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CHD+Extra Cardiac Anomalies. A VUS outcome ranged from 13% for arrhythmias to 34% for
CHD/CHD+Extra Cardiac Anomalies participants. Tier 2 research analysis identified a likely
pathogenic/pathogenic variant for a further 15 participants and a VUS for an additional 15

participants.

Conclusion: The Flagship successfully facilitated a model of care that harnesses clinical GS and

functional genomics for the resolution of VUS in the clinical setting. This valuable data set can

be used to inform clinical practice and facilitate research into the future.

Crown Copyright 2024 Published by Elsevier Inc. on behalf of American College of Medical
Genetics and Genomics. This is an open access article under the CC BY-NC-ND license

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

Introduction

Cardiovascular genetic disorders are a major cause of
morbidity and account for more than half of all sudden
deaths in people under age 35.” The most common
inherited heart disorders include cardiomyopathies, primary
arrhythmia syndromes, and congenital heart disease
(CHD).'”” In Australia, clinicians from a range of spe-
cialties are involved in the care of patients and families with
these disorders. In some health care centers, these services
are integrated into dedicated multidisciplinary clinics that
provide detailed assessment, determine appropriate treat-
ment and family screening advice, and coordinate genetic
testing when appropriate. The results of genetic testing are
used to inform ongoing patient evaluation and management
and to facilitate genetic testing for family members in whom
a disease-causing variant is identified.

The reported diagnostic yield after clinical genetic testing
of individuals with inherited cardiomyopathy and
arrhythmia syndromes is up to 40% using cardiac gene
panel approaches in selected cohorts and specialist clinical
settings.”” Because genetic testing for these conditions has
become more commonplace, and eligibility criteria broader
over time, lower detection rates for disease-causing variants
have been reported.” For CHD, the diagnostic yield from
gene panels is not well described. In recent years, compre-
hensive tests, such as exome sequencing and genome
sequencing (GS), have become available with the advantage
of increased sensitivity in variant detection.'’'” GS pro-
vides the most comprehensive analysis because it covers the
entirety of the genome, including noncoding regions (such
as introns) and mitochondrial DNA. It provides improved
assessment of complex structural variation and enables
future reanalysis to further increase diagnostic yields.'"*'*""”

Previous genomics studies have often involved cohorts
that are highly selective, retrospective, and ascertained
through specialized research programs or tertiary care
clinics. The highly selected individuals who were tested in
specialist services over a decade ago are not representative
of what can be expected in a modern program that uses
genetic testing as a standard tool for clinical assessment.
Whether GS can be used prospectively as a first-line test in
clinical practice for patients with a mixture of phenotypes
from within general clinical genetics and cardiology services
remains an important question.

Australian Genomics is a national initiative to build ev-
idence and develop a framework to support the utilization of
genomic medicine into Australian health care through the
prospective recruitment of patients into 19 clinical Flagship
projects.'®'” The Cardiovascular Genetic Disorders Flag-
ship of Australian Genomics is a collaboration of cardiolo-
gists, clinical geneticists, genetic counselors, nurses, clinical
scientists, bioinformaticians, health economists, and
research scientists. These experts in the genetics of human
disease and functional genomics have a common goal to
improve outcomes for Australian families with inherited
cardiac disorders. The Flagship aimed to investigate the
feasibility and benefits of multitiered GS analysis in clinical
practice by (1) performing GS as part of the clinical care of
600 individuals and families with cardiomyopathies, pri-
mary arrhythmias, or CHD; (2) investigating the clinical and
health service implications of integrating GS into cardio-
vascular health care'®'’; and (3) integrating functional ge-
nomics to resolve variants of uncertain significance (VUS)
into a patient’s clinical care pipeline. Here, we describe the
overall design and initial findings of the Australian Geno-
mics Cardiovascular Genetic Disorders Flagship.

Materials and Methods

An overview of the pathway from participant recruitment to
the return of GS and further research results is summarized
in Figure 1.

Selection criteria

A Participant Selection Working Group, consisting of car-
diologists, clinical geneticists, and genetic counselors was
established to develop the Flagship’s clinical selection
criteria for each specific clinical diagnosis within the 3 main
diagnostic categories. Consensus criteria were established
over several multidisciplinary meetings and were designed
to balance a high detection rate with the consideration of
areas of clinical benefit for participants and families. The
criteria were regularly reviewed and amended in the initial
stages of participant recruitment (Table 1°°%). Exclusion
criteria included deceased individuals/unascertained sudden
death, a previous next-generation sequencing—based test
performed from 2013 onward, and individuals from families
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Figure 1
Stages of feedback to participants are also illustrated.

with a known likely pathogenic (LP) or pathogenic (P)
variant.

Adjudication committee

An adjudication committee was established to decide on the
inclusion/exclusion of cases in which further expertise was
required to determine the participant’s eligibility to be
enrolled into the study. The committee consisted of cardi-
ologists, cardiac electrophysiologists, a cardiac surgeon, a
clinical geneticist, and genetic counselors with expertise
across the 3 diagnostic categories. The clinical details of
cases (Supplemental Table 1) requiring adjudication were
reviewed in detail, and participants were invited into the
Flagship based on the majority view of the committee.

The adjudication committee reviewed 117 cases; 46%
were accepted into the Flagship. CHD was the most com-
mon diagnosis at 54% of adjudicated cases (Supplemental
Table 2).

Recruitment process of Flagship cohort

Patients referred to a participating clinical genetics or car-
diology clinic between April 2019 to December 2021 who
met the selection criteria for one of the 3 diagnostic groups
(or approved by the adjudication committee) were invited to
participate in the Flagship. Eligible patients were identified
at the time of preclinic workup and, if possible, were

Schema of participant recruitment, approach to clinical and research sequencing, variant curation, and the resolution of VUS.

provided with study information and consent forms (hard
copy, PDF, or REDCap e-consent) before their consultation.
Eligible patients were also given the option of consenting
via a dynamic digital portal called Control (CTRL).>* They
were then formally invited to participate during their in-
person, telehealth, or telephone cardiology or genetics
consultation (Figure 1).

Data collection

Study data were collected and managed using the electronic
data capture software, REDCap, and stored at the
Murdoch Children’s Research Institute.””*® The data fields
(Supplemental Table 3) were established through multidis-
ciplinary consultation and included demographics, family
history, clinical, GS, and variant information. The Flagship
REDCap software was also used to invite participants to
complete surveys collecting psychosocial feedback and
economic data on the testing process at 5 time points (at time
of recruitment [Baseline], and 1-, 6-, 12-, and 24-months post
result disclosure) for a substudy—the Effectiveness of a
Standardized Cardiac Genetic Testing Approach in Australia.

GS and analysis pipeline

The Flagship adopted a multitiered approach to GS analysis.
The genes included for curation in tier 1 and tier 2 for each
condition were determined by a Gene Selection Working
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Table 1  Selection criteria for Flagship participants

Cardiomyopathies

AND Must be Able to Tick At Least 1 Box from At Least 2 Columns
(or FHx Criteria can be Considered as Standalone if Confirmed)

MUST Meet Diagnostic Criteria for dx Age Criteria® FHx Criteria Clinical Criteria
HCM  Adults: a wall thickness >15 mm in one or more LV myocardial o dx < 50 yo* o >1 first- or second- o Wall thickness
segments degree relative with >25 mm
Children: LV wall thickness more than 2 standard deviations documented CM o Previous OHCA
greater than the predicted mean (z-score 2, where a z-score o >1 first- or second-
is defined as the number of standard deviations from the degree relative with
population mean).? sudden death
DCM®  LVEDD (% predicted) >112% + LVEF <45%. o dx < 60 yo® before 50 o Conduction
Note: Worst echo report can be used. disease
Note: Please be mindful of overlap with left dominant ARVC. o OHCA
ARVC Modified taskforce criteria — at least borderline?? o dx < 60 yo® o Definite taskforce
If borderline, must have FHx of >1 first-degree relative with criteria

documented ARVC or sudden cardiac death.
Note: Please forward patients suspected of left dominant ARVC to
the adjudication committee.

LVNC Multiple trabeculations, deep intertrabecular recesses seen on o dx < 60 yo® o Impaired function
color flow Doppler and a 2-layered structure of the on imaging
myocardium with ratio of noncompacted to compacted
myocardium of >2:1 in systole. This includes patients with
varying pathophysiology (DFCM, HCM, RCM) and those with
entirely normal cardiac function.

RCM  Evidence of primary myocardial disease comprising LV diastolic o dx < 50 yo®
dysfunction with normal/near-normal wall thickness and
systolic function.

Arrhythmia Syndromes

AND Must be Able to Tick At Least 1 Box from At Least 2
Columns (or FHx Criteria can be Considered as Standalone
if Confirmed)

MUST Meet Diagnostic Criteria for dx FHx Criteria Clinical Criteria
BrS  HRS/EHRA/APHRS Expert Consensus Statement?? o >1 first- or second-degree o Spontaneous
relative with documented BrS type 1 pattern
o >1 first- or second-degree o Previous OHCA
relative with sudden death o Induced type 1
before 50 pattern
LQTS LQTS risk score >3.5 in the absence of a secondary cause for QT No additional criteria required, provided diagnostic
prolongation and/or a QTc interval >500 ms in repeated 12-lead ECG criteria are met.

and in the absence of a secondary cause for QT prolongation.**
CPVT  Structurally normal heart, normal ECG, and unexplained catecholamine-  Must be dx < 40 y old and meet diagnostic criteria—no
induced bidirectional VT or polymorphic ventricular beats or VT in an additional criteria required.
individual <40 or relative of a CPVT case with normal heart who
manifests exercise induced PVCs or bidirectional polymorphic VT.%?

CHD®

Familial CHD ~ Nonsyndromic CHD at any age AND >1 first- or second-degree relative with documented CHD + additional affected
family members
CHD + ECA CHD at any age AND >1 documented major structural noncardiac anomaly® AND normal chromosomal microarray any age

APHRS, Asia Pacific Heart Rhythm Society; ARVC, arrhythmogenic right ventricular cardiomyopathy; BrS, Brugada syndrome; CHD, congenital heart disease;
(M, cardiomyopathy; CPVT, catecholaminergic polymorphic ventricular tachycardia; DCM, dilated cardiomyopathy; DFCM, dilated functional cardiomyopathy;
dx, diagnosis; ECA, extra cardiac anomalies; ECHO, echocardiogram; ECG, electrocardiogram; EHRA, European Heart Rhythm Association; FHx, family history;
HCM, hypertrophic cardiomyopathy; HRS, Heart Rhythm Society; LQTS, long QT syndrome; LV, left ventricular; LVEDD, left ventricular end-diastolic diameter;
LVEF, left ventricular ejection fraction; LVNC, left ventricular noncompaction; OHCA, out-of-hospital cardiac arrest; PVC, premature ventricular contractions;
RCM, restrictive cardiomyopathy; SD, standard deviation; yo, years of age; VT, ventricular tachycardia.

°If less than 18, no additional criteria needed.

bMetabolic, infective, and syndromic causes must be excluded.

“For the purpose of this project, CHD includes patients who require surgical or catheter-based intervention, so as not to capture individuals with trivial
valvular disease, minor septal defects, small patent ductus arteriosus, etc.

dExtra cardiac anomalies include major structural noncardiac anomalies, eg, diaphragmatic hernia, cleft lip/palate, intestinal atresia, midline defects,
structural brain abnormalities, and/or functional neurological impairment (when diagnosed by a neurologist/geneticist/pediatrician and fitting criteria for
moderate neurodevelopmental disability on the basis of formal testing, for example, Bayley Scales in children or neurocognitive assessments in older children
and adults).
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Group, consisting of cardiologists, clinical geneticists, genetic
counselors, and research scientists.

Genome sequencing—Tier 1

GS was performed by 3 Australian laboratories accredited
by the National Association of Testing Authorities: Victo-
rian Clinical Genetics Service (88% of reports issued),
Genome.One (6% of reports issued), and SA Pathology (6%
of reports issued). Supplemental Table 4 lists the methods
for sample collection, DNA extraction, storage, sequencing,
and bioinformatic processing. The genes selected for tier 1
analysis included genes with established clinical validity for
each cardiovascular condition as of November 2019
(Supplemental Table 5). If a well-established disease-
causing variant was identified, or if no variant was identi-
fied, a report was generated and returned to the clinic team
for return to the participant. When a VUS was identified, the
case was presented at a multidisciplinary team (MDT)
meeting of clinical and laboratory experts, including the
participant’s clinical team and the scientists who performed
the sequencing. At the MDT, the clinical history was pre-
sented in a deidentified format, and the tier 1 results
reviewed. The final classification of each variant was based
on American College of Medical Genetics (ACMG)
guidelines.”” The suitability for reporting each variant was
determined, and any additional information or investigations
with the potential to alter the classification were identified.
The outcome was returned to the participant for further
clinical management (ie, cascade testing of family mem-
bers). Variant data were entered into the Flagship’s REDCap
database by a scientist and the Flagship’s coordinators.

Secondary research analysis—Tier 2

After the completion of the tier 1 process, participant’s
sequence data underwent a wider tier 2 analysis, which
included an additional list of lesser-evidenced research-
based genes (Supplemental Table 5). Tier 2 analysis was
performed by research teams at the Centenary Institute (all
primary arrhythmias and all cardiomyopathies except dilated
cardiomyopathy [DCM]) and the Victor Chang Cardiac
Research Institute (all DCM and CHD). Cases in which no
additional secondary research findings were identified were
summarized in a research report and returned to the clinical
team and the information given to the participant. Cases in
which the tier 2 analysis identified additional variants that
were LP/P or were a VUS, the case was presented at a tier 2
MDT meeting for further discussion and action.

Tier 2 MDT meetings were similarly conducted as the
tier 1 MDT meetings, but with a focus on research-based
cardiac genes. If the tier 2 MDT agreed that a variant
identified through tier 2 analysis was LP/P, it was returned
to the original reporting laboratory for recuration. It then
went back to a tier 1| MDT to determine the final classifi-
cation and clinical relevance of the variant for the final

report before it was returned to the clinical teams and
participants.

Given the genetic complexity of CHD, 89 parental
samples were also collected because trio analysis increases
the likelihood of identifying CHD-causing variants.

Functional genomics analysis—Tier 3

Unresolved cases, in which a VUS remained after tier 1 and
tier 2 analysis, were considered for functional analysis by
the Flagship’s Functional Genomics Committee. The iden-
tification of eligible variants was facilitated through
REDCap with assistance from the tailored results reports
(and accumulating evidence against ACMG criteria®’). A
call for expressions of interest to functionally assess the
impact of the VUS on gene/protein function was distributed
through the Australian Functional Genomics Network and
the Flagship. Eight Flagship-funded functional genomics
platforms were used to analyze VUS. The MDT evaluated
whether a VUS with significantly altered function compared
with the reference will affect the classification of the variant
according to ACMG guidelines. Cases in which the reclas-
sification of variants was not possible, evidence that the
variant is functionally altered was useful because it priori-
tized the case for follow-up. Outcomes were discussed at tier
3 MDT meetings for clinical curation and final reporting.
When possible, blood samples were also collected from
participants for peripheral blood mononuclear cell (PBMC)
isolation. PBMCs were extracted from whole-blood patient
samples and stored using a standard extraction protocol.

Data sharing

Sequencing data, including reclassification, have been made
available to other diagnostic laboratories via genomics data
sharing platforms such as the Australian Genomics Shariant
platform®® and variant atlas (Figure 1).

Deidentified genomic and associated data from this study
are available for ethically approved research. Data access
requests are accepted via an online application form that will
require approval from the Australian Genomics Data Access
Committee. For access to the data, please email
ag-datarequest@mcri.edu.au. Data access requests are
reviewed by the committee once a month. Access to the data
will require a Data Transfer Agreement (DTA). Once a DTA
is signed, the data will be transferred to the requestor from
AWS S3 storage.

Results
Study participants

A total of 600 participants were recruited from 17 clinical
sites across all 8 states and territories of Australia (Figure 2).
At the time of consent, participants ranged in age from 0 to
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Figure 2 Number of participants recruited from each Australian State and Territory.

82 years with a mean age of 37 years (median 40 years).
Eighty-two percent were older than 18 years. Of the pedi-
atric cases, 5.6% (n = 3 CHD, n = 2 cardiomyopathy, and
n = 1 arrythmia) were newborn (<28 days) at the time of
recruitment. Fifty-four percent of participants were male.
From self-reported ethnicity, European accounted for 67%,
followed by Asian (19%). Six percent indicated Australian
Aboriginal ethnicity. Most participants had a clinical diag-
nosis of a cardiomyopathy (67%), 20% had an arrhythmia
syndrome, and 13% had a diagnosis of familial CHD or
CHD+ECA. Tables 2 and 3 provide a summary of clinical
and intervention characteristics of the study cohort at the
time of recruitment.

GS diagnostic rates across clinical diagnoses—Tier 1

Table 4 summarizes the genetic diagnostic rate among
different clinical diagnoses. After GS and tier 1 variant and
clinical curation, a genetic cause for the participant’s diag-
nosis was found in 38% of participants. Of these, 41%
had cardiomyopathy, 40% had arrhythmia, and 15% of
participants had familial CHD/CHD+ECA (Figure 3).
Supplemental Table 6 lists all LP/P variants identified in tier
1 analysis for each diagnosis.

A VUS was found in 22% of cardiomyopathy partici-
pants, 13% of those had an arrhythmia syndrome, and 34%
were CHD/CHD+ECA participants (Figure 3).

At completion of the Flagship, it was apparent that there
had been significant evolution in approaches to curation of
truncating variants in the TTN gene (TTNtv). To standardize
TTNtv classification and align with international practice,

TTNtv previously clinically curated as VUS were reviewed.
This resulted in reclassification of 1877Ntv from VUS to LP
and 1 TTNtv VUS to P (Table 4).

Secondary research analysis—Tier 2

For participants with no LP/P variant and/or a VUS iden-
tified in tier 1 analysis, tier 2 analysis with an expanded gene
panel identified LP/P variants for an additional 15 partici-
pants and also a VUS for an additional 15 participants.

Table 5 summarizes the genes in which all LP/P variants
were found for each clinical diagnosis following the tiered 1
and 2 analysis approach.

Functional genomics analysis—Tier 3

After tier 1 and tier 2 analyses, VUS were selected for tier 3
functional analysis to identify variants that affect protein
function and potentially lead to the reclassification of the
VUS based on the obtained information. Furthermore,
PBMCs were extracted from a total of 205 participants. Tier
3 analysis is ongoing with functional platforms and results
to be reported on completion.

Time required for the GS testing process

The turnaround time in weeks for the GS process was
calculated for each diagnosis (Supplemental Table 7). This
turnaround time included from when the GS test was or-
dered until a results report was issued. Overall, it took an
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average of 21 weeks (median 19 and range 3-150) until the
clinical GS (tier 1) results report was issued. Cardiomyop-
athies and arrhythmia syndromes had a similar turnaround
time, with a mean of 19 weeks (median 18), and CHD had
the longest turnaround time (mean 30, median 20, and range
8-150).

Participants survey results

Survey response outcomes are to be reported in a future
publication. Supplemental Figure | flow diagram shows
the analysis plan for the substudy—Effectiveness of
a Standardized Cardiac Genetic Testing Approach in
Australia.

Discussion

The Australian Genomics Cardiovascular Genetic Disorders
Flagship successfully facilitated clinical GS in 600 people
with a suspected inherited cardiovascular disorder across
Australia. The establishment of clinical and research net-
works and collaborations and the incorporation of additional
research testing enabled a real-time evaluation of genomic
testing as part of the participants’ care in a clinical setting.

The Flagship achieved the integration of the most up-to-
date sequencing and functional technologies into a standard
care pathway within a routine clinical testing time frame.
The extension of the testing pathway into the secondary tier
2 analysis and functional tier 3 analyses will be reported
when completed. These analyses, usually considered as
purely research activities, resulted in the tier 2 identification
of additional LP/P variants that were then verified and re-
ported by the clinical genetics service to clarify that the
additional LP/P variants were clinical-grade findings.
Furthermore, it was a highly participatory program that
involved more than 150 clinical and laboratory personnel
across specialties and disciplines from a range of health
services, research facilities, and geographic locations to
achieve national representation. The result was broad input
into elements such as consensus criteria for testing eligibility
and gene lists, and inclusion of clinical input at all stages of
genetic test interpretation, to maximize the utility of the test
results in clinical care. Beyond these elements, the interac-
tion between the typically distinct clinical and research
communities also had obvious benefits to the activities of
both groups, and the Flagship has provided valuable expe-
rience and expertise on a national scale to improve the uti-
lization of genomics in the care of individuals and families
with inherited cardiac disorders.

Overall, 38% of participants were found to have an LP/P
variant that explained their cardiovascular disorder (rates
ranged from 41% for cardiomyopathies to 15% for CHD).
This diagnostic rate is in keeping with the rates previously
reported for cardiomyopathies and arrythmias by specialist
clinics and laboratories.”® Genomic testing in the Flagship’s

CHD cohort had a diagnostic rate of 15%, which falls at the
lower end of the reported rates.'”””>' However, these
studies used a range of different ascertainment criteria that
included either all CHD types or specific subgroups of
isolated CHD and/or CHD+ECA, and different combina-
tions of sporadic and/or familial cases. As a result, it is
difficult to draw useful comparisons between studies. In
some patients with CHD, later onset of comorbidities and/or
comorbidities that may not be apparent in early infancy
further complicate genetic testing and variant interpretation
in this patient group. Since the commencement of Flagship,
a recent best practice document on cardiac genetic testing
has been published in 2022, which provides further di-
rection regarding which genes to test in patients with car-
diomyopathy, arrhythmia, and CHD.

Tier 2 analysis increased the overall yield of LP/P
variants over that of tier 1, but it is difficult to make useful
comparisons with reported studies because of the diversity
in approaches. One explanation could lie in the tier 1 gene
lists that were selected. The lists were designed to be
comprehensive and used where additional tier 2 findings
occurred; these were often in known cardiovascular dis-
order genes associated with a related phenotype. For
instance, it was noted that tier 2 testing of the left ven-
tricular noncompaction cohort identified diagnostic vari-
ants that were included in the DCM tier 1 gene list.
Although the diagnostic yield of clinical genetic testing
was only modestly improved by the addition of research-
focused tier-2 testing, there was an important clinical
impact to those families for whom a diagnosis was made.
The role of research in improving diagnostic yield over
time will be something the Cardiovascular Genetic Dis-
orders Flagship intends to monitor and report on. Addi-
tionally, we anticipate that continued careful stratification
of gene lists according to clinical phenotype will better
define the diagnostic yield.

For CHD, beyond a limited selection of well-defined
phenotypes, the pathway to genetic testing varies consider-
ably and is mostly restricted to a research setting.”>** Patients
with CHD, similar to other patients with cardiovascular dis-
orders, benefit from multidisciplinary care involving both
clinical genetics and cardiology specialists to improve the
accessibility and diagnostic rate of genomic tests in this
cohort. Incorporating research testing (tier 2 and tier 3)
analysis and segregation studies for VUS has the potential to
further increase the diagnostic rate.”* Recommendations
garnered from the ClinGen consortium™ will further establish
evidence for the optimal clinical testing in the CHD cohort
and optimization of gene lists and variant curation. As ex-
pected, the utilization of trios greatly assisted with variant
analyses and classification in this patient group.

Despite the complexity of GS as a first-line test into
standard clinical care, it is reassuring that the turnaround
time for the Flagship GS process was similar to the non-
Flagship testing process (unpublished clinic data). A mi-
nority of Flagship participants had significantly longer
turnaround times, but this was typically related to
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Table 2 Clinical characteristics of cohort for each diagnosis at time of recruitment® (n = 600)

Cardiomyopathies HCM DCM ARVC LVNC RCM Total
Total 172 159 39 26 5 401
Pediatric (%) 14 (8.1%) 8 (5%) 1(2.6%) 6 (23.1%) 4 (80%) 33 (8.2%)
Adult (%) 158 (91.8%) 151 (94.9%) 38 (97.4%) 20 (76.9%) 1(20%) 368 (91.7%)

Mean age at diagnosis in years (median, 45 (47, 0-77) 44 (46, 17-82) 30 (32, 0-72)
range)

Family history of disease in first-degree/
second-degree relative(s), n (%)

Family history of sudden death (<50y) in
first-degree/second-degree relative(s),
n (0/0)

History of syncope, n (%)

Out-of-hospital cardiac arrest, n (%)

Mean IVSd in mm (median, range) -
adult

Mean IVSd in mm (median, range) -
pediatric

Mean LVPWd in mm (median, range) -
adult

Mean LVPWd in mm (median, range) -
pediatric

% predicted LVEDD, mean (median, -
range)

41 (42, 0-81)

98 (57) 113 (71) 13 (33) 13 (50)

31 (18.0) 53 (33) 7 (18) 3 (11.5)

21 (12.2) 6 (3.8) 7 (17.9) 2 (1.7)
14 (8) 10 (6.3) - -
20 (20, 0-40.9) - - -
12.5 (13, 0-23) - ; .
9 (10, 0-30) - - -

9 (8, 0-17) - ; .

135.2 (132.7, - -
12- 245.8)

15 (13, 6-33) 42 (44, 0-82)

1 (20)

0

Mean worst LVEF % (median, range) -

30 (32, 8-57) -

49 (46, 30-68) -

Conduction disease”

70

36 (9.0)

Primary Arrythmias

BrS

LaTS

CPVT

Total

Total
Pediatric, n (%)

16
1(6.2)

9%
14 (14.9)

Adult, n (%)

Mean age at diagnosis in years (median, range)

Family history of disease first- or second-degree relative(s), n (%)

Family history of sudden death (<50 y old) first- or second-degree
relative(s), n (%)

History of syncope, n (%)

BrS previous OHCA, n (%)

BrS spontaneous type 1 pattern, n (%)

BrS induced type 1 pattern, n (%)

LQTS risk score >3.5 in absence of secondary cause for QT -
prolongation, n (%)

LQTS QTc interval > 500 ms in repeated 12-lead ECG and in the -
absence of a secondary cause for QT prolongation, n (%)

Resting QTc at diagnosis off QT prolonging drugs and not -
immediately post arrest, mean (median, range)

Catecholamine-induced bidirectional VT or polymorphic ventricular - -
premature beats or VT, n (%)

Relative of a CPVT case with normal heart who manifests exercise- - -
induced PVCs or bidirectional polymorphic VT, n (%)

15 (93.8)

42 (44, 9-70)
6 (37.5)
7 (43.8)

79 (84.0)

34 (36, 0-66)
32 (34)

23 (24.5)

3 (18.8) 38 (40.4)

2 (12.5) -
10 (62.5) -

8 (50) -
68 (72.3)

52 (55.3)

509.5 (500, 400-642)

9
2 (22)
7 (78)

119
17 (14.28)
101 (84.9)

26 (18, 11-60) -

1(11)
5 (55)

8 (88.9)

9 (100)

1(11.1)

49 (41.2)

CHD Familial CHD

CHD + ECA

Total

Total 54
Pediatric, n (%) 36 (66.6)
Adult, n (%) 18 (33.3)
Mean age at diagnosis in years (median, range) 3 (0, 0-57)
Family history of CHD in > first-degree relative(s), n (%) 52 (96.3)
Additional CHD affected family members, n (%) 24 (44.4)
Mean number of defects diagnosed for each Pt 2 (2, 1-5)
(median, range)

26

20 (76.9)

6 (23)

0.15 (0, 0-2)

2 (é, 1-5)

80
56 (70)
24 (30)

(continued)
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Table 2 Continued
CHD Familial CHD CHD + ECA Total

Atrial septal defect 19 (35.2) Patent ductus arteriosus 7 (26.9) -
Ventricular septal defect 14 (25.9) Atrial septal defect 5 (19.2)
Tetralogy of Fallot 8 (14.8) Ventricular septal defect 4 (15.4)

- 2 (2, 1-5) -
Skeletal 10 (38.5) -
Liver/renal 7 (26.9)
Dysmorphisms 7 (26.9)

Most common CHD diagnoses, n (%)

Mean number of ECA (median, range)
Most common ECA diagnoses, n (%) -

ARVC, arrhythmogenic right ventricular cardiomyopathy; AV block, atrioventricular block; BrS, Brugada syndrome; CHD, congenital heart disease; CPVT,
catecholaminergic polymorphic ventricular tachycardia; DCM, dilated cardiomyopathy; ECA, extra cardiac anomalies; £CG, electrocardiogram; HCM, hypertrophic
cardiomyopathy; IVSd, intraventricular septal thickness at diastole; LQTS, long QT syndrome; LVEDD, left ventricular end-diastolic diameter; LVEF, left ven-
tricular ejection fraction; LVNC, left ventricular noncompaction; LVPWd, left ventricular posterior wall thickness at end diastole; mm, millimeters; OHCA, out-of-
hospital cardiac arrest; pediatric, <18 years old (2 HCM pediatric participants were newborn, 1 LQTS pediatric participant was newborn, and 2 CHD and 1

CHD+ECA participants were newborn); RCM, restrictive cardiomyopathy; V7, ventricular tachycardia; “-”, data not applicable.
*Totals differ because of missing data or data not applicable to the diagnosis.

®Second- or third-degree AV block.

organizational or workflow issues rather than the technical
demands of GS.

A more detailed assessment of the average hours per
diagnosis contributed by different members of the clinical
and laboratory teams across the GS pathway would provide
further information on the feasibility of introducing GS into

standard clinical care. This type of data was not collected in
the Flagship; however, Christensen et al’® reported that the
impact of GS on cardiologists’ clinical work was minimal.
A detailed analysis of the costs associated with Flagship GS
and outcomes will be possible as the cohort is followed up.
Cost analysis of clinical GS in the MedSeq project found

Table 3  Interventions reported for each diagnosis at time of recruitment?

Cardiomyopathies HCM DCM ARVC LVNC RCM
PPM, n (%) 20 (11.6) 9 (11.9) 3(7.7) 1(3.8) 0
Mean age in years of PPM (median, range) 43.2 (40.5, 26-77) 41 7 (46, <1-63)  50.3 (50.0, 49.0-52.0) 38 -
ICD, n (%) 72 (41.9) 3 (33.3) 20 (51.3) 3 (11.5) 0
Mean age in years of ICD (median, range) 41 (42, 13-78) 6 (47, 12-67) 42 (44, 17-66) 30 (27, 26-38) -
CRT, n (%) 0 ( 3) 0 0 0
Mean age in years of CRT (median, range) - 54 1 (55.5, 39-69) - - -
LVAD, n (%) 0 6 (3.8) 0 0 0
Mean age in years of LVAD (median, range) - 29 7 (25.5, 14-53) - - -
Cardiac transplant, n (%) 1 (0.6) 2 (7.5) 0 0 1
Mean age in years of transplant (median, range) 66 39 1 (41, 15-63) - - 32
Arrhythmias BrS LQTS CPVT
PPM, 1 (%) 1(6.2) 5 (5.3) 1 (11.1)
Mean age in years of PPM (median, range) 46 34.6 (36, <1-65) 30

ICD, n (%) 4 (25) 34 (36.1) 6 (66.7)
Mean age in years of ICD (median, range) 38.1 (38.0, 20-60) 39.4 (38, 18-65) 37.2 (38, 18-60)
Congenital Heart Disease Familial CHD CHD + ECA

PPM, n (%) 4 (7.4) 1(3.8)

Mean age in years of PPM (median, range) 1(1, 0-1) 13

ICD, n (%) 0 0

Mean age in years of ICD (median, range) - -

Cardiac transplant, n (%) 0 0

Mean age in years of transplant (median, range) - -

Open heart surgery, n (%) 40 (74) 24 (92.3)

Cardiac catheterization, n (%) 10 (18.5) 5 (19.2)

Mean number of procedures (median, range) 1.8 (1, 1-4) 1.8 (1, 1-5)

Most common procedures, n (%) Closure of atrial septal defect 6 (11.1)
Repair of tetralogy of Fallot 6 (11.1)

Repair of coarctation of aorta 5 (9.2)

Modified Blalock-Taussig shunt 6 (23.1)
Closure of atrial septal defect 5 (19.2)
Banding of pulmonary artery 3 (11.5)
Cardiac catheterization NOS 3 (11.5)

ARVC, arrhythmogenic right ventricular cardiomyopathy; CRT, cardiac resynchronization therapy; DCM, dilated cardiomyopathy; HCM, hypertrophic car-
diomyopathy; ICD, implantable cardioverter defibrillator; LVAD, left ventricular assist device; LVNC, left ventricular noncompaction; NOS, not otherwise
specified; PPM, permanent pacemaker; RCM, restrictive cardiomyopathy; “-”, data not applicable.

*Totals differ because of missing data or data not applicable to the diagnosis.
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Table 4 Summary of participants’ clinical diagnosis and their tier 1 clinically curated outcomes (n = 600)
Clinical Diagnosis Reported No Variants Found, n (%) VUS Found, n (%) LP/P Variant Found, n (%)
Cardiomyopathies

HCM 172 46 (27) 41 (24) 85 (49)

DCM 159 68 (43) 38 (24) 53 (33)°

ARVC 39 19 (49) 2 (5) 18 (46)

LVNC 26 15 (58) 5 (19) 6 (23)

RCM 5 1 (20) 1 (20) 3 (60)

Total 401 149 (37) 87 (22) 165 (41)
Arrhythmias

BrS 16 10 (63) 3 (19) 3 (19)

LQTS 94 44 (47) 10 (11) 40 (43)

CPVT 9 2 (22) 2 (22) 5 (56)

Total 119 56 (47) 15 (13) 48 (40)
CHD

Familial CHD 54 24 (44) 20 (37) 10 (19)

CHD + ECA 26 17 (65) 7 (27) 2 (8)

Total 80 41 (51) 27 (34) 12 (15)

Overall participant Total 600 246 (41) 129 (22) 225 (38)

ARVC, arrhythmogenic right ventricular cardiomyopathy; BrS, Brugada syndrome; CHD, congenital heart disease; CPVT, catecholaminergic polymorphic
ventricular tachycardia; DCM, dilated cardiomyopathy; ECA, extra cardiac anomalies; HCM, hypertrophic cardiomyopathy; LP, likely pathogenic; LQTS, long QT
syndrome; LVNC, left ventricular noncompaction; P, pathogenic; RCM, restrictive cardiomyopathy; VUS, variants of uncertain significance.

®Numbers shown include TTNtv VUS that were reclassified as LP/P following reanalysis after Flagship completion.

that the greatest proportion of the costs was incurred in the
short term, related to sequencing, variant interpretation, and
disclosure, and was expected to decrease with advancing
sequencing technology and improvements in data sharing
between laboratories. Importantly, GS did not increase
downstream health care costs.”®

The Flagship’s data and expertise, including pick-up
rates of diagnostic genetic testing and actionable findings,
contributed to 2 successful Australian Medical Services
Advisory Committee applications by demonstrating the
feasibility, safety, effectiveness, and cost-effectiveness of

100
90
. a7
£ 70
=
S
£ 60
s
& 50 22 -
40 ‘
|
30 i
|
20 . 40
10 ‘
0 | | | |
Cardiomyopathies Arrhythmias
N=401 N=119

Clinical Diagnosis

Figure 3

genetic testing in the Australian health care setting. This led
to 2 new Medicare Benefit Scheme item numbers being
approved to provide Australian Commonwealth Govern-
ment funding for cardiac genetic testing in patients with
inherited arrhythmias or cardiomyopathies.

Continuing analysis of the Flagship’s data, including the
participant survey data and further tier 2 and tier 3 out-
comes, will elucidate the effectiveness of this multitiered
cardiac GS analysis approach from both participant and
health service perspectives and detail the clinical utility of
the functional genomic evaluation.

= LP/P variant found
51
VUS found
No Variant Found
34
|15
CHD
N=80

Summary of tier 1 clinically curated diagnostic rate (%) for the 3 clinical diagnosis categories (2 = 600).
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Table 5 Total number of LP/P variants (N) identified from tier 1 Table 5 Continued
and tier 2 analysis each gene and clinical diagnosis Tier 1 LP/ Tier 2 LP/
Tier 1 LP/ Tier 2 LP/ Diagnosis Gene P Variants, n P Variants, n
Diagnosis Gene P Variants, n P Variants, n Familial CHD JAGT 2
HCM MYBP(3 59 2 (DK13 1
MYH7 17 ELN 1
ALPK3 1 FLT4 1
TNNI3 3 GATA4 1
CACNA1C 2 NKX2 1
PTPN11 2 NODAL 1
JPH2 1 NOTCH1 1
KCNQ1 0 PTPN11 1
LAMP2 1 DNAH11 1
PRKAG2 1 PKD2 1
TNNT2 1 CHD + ECA CHD7 2
TPM1 1 NFE2L2 1
DCM TTN? 29 1 SETD5 1
LMNA 4 ARVC, arrhythmogenic right ventricular cardiomyopathy; BrS, Brugada
BAG3 3 syndrome; CHD, congenital heart disease; CPVT, catecholaminergic poly-
DMD 2 morphic ventricular tachycardia; DCM, dilated cardiomyopathy; ECA, extra
DSP 2 cardiac anomalies; HCM, hypertrophic cardiomyopathy; LP, likely pathogenic;
FLNC 2 LQTS, long QT syndrome; LVNC, left ventricular noncompaction; P, pathogenic;
MYBPC3 ) RCM, restrictive cardiomyopathy; VUS, variants of uncertain significance.
MYH7 2 “Numbers shown includes the TTNtv VUS that were reclassified as LP
RBM20 2 following reanalysis after Flagship completion.
TNNT2 2
pKp2 1 1 Conclusions
DES 1
SCN5A 1 The Australian Genomics Cardiovascular Genetic Disorders
ARVC PKP2 9 Flagship successfully facilitated GS in the clinical setting
bsp > and provided evidence of the feasibility and benefits of of-
g;GPZRZ 4 1 fen'ng GS to patients with cardiac phenotypes indicating a
FLCN 1 ge?nf:tlc cause. It.enabled a rpodel of care th2.1t harnessed
LUNC MYH7 5 clinical and functional genomics for the resolution of VUS.
MYBPC3 1 It also contributed to the approval of further publicly funded
TAZ 1 genetic tests. This Flagship will inform future clinical
TBX20 1 practice on a national scale, as well as encourage the broader
RYR2 1 utilization of cardiac genetic testing in the diverse Australian
TN 2 population and national collaboration to improve the quality
Dsp 1 of care and outcomes for families.
MT-TI 1
PRDM16 1
Ry . Data Availability
RCM MYBP(C3 1
MYH7 1 Study data sets have not been deposited in a public re-
TNNI3 1 pository because of consent restrictions. Deidentified data
BrS SCN5A 3 from this study are available for ethically approved research.
Lats KeNQ1 28 The online access application process is administered by the
KCNHz 10 Australian Genomics Data Access Committee.
SCN5A 1
TN 1
CPVT RYR2 4
CASQ2 1 Acknowledgments
TECRL 2
MYBP(3 1 The authors would like to acknowledge the families who
(continued) participated in this Flagship and the clinical teams involved

in their care.
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