 (9.45%) 73 (5.29%)
Northern Terrifory 0 (0.00%) 0 (0.00%) 0 (0.00%)
Tasmania 5 (0.70%) 0 (0.00%) 5 (0.36%)
Total 714 667 1381

2Sex has here been defined as a set of biological attributes associated with physical and physiological features.
Nominal variables are numbers with percent (%), while continuous variables are median with interquartile range (IQR).
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Table 3. Diagnostic yield in the national KidGen cohort stratified by
year of genomic testing

Sequencing performed Diagnostic variants present  Diagnostic yield

Yr number of patients number of patients percent
2013 22 13 59.1
2014 78 41 52.6
2015 71 37 52.1
2016 157 68 43.3
2017 340 168 46.5
2018 295 125 42.4
2019 124 52 41.9
2020 4 2 50.0
2021 127 58 457
2022 60 30 50.0
Unknown 44 22 50.0
Total® 1322 606 458

NR, negative result; PR, positive result; VUS, a variant of uncertain significance.
*Test results were unknown for 59 patients by the end of the 2022 cut-off. DY (diagnostic
yield) was calculated using the formula: DY = (PR / [PR + NR + VUS] x 100) and is
expressed in percent (%).

possible, implementing real-time solutions to optimize
respective processes.”” Our theory of change for the
Australian MD-KGC model stands on 3 pillars: capacity,
care, and patients (Figure 3). We hypothesized that
building the capacity for genomic testing would
improve KGC care, where patients would benefit
immediately (given an outcome), and ultimately in the
long term, improve the clinical management of chronic
kidney diseases in Australia. Indeed, the program has
succeeded in all 3 pillars of effective change. This
accomplishment is evidenced by established adult and
pediatric KGCs in 7 Australian states and territories,
which have been operational for almost 10 years.
Importantly, this model involved collaboration be-

tween geneticists, nephrologists, and genetic

Table 4. Diagnostic yield in the national KidGen cohort stratified by
clinical diagnosis

Clinical Sequencing performed Positive results Diagnostic yield

diagnosis number of patients number of patients percent

Alport 206 127 61.7
syndrome

Tubular 134 74 55.2
disease

Cystic kidney 506 256 50.6
disease

Glomerular 50 19 38.0
disease

Other 122 45 36.9

Complement- 89 26 29.2
mediated

Nephrotic 142 41 28.9
disease

CAKUT 73 18 24.7

Total® 1322 606 45.8

CAKUT, congenital anomalies of the kidney and urinary tract-syndromic; DY, diagnostic
yield (was calculated using the formula: DY = (PR / [PR + NR + VUS] x 100) and is
expressed in percent (%); NR, negative result; PR, positive result; VUS, a variant of
unknown significance.

*Test results were unknown for 59 patients by the end of the 2022 cut-off.

Kidney International Reports (2024) 9, 2372-2385
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Table 5. Clinical predictors of genetic diagnosis

Clinical diagnosis 0dds ratio 95% confidence interval P-value
Alport syndrome 2.14 1.68-2.90 <0.001
Tubular disease 1.562 1.06-2.18 0.022
Cystic kidney disease 1.36 1.09-1.70 0.006
Glomerular disease 0.72 0.40-1.28 0.259
Other 0.67 0.45-0.98 0.038
Complement-mediated 0.46 0.29-0.74 0.001
Nephrotic disease 0.44 0.30-0.65 <0.001
CAKUT 0.37 0.21-0.63 <0.001

CAKUT, congenital anomalies of the kidney and urinary tract-syndromic; P, 2-sided
P-value.

counselors at local sites, with support from the inte-
grated national network, which created a practical,
best-practice MDT approach to delivering genomic
medicine in kidney disease. The effectiveness primarily
stemmed from networking, because all KGCs were
interconnected and actively exchanged ideas. This
collaborative approach significantly eased the decision-
making burden, particularly in handling complex cases
and selecting the appropriate test based on the patient’s
phenotype. This collaborative network facilitated the
rapid enhancement and spread of expertise, far out-
pacing what could be achieved in isolation. The col-
lective clinical expertise, complemented by funding
from various sources contingent on jurisdiction, was
pivotal in establishing essential infrastructure to
streamline the genomic testing process. The MD-KGC
model, therefore, becomes the preferred service de-
livery model for kidney genetics in Australia among
nephrologists’ and accounts for a relatively high
diagnostic yield by selecting patients who were most
likely to benefit from testing. The model also improves
result interpretation and subsequent clinical actioning
due to the availability of clinical genetics or genetic
counselors and nephrology expertise within the clinic.
Smaller clinics particularly benefitted from access to
the highly specialized MD-KGC expertise. However, as
demand for testing increases, this model may not be
sustainable, and a “mainstreaming” model of care is
already beginning to emerge in other specialties and
some subgroups of genetic kidney disease, such as
autosomal dominant polycystic kidney disease
(ADPKD).”!

Concerning the implementation barriers identified in
our clinics, we identified several challenges encoun-
tered by clinicians at local KGCs. Above all, the
complexity of the entire process (outlined above)
dominated as a significant barrier. Most of these con-
cerns aligned with the “inner setting” of the Consoli-
dated Framework for Implementation Research
construct and could be addressed locally. For example,
most confusion accumulated around referrals and
sampling processes, selecting the right test, and using
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Table 6. The use of the testing method in the national KidGen cohort stratified by a year of testing

Testing method number (%)

Yr CMA Targeted panel Sanger TE VNTR WES WGS Not specified Total

2013 0 (0.0) 6 (20.7) 7 (24.1) 4. (13.8) 0 (0.0) 4 (13.8) 1(3.4) 7 (24.1) 29 (100.0)
2014 1(1.2) 6(7.2) 18 (21.7) 24 (28.9) 1(.2) 224 0 (0.0) 31 (37.3) 83 (100.0)
2015 3 (3.9) 7 (9.1) 7(9.1) 27 (35.1) 0 (0.0) 2 (2.6) 0 (0.0) 31 (40.3) 77 (100.0)
2016 8 (4.5) 15 (8.4) 6 (3.4) 53 (29.6) 1 (0.6) 12 (6.7) 10 (5.6) 74 (41.3) 179 (100.0)
2017 6 (2.0) 9 (3.0) 14 (4.7) 78 (26.0) 2 (0.7) 67 (22.3) 24 (8.0) 100 (33.3) 300 (100.0)
2018 11 @3.7) 8 (2.7 16 (6.4) 40 (13.6) 2 (0.7) 63 (21.4) 36 (12.2) 118 (40.1) 294 (100.0)
2019 7 (5.6) 6 (4.8) 4(3.2) 31 (25.0) 0 (0.0) 4(3.2) 20 (16.1) 52 (41.9) 124 (100.0)
2020 0 (0.0) 0 (0.0 1(25.0) 2 (50.0) 0 (0.0) 1(25.0) 0 (0.0) 0 (0.0) 4 (100.0)
2021 1(0.8) 0 (0.0) 8 (6.3) 32 (25.2) 2 (1.6) 28 (22.0) 51 (40.2) 5 (3.9) 127 (100.0)
2022 4 (4.5) 0 (0.0 11 (12.5) 17 (19.3) 2(2.3) 28 (31.8) 21 (23.9) 5(.7) 88 (100.0)
Total® 41 3.1) 57 (4.4) 92 (7.0) 308 (23.6) 10 (0.8) 211 (16.2) 163 (12.5) 423 (32.4) 1305 (100.0)

CMA, chromosome microarray analysis; Not specified, sequencing type not indicated; Sanger, Sanger sequencing, also known as the “chain termination method;” Targeted panel, using
massively parallel sequencing (MPS); TE, targeted clinical exome sequencing with virtual panel; VNTR, variable number tandem repeat of the mucin 1 (MUC1) gene; WES whole exome
sequencing (with virtual panel); WGS, whole-genome sequencing (with virtual panel).

A test was not performed, results were unreturned, or the year of testing was not specified in 201 patients.

the appropriate sequencing method. Professional align with those reported worldwide; however, some
development educational activities address these chal- were less pronounced in Australia. A US study with
lenges. In the global context, our identified barriers 150 nephrologists identified high laboratory or testing
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Figure 2. Genes with pathogenic/likely pathogenic variants in the national KidGen cohort. The genes are stratified by clinical diagnosis, with the
width of the cut-outs indicating the number of times each gene appears. All genes are listed in Supplementary Table S2.
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CAPACITY building

Before referral
Doctors'/patients' genomic
testing awareness

Clear referral processes
MD-KGC integration

Leads to better
MD-KGC CARE

Regular communication
between MD-KGC and
referring doctor
Appropriate referrals
Genomic testing uptake
Actioning of test results

Post-referral — Pre-testing
Effective sampling-testing
processes

Cost and billing processes
Consistent MD-KGC model
support

A curated list of genes and
variants

Post-testing

Timely test results return to MD-
KGC, and the referring doctors
Interpretation of results and
MD-KGC interaction with
referring doctors

Recommended sequencing
methods for a phenotype
Variant prioritization

New variants discovery
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KidGen Theory of Change

That promotes
engagement of
PATIENTS

High diagnostic yield

Patients receiving a genetic
diagnosis in due time

Patients' empowerment
Positive beliefs about genomic
testing in patients and families

And improves the
clinical management
of genetic kidney
diseases in Australia’s
healthcare settings

Figure 3. Visualizing the theory of change for the Australian MD-KGC model. The model is built upon 3 successive pillars: capacity, care, and
patients. By addressing these areas through the MD-KGC approach, positive changes can be made in the clinical management of genetic
kidney diseases. An essential aspect involves the implementation of test results by clinicians to guide patient care (actioning of results). MD-

KGC, multidisciplinary kidney genetic clinic.

costs as a major barrier to genomic testing.’® Although
testing costs were operationally not a primary hurdle in
Australian practice, they were a perceived barrier for
less-experienced clinicians owing to the complexity of
accessing resourcing. Significant barriers included staff
funding issues, such as genetic counselors and clinic
infrastructure expenses. Another barrier identified in
this study-the difficulty in interpreting genomic test
findings-has already been acknowledged within an
Australian context’ and was further reiterated during
discussions at the Kidney Diseases: Improving Global
Outcomes conference held in 2021.”” The MDT model
addresses this barrier by integrating into kidney ge-
netic clinics. Although this model of care results in
high-quality health care due to subspecialty input,
future efforts should further develop more capacity to
overcome interpretation barriers while maintaining
accessibility.

Our clinical findings, drawn from a cohort of over
1300 patients suspected of genetic kidney disease,
represent the absolute number of 1 of the largest
clinical cohorts in this domain. With a diagnostic yield
of ~46%, our results consistently match or surpass
those of many published cohorts in research and clin-
ical settings. However, the diagnostic yield in our
study varied based on clinical phenotypes, with the
highest yield observed in Alport syndrome (~62%)
rather than cystic kidney diseases, such as ADPKD
(~51%), which is the most prevalent monogenic kid-
ney disease.”” This surprising outcome can be
explained by several challenges that hindered the

Kidney International Reports (2024) 9, 2372-2385

diagnosis of ADPKD using genomic testing for many
patients. Key factors contributing to this discrepancy
include constraints in local testing platforms, sub-
stantial expenses associated with overseas testing, and
the absence of publicly funded genomic testing during
the significant period of the study. These obstacles
resulted in a focus on testing atypical cases and a
period of underrepresentation of classic ADPKD pa-
tients. Consequently, the overall diagnostic yield for
cystic kidney diseases was impacted, as the transient
limited access to comprehensive genomic testing for
ADPKD influenced the overall distribution of patients
with various kidney diseases. Nevertheless, these
findings are well within the range of previous reports
where, for instance, diagnostic yield for cystic kidney
disease is anywhere between 23% and 88%, depending
on the clinical characteristics and sequencing ap-
proaCheS i 1,3,10,39-41

North American data reinforced the diagnostic util-
ity of clinical genetic and genomic testing in kidney
medicine”® and reconfirmed previous findings in
smaller cohorts at scale. Dahl et al.”* reported on 1623
patients with chronic kidney disease enrolled in a
study evaluating the diagnostic and clinical utility of
genomic testing in chronic kidney disease. They re-
ported a yield of 20.8%, which altered management in
90% of patients with a positive result. This short-term
clinical utility, as determined by clinician surveys,
complements additional evidence from other cohorts”’
and highlights the next gap in knowledge about
implementation into practice. Our study addresses this
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information gap in implementing genetic testing in
real-world clinical practice, adding generalizability,
and confirming utility while identifying a higher
diagnostic yield. However, comparing diagnostic yields
in genetic kidney disease studies is challenging due to
diverse study designs, cohort compositions, and test
characteristics.'” In addition, in research studies, many
patients never receive results, even if these are deemed
clinically actionable.** Our study, however, provides
clinically accredited sequencing and interpretation.
This design generates vital, policy-informing data on
the impact of genetic diagnosis on patients with kidney
disease.

Our study has some limitations. In addition to po-
tential technical limitations inherent in the technology
used, such as the possible omission of specific genetic
causes such as MUCI variants,” it is essential to note
that this was a pragmatic study. Therefore, we did not
have predefined objective criteria for selecting patients
for genomic testing. In addition, consumer engagement
was outside the scope of this study; however, as a
group, they are recognized as fundamental stake-
holders in the development of service delivery. Within
Australia and elsewhere, there is clear evidence of a
need for the codevelopment of specialist genetic ser-
vices regarding care delivery and providing resources
that hurdle geographical and linguistic or cultural
047 The authors group of this manuscript are
currently undertaking a national research program into
the experiences and needs of patients and their families
to enable ongoing optimization of the service.

Nevertheless, our data reflect real-world practice.
Every patient was assessed in the KGC using an MDT
approach (based on relevant clinical indices) to ensure
that genomic testing was only performed if clinically
indicated and that the most suitable sequencing plat-
form available was used. Second, it is important to note
that our cohort does not encompass all patients who
underwent sequencing during the 10 years. Although
clinicians were requested to provide audit data for all
patients seen, the inclusion of multiple health services
and clinical laboratories, including international ones,
posed challenges in determining the total number of
patients sequenced nationwide and the number of pa-
tients who attended clinics but did not proceed to
genomic testing. Consequently, despite encouraging
clinicians to collect data on all sequenced patients,
there remains a possibility of selection bias. In addi-
tion, because the data collection process relied on input
from multiple clinicians across various renal genetics
clinics, challenges arose in obtaining complete data,
including instances of missing “year of recruitment”
information when the relevant clinician did not pro-
vide it. In addition, the COVID-19 outbreak negatively

barriers.
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impacted genomic testing and collection of data to this
dataset, with data for only 4 patients recorded in 2020.
Although our sample size may be considered relatively
modest for a decade-long effort, it indicates the
intrinsic challenges and complexities associated with
establishing and expanding a national kidney genetics
program.

In July 2022, federal funding for genomic testing for
monogenic kidney disease was announced in Australia;
however, data were only collected until October of the
same year; and therefore, it is unlikely that this in-
crease in test availability has impacted our cohort
during the study timeline. Our study did not investi-
gate the potential barriers and facilitators in imple-
menting genomic testing outside MD-KGCs. This is
especially important given the increasing availability of
genomic testing for patients with kidney disease.
Finally, given the longer-term relevance of the clinical
utility of genomic testing, clinical utility information
was not collected to reduce the burden on participants
and clinicians. Nevertheless, the short-term and life-
time health and economic implications of genomic
testing have been modeled to evaluate its relative cost-
effectiveness compared to nongenetic diagnostic in-
vestigations in patients with suspected monogenic
kidney disease.”® This economic evaluation established
the cost-effectiveness of genomic testing for genetic
kidney disease and demonstrated that it is cost-saving
in patients with glomerular diseases.”® Further work
is needed to evaluate the cost-effectiveness of this clinic
model and identify ways to optimize its health and
economic benefits to ensure a sustainable and equitable
national service across Australia.

CONCLUSION

Our study provides a comprehensive analysis of a real-
world national multidisciplinary model of care for pa-
tients suspected to have monogenic kidney disease.
Through a decade-long iterative process, we gained
insights into the strengths and weaknesses of this
model. Based on our findings, we have successfully
implemented the MD-KGC model. However, further
research is necessary to evaluate its cost-effectiveness
and long-term sustainability. Such studies would pro-
vide valuable insights into the feasibility and benefits
of implementing this model more broadly.
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