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Abstract

Background: Myocardial scar detected by cardiovascular magnetic resonance (CMR)
has been associated with sudden cardiac death (SCD) in dilated cardiomyopathy (DCM).
Certain genetic causes of DCM may cause a malignant arrhythmogenic phenotype. The
concepts of arrhythmogenic left ventricular cardiomyopathy (ALVC) and
arrhythmogenic DCM are currently ill defined. We hypothesized that a distinctive
imaging phenotype defines ALVC.

Methods and Results: Eighty-nine patients with DCM-associated mutations
(desmoplakin [DSP] n=25, filamin C [FLNC] n=7, titin n=30, lamin A/C n=12, bcl2-
associated athanogene 3 n=3, RNA binding motif protein 20 n=3, cardiac sodium channel
NA,1.5 n=2, sarcomeric genes n=7) were comprehensively phenotyped. Clustering
analysis resulted in two groups: “DSP/FLNC genotypes” and “non-DSP/FLNC ”. There
were no significant differences in age, sex, symptoms, baseline electrocardiography,
arrhythmia burden or ventricular volumes between the two groups. Sub-epicardial LV
late gadolinium enhancement with ring-like pattern (at least 3 contiguous segments in the
same short axis slice) was observed in 78.1% of DSP/FLNC genotypes but was absent in
the other DCM genotypes (p<0.001). LV ejection fraction and global longitudinal strain
were lower in other DCM genotypes (p=0.053 and p=0.015, respectively) but LV regional
wall motion abnormalities were more common in DSP/FLNC genotypes (p<0.001).
DSP/FLNC patients with non-sustained ventricular tachycardia (NSVT) had more LV
scar (p=0.010), whereas other DCM genotypes patients with NSVT had lower LVEF
(p=0.001) than patients without NSVT.

Conclusion: DSP/FLNC genotypes cause more regionality in LV impairment. The most
defining characteristic is a sub-epicardial ring-like scar pattern in DSP/FLNC, which

should be considered in future diagnostic criteria for ALVC.
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Units and Abbreviations

AC — Arrhythmogenic cardiomyopathy
ACTC1 — Alpha cardiac actin

ALVC - Arrhythmogenic left ventricular cardiomyopathy
ARVC — Arrhythmogenic right ventricular cardiomyopathy
BAG3 — Bcl2-associated athanogene 3

CMR - Cardiovascular magnetic resonance
DCM - Dilated cardiomyopathy

DES — Desmin

DSP — Desmoplakin

FLNC — Filamin C

ICD — Implantable cardioverter defibrillator
LBBB — Left bundble branch block

LGE - Late gadolinium enhancement

LMNA — Lamin A/C

MYBPC3 — Myosin-binding protein C

MYH7 — Beta-myosin heavy chain

NSVT — Non-sustained ventricular tachycardia
PVC — Premature ventricular contraction
RBBB — Right bundle branch block

RBM20 — RNA binding motif protein 20
RWMA — Regional wall motion abnormalities
SCD - Sudden cardiac death

SCN5A — Cardiac sodium channel NAy1.5

TAPSE — Tricuspid annular plane systolic excursion



TNNI3 — Cardiac troponin |
TPML1 — Alpha-tropomyosin

TTN — Titin



Introduction

Ventricular arrhythmias and sudden cardiac death (SCD) are a significant cause of
concern among patients with heart failure and dilated cardiomyopathy (DCM) (1). A left
ventricular ejection fraction (LVEF) below 35% has been widely accepted as a risk
marker of SCD and thus a clinical indication for prophylactic implantable cardioverter-
defibrillator (ICD) (1). However, a recent clinical trial has failed to show a mortality
benefit from primary prevention ICD implantation in patients with non-ischaemic DCM
and the discriminative value of LVEF in isolation has been disputed (2). A more refined
and personalized risk stratification taking into account the etiology of DCM could
potentially identify a subset of patients at high-risk for SCD who might benefit the
greatest from ICD implantation (3).

Increased use of genetic testing in clinical practice has demonstrated the magnitude of
genetic heterogenicity in DCM (4). Up to 50% have a positive familial history (5) and
approximately 40% have an identifiable genetic cause (6). Over 60 genes associated with
familial DCM have been described (7), titin (TTN) being the most prevalent (20-25% of
familial DCM cases), followed by lamin A/C (LMNA, 5-10%). Importantly, certain genes
such as LMNA, cardiac sodium channel NAy1.5 (SCN5A), filamin C (FLNC) and
desmoplakin (DSP) may present a more malignant arrhythmogenic phenotype
irrespective of the degree of LV systolic dysfunction and/or dilatation (8). This
“arrhythmogenic DCM” phenotype overlaps with the current concept of arrhythmogenic
cardiomyopathy (AC) (5),(9),(10) which can occur in up to one-third of DCM patients.
Indeed, unlike arrhythmogenic right ventricular cardiomyopathy (ARVC)(11), left-
dominant AC (ALVC) remains under-recognized due to a lack of specific diagnostic
criteria (12). DSP(13) and FLNC(14) have been described as genetic causes of ALVC

(9),(10). In patients initially referred for LV systolic dysfunction and/or dilatation, the



identification of specific genotypes may prompt earlier SCD risk stratification. The
extent, pattern and location of myocardial scar detected in cardiovascular magnetic
resonance (CMR) have also been associated with SCD in DCM (15).

We hypothesize that there is a characteristic ALVC imaging phenotype that is distinct
from other DCM-associated genes and thus explore the comprehensive phenotype of
DCM/ALVC related genes - structure/function, electrical and tissue characterization - to
uncover specific genotype-phenotype correlations that could form the basis of future

diagnostic criteria and therapeutic approaches.

Methods

Study population and data collection

An observational, retrospective, single-center study of patients from the Inherited
Cardiovascular Disease Department at Barts Heart Centre, London, UK. All patients gave
written informed consent in accordance with the protocol approved by the regional ethics
committee (15/L0/0549). Ethical approval for the analysis of these imaging data also
falls within the scope of an institutional audit (5298). Institutional genetic databases were
interrogated for variants associated with DCM. We included consecutive carriers of likely
pathogenic/pathogenic variants associated with DCM, who also underwent CMR
between May 2011 and May 2018. Patient selection was performed by one author (L.L.),
blinded to the imaging results.

We excluded from our analysis patients with the following: (1) age under 18 years, (2)
non-pathogenic variants or variants of unknown clinical significance, (3) more than one
likely pathogenic/pathogenic variant, (4) coronary artery disease, (5) significant primary
valvular disease, (6) uncontrolled hypertension and/or toxin exposure sufficient to cause

a myocardial abnormality and/or (7) congenital heart disease.



Genetic analysis

Patients with likely pathogenic/pathogenic variants in the following genes were included
(Supplementary Table 1): DSP, FLNC, LMNA, SCN5A, LMNA, bcl2-associated
athanogene 3 (BAG3), RNA binding motif protein 20 (RBM20), TTN and sarcomeric
genes (including alpha cardiac actin [ACTCL1], myosin-binding protein C [MYBPC3],
beta-myosin heavy chain [MYH7], cardiac troponin I [TNNI3] and alpha-tropomyosin

[TPM1]) (13),(14),(7).

Clinical analysis

Clinical data at the time of CMR was collected by cardiologists blinded to both CMR and
genetic status (J.A., R.E.).

All patients included met the clinical criteria for early/pre-clinical or clinical DCM (5) —
LV cavity dilatation and/or impaired ejection fraction with reference to age- and gender-
adjusted CMR nomograms(16), including hypokinetic non-dilated cardiomyopathy and
isolated LV dilatation, in the absence of significant coronary artery disease, uncontrolled
hypertension, significant primary valvular disease, toxin exposure and congenital heart
disease sufficient to cause the observed myocardial abnormality (17).

All patients were also post-hoc assessed for the presence of ARVC diagnostic criteria
(2010 revised task force criteria(11)) and for the presence of previously described features
of ALVC(12): (1) unexplained arrhythmia of LV origin (polymorphic or right bundle
branch block [RBBB] morphology), (2) (infero)lateral T-wave inversion, (3) LV

dilatation / systolic dysfunction with arrhythmic presentation.

Electrocardiogram and Holter



We recorded ECG abnormalities according to the ARVC revised task force criteria
2010(11). All patients underwent 24-hour Holter monitoring at least once a year as part
of routine assessment. Holter data after the CMR was evaluated. Ventricular tachycardia
(VT) was classified as non-sustained (NSVT) if duration was less than 30 seconds. VT
morphology was recorded: left (LBBB) or right (RBBB) bundle branch block. Presence
and morphology of frequent premature ventricular contractions (PVCs >1,000 per 24
hours) or frequent couplets (>50 per 24 hours) on Holter monitoring were also noted.

Presence of ICD (at the time [n=3] or after CMR) and clinical indication for ICD (primary
or secondary prevention) were recorded. We also determined the occurrence of major
arrhythmic events after CMR, which included appropriate ICD interventions (appropriate
shock and/or anti-tachycardia pacing), sustained VT, ventricular fibrillation (VF) and

aborted SCD, noting age at first arrhythmic event.

Cardiovascular magnetic resonance

All participants underwent CMR at 1.5 Tesla or 3 Tesla (Aera and Avanto 1.5T; Prisma
3T scanner; Siemens Healthcare, Erlangen, Germany). If more than one CMR was
performed, only the most recent one was considered for analysis. The acquisition protocol
is described in detail in the Supplementary Material. All images were analyzed using
CV142 software (Circle Cardiovascular Imaging Inc., Calgary, Canada). Measurements
were performed by two experienced cardiologists blinded to both clinical and genetic data
(E.N., S.M.F.). LV LGE (scar) quantification was performed in the short-axis slices using
manually drawn endocardial and epicardial borders and a semi-automated 5 SD approach
with minimal manual adjustment, and expressed in grams and as a percentage of total LV
mass. Presence or absence of RV LGE was also noted. LGE pattern was defined as ring-

like if there were at least 3 contiguous segments with sub-epicardial LGE in the same



slice (although typically the ring was more complete than this). Endocardial and
epicardial borders were manually drawn in the mid short axis slice (20% offset) and mean
T1 values were obtained for the slice. Global radial, longitudinal and circumferential 2D

strain values were obtained using feature tracking analysis.

Statistical analysis

A detailed description of the statistical analysis is provided in the Supplementary
Material. Briefly, all subjects were clustered post-hoc according to their genotype and
imaging phenotype, the latter including indexed LV end-diastolic volume, LVEF,
percentage of LGE in total LV mass (%LGE) and presence/absence of RV LGE. A two-
step cluster analysis was performed with two predefined clusters and using a log-
likelihood statistic as a distance measurement. Grouped/clustered genotypes were then
compared using Students’ t-test or Mann-Whitney U test (parametric and nonparametric
data respectively); categorical variables were compared using Fisher's exact test.
Differences between individual genotypes were assessed using one-way ANOVA for
parametric data or Kruskal-Wallis test for nonparametric data; categorical variables were
compared using Chi-square test. Significant effects were further evaluated with post-hoc
pairwise comparisons with Bonferroni adjustment. Two-sided p-values <0.05 were

considered significant.
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Results

Study population

We included 89 patients (76 probands, 13 affected relatives). Mean age was 45.9 + 1.5
years, 51 (57.3%) were males. Pathogenic variants included 30 TTN, 25 DSP, 12 LMNA,
7 FLNC, 3 BAG3, 3 RBM20, 3 MYH7, 2 SCN5A and 7 other sarcomeric genotypes (1
TNNI3, 1 TPM1, 1 ACTC1, 1 MYBPC3, see Supplementary Table 1). Two clusters were
derived, one with DSP and FLNC genotypes, the other with the remaining DCM
genotypes. Demographic characteristics are summarized in Table 1 (clustered genotypes)
and Supplementary Table 3 (individual genotypes). Individual and aggregated genotypes

were similar in terms of age, sex, ethnicity and proband/relative ratios.

Symptoms and Electrocardiography

There were no significant differences in symptoms, medications or ICD implantation
between groups or among individual genotypes (Table 1 and Supplementary Table 3,

respectively).

Patients were followed for 32.4+17.4 months. There was a trend for premature ventricular
contractions and VVTs to be more frequently polymorphic in the DSP/FLNC group (37.5
vs 19.3% in the other DCM genotypes, p=0.079). No other differences were seen
regarding baseline ECG changes / arrhythmias between aggregated (Table 2) or

individual genotypes (Supplementary Table 4).

Cardiovascular Magnetic Resonance

All images were analyzable. Imaging phenotypes are summarized in Table 3,

Supplementary Table 5 (for aggregated and individual genotypes, respectively) and in
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Figures 1 to 4. LV ejection fraction was tendentially lower in the other DCM genotypes
(44.0+£11.4% vs 49.0£12.2% in DSP/FLNC, p=0.053). LV global longitudinal strain
(GLS, absolute value) and tricuspid annular plane systolic excursion (TAPSE) were
significantly lower in the other DCM genotypes (p=0.015 and p=0.003, respectively,
Table 3) with LV and RV regional wall motion abnormalities (RWMA) being more
common in DSP/FLNC (p<0.001 for both, Table 3). LV and RV myocardial fat

infiltration were solely seen in DSP/FLNC (31.6% and 15.8%, respectively, Table 3).

LGE in DCM genotypes. LGE was significantly more common in DSP/FLNC in both LV
and RV (LV 90.6 vs 68.4%, p=0.020; RV 21.9 vs 1.8%, p=0.003, Figure 1,
Supplementary Table 6). Within other DCM genotypes, scar was not different between
LMNA and the other non-LMNA genotypes (2.2% (0 —8.6) vs 3.1% (0.5 12.4), p=0.253).
Scar pattern was also different. In DSP/FLNC scar was typically found in the basal lateral
segments, characteristically subepicardial (87.5 vs 12.3% in other DCM genotypes,
p<0.001, Figure 2) with a ring-like pattern in 78.1% (84.0% DSP, 57.1% FLNC) which
was not seen in any of the other DCMs (p<0.001). Scar distribution is further detailed for
individual genotypes in Figures 3 and 4. DSP/FLNC genotypes without scar had no LV
RWMAs and overall normal ejection fraction (minimum LVEF was 52.0%), whereas
those with scar had motion abnormalities in 51.7% (vs 0%, p=0.229) and significantly
reduced LV ejection fraction (47.4+11.0 vs 64.3+15.7%, p=0.020). In the other DCM
genotypes impairment was frequently present without scar and scar presence did not
significantly change EF (mean LVEF 42.6+11.4 with vs 46.8+11.2% without scar,

p=0.198).
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Arrhythmias and CMR characteristics. DSP/FLNC with NSVT had more extensive LV
scar (%LV mass median 19.5 (13.6-33.9) vs 11.3 (6.3-16.8), p=0.010) and a trend for
lower LVEF (44.7£10.9% vs 52.9+12.3, p=0.056) than patients without NSVT. Within
other DCM genotypes, scar was not different between patients with and without NSVT
(%LV mass median 2.2 (0 —3.9) vs 0.6 (0 —2.7), p=0.310); in contrast, those with NSVT

had lower LVEF (37.8+11.4% vs 47.6+£9.9% in patients without NSVT, p=0.001).

ARVC and ALVC criteria. ARVC criteria were met in 5 out of 89 patients, all within
DSP/FLNC genotypes (specifically all patients with DSP mutation, no ARVC criteria
were found among DCM genotypes, p=0.005, Table 3). The prevalence of typical ALVC
features (arrhythmia of LV origin, inferolateral T-wave inversion, LV dilatation/systolic
dysfunction with arrhythmic presentation) was not significantly different between
DSP/FLNC and the other DCM genotypes (53.1 vs 38.6%, respectively, p=0.266).
Adding the ALVC features to the presence of the aforementioned ring-like LGE to
DSP/FLNC would not significantly increase the percentage of ALVCs identified (from
78.1 to 90.6%, p=0.125), but there would be a significant increase in the other DCM

genotypes with ALV C features (from 0 to 38.6%, p<0.001).

Discussion

This is the first study systematically comparing clinical and imaging phenotypes in
patients with pathogenic DCM genotypes. The main findings of this study are three-fold.
First, by performing a clustering analysis of genotype and CMR data, we found a
characteristic subepicardial, ring-like scar pattern associated with DSP and FLNC
genotypes which was not present in the other DCM genotypes; this likely corresponds to

a distinct entity — ALVC. Second, LV impairment in DSP/FLNC is scar-related whereas
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in the other DCM genotypes, LV impairment can occur without scar and is relatively scar
independent. Third, while the other DCM genotypes have more impaired LVEF and GLS
(despite same degree of LV dilatation), DSP/FLNC have more regionality in LV
impairment. The acknowledgement of the aforementioned CMR patterns in patients being
investigated for DCM (LV systolic dysfunction and/or dilatation) should thus raise a

suspicion of ALV C-associated genotypes.

Imaging phenotype in Desmoplakin and Filamin C

DSP/FLNC have been more consistently described as ALVC-associated genes in the
literature (9)(10)(13)(14). Recognition of ALVC however poses a diagnostic and
nomenclature challenge due to the absence of defining criteria. Our finding of a sub-
epicardial “ring of fibrosis” represented a very specific imaging hallmark, which was
present only in DSP and FLNC and not in any other DCM genotypes. Moreover, its high
prevalence in ALVC genotypes (DSP/FLNC, approximately 80%) makes it a feature that
should be actively looked for in patients with suspected ALVC. Even in cases with clear
ARVC presentation (such as RV dyskinesia or RV aneurysms), the detection of left sided
involvement is limited if only function is assessed — half of the ALVCs with LV LGE had
no wall motion abnormalities. Scar is a key aspect. Not only causes but also precedes wall
motion abnormalities. LV systolic function deteriorates in the presence of LV fibrosis
(being preserved in ALVC genotypes without LGE). In contrast, dysfunction in DCM
genotypes is primarily non-scar related.

Although our findings are unique in comparing imaging findings across DCM genotypes,
asimilar LGE pattern has been previously noted in AC. Sen-Chowdhry et al.(18) assessed
168 ARVC patients with LV involvement in CMR and LV LGE was solely sub-epicardial

or both sub-epicardial and mid-myocardial in 128 patients. In another study by the same
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group(12), 40 contrast CMR scans were performed in patients with suspected or
confirmed ALVC - all patients had LV LGE, which was sub-epicardial in 30% and
circumferential in 20%; 15 patients had causative mutations in desmosomal genes.
However, specific genotype-phenotype correlations were not addressed in both studies.
Interestingly, a high proportion of LV fibrosis has also been previously shown in 29 of
49 patients with FLNC mutation(10); the LGE pattern was mainly sub-epicardial in these
cases. We found a higher prevalence of sub-epicardial fibrosis (in 9 out of 10 patients)
and characteristic ring-like LGE pattern (in 8 out of 10) in patients with confirmed
pathogenic DSP and FLNC mutations.

Other diseases may present a similar LGE pattern, including myocarditis, Duchenne and
Becker muscular dystrophies. Muscular dystrophies however would be discernable by
their systemic presentation. Myocarditis on the other hand might constitute a challenge
as this often goes unnoticed. Referrals for LV dilatation / systolic dysfunction are very
common in clinical practice. Using previously described ALVC features (such as
arrhythmia of LV origin or inferolateral T-wave inversion)(12) alone may be insufficient
to discriminate between ALVC and DCM genotypes. In contrast, using the highly
characteristic ring-like scar we described it is reasonable to include DSP/FLNC genes in

the differentials and thus discrimination between ALVC and DCM can be improved.

Imaging phenotype in other DCM genotypes

Overall, patients with other DCM-associated mutations had smaller amounts of LV scar
but more biventricular systolic dysfunction (as assessed by LVEF, GLS and TAPSE); the
presence of scar did not significantly impact on LVEF, suggesting that for the majority
of its causing genotypes, DCM is a disease where LV impairment is myocyte dysfunction

rather than scar related.
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No specific CMR trait was helpful in the distinction between individual DCM genotypes.
Association between BAG3 and DCM has been ascertained(19), but no studies
specifically addressed CMR imaging phenotypes. In a large genotype-phenotype study
of DCM patients, there were no significant differences between TTN positive and TTN
negative patients in terms of LV dilatation, LV systolic dysfunction or LGE
amount/pattern(20). A recent study has suggested that RBM20 is related to an increased
rate of sustained ventricular arrhythmias in comparison with TTN (44 vs 5%)(21), despite
similar degrees of LV dilatation and LV systolic dysfunction in both groups (but CMR
patterns were out of the scope of this study). We found no significant difference in the
CMR traits between RBM20 and TTN in our cohort. In a study of 17 patients with DCM
and LMNA mutation who underwent CMR, 15 subjects showed LV LGE which was mid-
myocardial in most cases(22). Likewise, we found a similar distribution of LV scar in
two thirds of LMNA patients. However, we did not find any specific imaging pattern that
could allow us discriminating between LMNA and other DCM genotypes. In contrast,
electrical abnormalities such as atrioventricular conduction disturbances and atrial
fibrillation have recently been found to have a high prevalence in LMNA genotypes (23).
To the best of our knowledge, there are no dedicated studies investigating the imaging
phenotype of other sarcomeric genes in DCM besides TTN. We showed that LGE in these
patients was found in the midwall and mainly in the basal-to-mid septum, which is non-
specific for distinction from other non-DSP/FLNC DCM-associated genotypes. Van
Hoorn et al. assessed 40 SCN5SA patients with Brugada syndrome(24); CMR was
performed in all of them — fatty infiltration was found in 1 patient (2.5%) and fibrosis was
seen in 3 patients (7.5%), the location of which was not specified. Further characterization

of scar localization among DCM patients with SCN5A variants is warranted.
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Clinical phenotypes and diagnostic work-up

Detecting more arrhythmogenic DCM phenotypes can have important clinical
implications in terms of risk stratification, familial evaluation and management. LVEF
alone might be insufficient to identify patients who are at risk(2),(25). Genotyping has
already been proven to be useful in this regard, particularly for lamin A/C(26),(1). Scar
imaging has also been shown to be a promising risk stratification marker(27).

While the finding of a ring-like scar has diagnostic value in DSP/FLNC genotypes, the
impact of specific DCM genotypes and corresponding imaging features on outcomes
deserves further investigation. The total prevalence of ventricular arrhythmias was similar
between the two genotype clusters in this study. However and importantly, extensive LV
scar was associated with NSVT in DSP and FLNC genotypes but not in other DCM
genotypes, where the overall extent of scar was low. On the other hand, lower LVEF was
associated with NSVT in both genotype groups, but LVEF was significantly higher in the
DSP/FLNC cluster. The combination of these imaging features likely accounts for the
similar number of arrhythmic events.

Nonetheless, in light of the heterogeneity of non-DSP/FLNC genotypes, conclusions
regarding risk of ventricular arrhythmias in individual genotypes (such as LMNA) cannot
be formally drawn. In fact, the association between LV scar in patients with LMNA and
ventricular arrhythmias has also been described (28). A recent study(15) also reported
that concomitant LGE in the septum and free-wall (possible reflecting ring-like scar)
accounted for the greatest risk of SCD in DCM patients. Moreover, when the scar was
subepicardial or had multiple patterns, the risk of SCD was also higher. Our data strongly
suggests that these imaging differences could be accounted for by a distinct genetic

background.
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Limitations

ARVC was defined according to the Task Force Criteria 2010. Other consensus on AC
have been published since then (29), but these are not widely used and do not provide
formal diagnostic criteria. Furthermore, most of the additional imaging parameters
described for the diagnosis of AC are mainly RV-focused, highlighting the gap of
knowledge in ALVC.

We used stringent inclusion criteria for patients with both likely pathogenic/pathogenic
variants and a CMR. Advanced lamin A/C patients may have been under-represented as
they typically receive ICDs before CMR scanning is done. Fat suppression and mapping
sequences were not performed in all patients and their value in the identification of
specific DCM genotypes has not been thoroughly investigated; this, however, reflects
standard CMR acquisition protocols according to the referral or specific clinical

question.;

Conclusions

Advances in two key areas of cardiomyopathy are increasing. Firstly, the increased
availability of genetic testing, and secondly in-vivo myocardial tissue characterization by
CMR, particularly LGE. The harmonization of these viewpoints into an integrated
understanding based on concurrent genotype-phenotype appreciation promises new
specific management strategies and therapeutic approaches. Continued efforts are needed
to develop and validate prognostic models combining imaging and phenotype to identify
high-risk subgroups who might benefit from ICD implantation.

We showed that when analyzing a thoroughly genotyped and phenotyped cohort of DCM
patients and defining two groups through a clustering analysis according to genotype and

imaging characteristics, DSP/FLNC genotypes (consistently described as ALVC-
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associated genes in the literature) caused a more heterogeneous phenotype with more
regionality in LV impairment. The most characteristic difference is that DSP/FLNC
patients frequently had a ring-like late gadolinium enhancement pattern that did not occur
in other genotypes. We propose that this new defining feature should be considered in
future diagnostic criteria for ALVC, while deserving further testing as a risk factor for

sudden cardiac death.
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Figures

Figure 1. Box plots and confidence intervals comparing the percentage of left ventricular

scar among individual genotypes (A) and between grouped genotypes (B).
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Legend: BAG3, bcl2-associated athanogene 3; DCM, dilated cardiomyopathy; RBM20,

RNA binding motif protein 20; SCN5A, cardiac sodium channel NAy1.5.
* P-value <0.002 vs Desmoplakin.

T P-value <0.05.
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Figure 2. Distribution of left ventricular scar in myocardial layers and in bull's eye view

of the 17-segment AHA according to aggregated genotypes.
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Legend: AHA, American Heart Association; DCM, dilated cardiomyopathy.
* P-value < 0.05 vs corresponding segment/myocardial layer in other DCM genotypes.

** P-value < 0.001 vs corresponding segment/myocardial layer in other DCM

genotypes.
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Figure 3. Distribution of left ventricular scar in myocardial layers and in bull's eye view

of the 17-segment AHA for desmoplakin/filamin C genotypes.
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Figure 4. Distribution of left ventricular scar in myocardial layers and in bull's eye view

of the 17-segment AHA for other DCM genotypes.
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Tables

Table 1. Demographic and clinical characteristics of the study population according to

the genotype group.

Demographic
characteristics

Male
Age at diagnosis, years

Caucasian

Proband

Clinical characteristics

Symptoms
Family history of DCM

Family history of AC

Family history of SCD /
VT /VF

ICD

Primary prevention
Medication

Beta-blocker
Anti-arrhythmic

ACEi/ ARB

Total
population
(n=89)

51
(57.3)
42.2 +13.6
81
(91.0)
76
(85.4)

38
(42.7)
43
(48.3)
12
(13.6)
35
(39.3)
32
(36.0)
24
(75.0)

69
(77.5)
8
(9.0)
68
(76.4)

DSP/FLNC
(n=32)

15
(46.9)
42.3 + 145
30
(93.8)
25
(78.1)

11
(34.4)
12
(37.5)
11
(34.4)
14
(43.8)
15
(46.9)
11
(73.3)

24
(75.0)
1
(3.1)
23
(71.9)

Other DCM
genotypes
(n=57)

36
(63.2)
42.1+13.2
51
(89.5)
51
(89.5)

27
(47.4)
31
(54.4)
1
(1.8)
21
(36.8)
17
(29.8)
13
(76.5)

45
(78.9)
7
(12.3)
45
(78.9)

P value*

0.181
0.941
0.706

0.211

0.270

0.184

<0.001

0.652

0.116

1.000

0.792

0.250

0.450

ACEi, angiotensin-converting-enzyme inhibitor; ARB, angiotensin Il receptor blockers; DCM, dilated cardiomyopathy; DSP,

desmoplakin; FLNC, filamin C; ICD, implantable cardioverter-defibrillator; SCD, sudden cardiac death; VF, ventricular fibrillation;

VT, ventricular tachycardia.

Discrete variables are presented as n (%) and continuous variables as mean + SD.

* P-value for DSP/FLNC vs. other DCM genotypes. P-values < 0.05 are expressed in bold.
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Table 2. Arrhythmic events and electrocardiographic characteristics of the study

population according to the genotype group.

TWI V2-V3

TWI V4-V6
LBBB

RBBB

>1,000 PVCs / 24h
>50 couplets / 24h
Non-sustained VT

Sustained VT
PVC / VT morphology
LBBB-like

RBBB-like
Polymorphic

Aborted cardiac arrest

ICD appropriate
interventions

Major arrhythmias

Age at first arrhythmic
event, years

Total
population
(n=89)
6
(7.1)
12
(14.2)
2
(2.2)
2
(2.2)
37
(41.6)
13
(14.6)
36
(40.4)
2
(2.2)

.
(7.9)
9
(10.1)
23
(25.8)
5
(5.6)
2
(6.3)
10
(11.2)
48.0
(21.0)

DSP/FLNC
(n=32)

4
(12.5)
6
(18.8)

0

1
(3.1)
15
(46.9)

(15.6)
15
(46.9)

(3.1)

(6.3)

(6.3)
12
(37.5)

(6.3)

0

6
(18.8)
39.0
(20.0)

Other
DCM
genotypes
(n=57)
2
(3.8)
6
(11.3)
2
(3.5)
1
(1.8)
22
(38.6)
8
(14.0)
21
(36.8)
1
(1.8)

5
(8.8)
7
(12.3)
11
(19.3)
3
(5.3)
2
(11.8)
4
(7.0)
49.0
(11.0)

P value*

0.192

0.355

0.534

1.000

0.505

1.000

0.377

1.000

1.000

0.480

0.079

1.000

0.486

0.158

0.189

DCM, dilated cardiomyopathy; DSP, desmoplakin; FLNC, filamin C; ICD, implantable cardioverter-defibrillator; LBBB, left bundle

branch block; PVCs, premature ventricular contractions; RBBB, right bundle branch block; TWI, T wave inversion; VF, ventricular

fibrillation; VT, ventricular tachycardia.

Discrete variables are presented as n (%) and continuous variables as median (interquartile range).

* P-value for DSP/FLNC vs. other DCM genotypes.
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Table 3. Imaging phenotypes in cardiac magnetic resonance according to the genotype

group.

LV EDVi,
ml/m?

LV ESVi, ml/m?

LV CI, L/min

LV EF, %

LV RWMA

MAPSE, mm

LV MlI, g/m?

MWT, mm

RV EDVi,
ml/m?

RV ESVi, ml/m?

RV ClI, L/min

RV EF, %
RV RWMA
TAPSE, mm

LA area, cm?

Total
population
(n=89)

100.0
(29.0)

52.0
(29.0)

3.1+0.7
45.8+11.9

18
(20.2)

13.4+3.8

64.2+16.9

9.0
(2.0)

82.8
(31.7)

37.0
(21.2)

3.0+0.8

53.0
(12.0)

10
(11.2)

20.2+4.9

25.0
(8.0)

DSP/FLNC
(n=32)

101.0
(31.5)

49.0
(35.5)

3.1+0.7
49.0£12.2

15
(46.9)

13.1+3.5

65.4+18.0

8.6
(1.3)

91.5
(34.0)

42.1
(25.0)

3.0+0.8

53.0
(15.0)

10
(31.3)

22.2+4.5

24.9
(9.4)

Other
DCM
genotypes
(n=57)

99.0
(32.3)

53.0
(24.0)

3.1+0.7
44.0+11.4

3
(5.3)

13.5+£3.9

63.6+16.4

9.0
(2.0)

79.9
(32.0)

36.0
(21.5)

3.0+0.8

53.2
(10.9)

0

19.0+4.8

25.0
(7.4)

P value*

0.925

0.243

0.937

0.053

<0.001

0.639

0.633

0.037

0.068

0.159

0.834

0.800

<0.001

0.003

0.421
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) 23.0 23.0 23.2
RA area, cm (9.0) (8.2) (9.0) 0.905
LV fat 6/25 6/19
infiltration (24.0) (31.6) 0/6 0.278
RV fat 3/25 3/19
infiltration (12.0) (15.8) 0/6 0.554
ARVC criteria (556) (12 0 0 0.005
39 17 22
ALVC features (43.8) (53.1) (38.6) 0.266
Native T1 1025.6 1026.9 1023.0 0,990
mapping, ms (64.0) (28.2) (73.0) '
30.8 292 31.1
0,
LV GRS, % (191 220 (437 0.905
1422 -15.2 137
0,
LV GCS, % o 69 e 0.110
119 141 1.2
0,
LV GLS, % a s oy 0.015

Cl, cardiac index; DCM, dilated cardiomyopathy; DSP, desmoplakin; EDVi, end-diastolic volume indexed; EF, ejection fraction;
ESVi, end-systolic volume indexed; FLNC, filamin C; GCS, global circumferential strain; GLS, global longitudinal strain; GRS,
global radial strain; LA, left atrium; LV, left ventricle; MAPSE, mitral annular plane systolic excursion; MI, mass index; MWT,
maximum wall thickness; RA, right atrium; RV, right ventricle; RWMA, regional wall motion abnormalities; TAPSE, tricuspid
annular plane systolic excursion.

Discrete variables are presented as n (%) and continuous variables as mean = SD or median (interquartile range) as appropriate.

* P-value for DSP/FLNC vs. other DCM genotypes. P-values < 0.05 are expressed in bold
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Supplementary Methods

Genetic analysis

Genetic variants were identified by different sequencing technologies, using gene panels
that reflect the standard practice at the time of testing, as previously published.! Current
criteria for pathogenicity were reviewed for each selected variant, according to published
reports in the ClinVar database,?> Genome Aggregation Database (gnomAD)? minor allele
frequency and recommendations by the American College of Medical Genetics and

Genomics* (Supplementary Table 1).

Clinical analysis

Patients were considered symptomatic if there were any reports of dyspnea, chest pain
and/or syncope. Family history was ascertained by the presence of at least one first or
second-degree family member affected by DCM, AC, SCD or with previous documented
episode(s) of otherwise unexplained sustained ventricular tachycardia (VT) or ventricular

fibrillation.

Cardiovascular magnetic resonance acquisition

Pre-contrast breath-held steady-state free precession sequences were used to acquire cine
images in standard long and short axis views. Late gadolinium enhancement (LGE)
images (long and consecutive short axis slices) were acquired 10 minutes following a
bolus administration of 0.1 mmol/kg gadolinium contrast agent (Gadoterate meglumine,
Dotarem, Guerbet S.A., France) using a phase sensitive inversion recovery sequence. T1-
weighted black blood imaging with and without fat suppression was performed in the 4-
chamber view and mid LV short axis slice using double inversion recovery fast spin-echo

sequence in 25 patients. Native pre-contrast T1 mapping was performed in 43 patients on
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a mid-left ventricular short-axis slice using a modified Look-Locker inversion recovery

sequence (all cases 1.5T Siemens Aera scanner).

Statistical Analysis

Statistical analyses were performed using SPSS statistical software (version 24.0, IBM
Corp., Armonk, NY, USA). Discrete variables are presented as absolute frequencies with
percentages; continuous as mean + standard deviation if normally distributed, or median
and interquartile ranges. Intra-observer (with a one-month temporal interval between
repeat analyses) and inter-observer reproducibility were assessed on 10 random scans
using intraclass correlation coefficients (Supplementary Table 2).

Differences between individual genotypes were assessed using one-way ANOVA for
parametric data or Kruskal-Wallis test for nonparametric data; categorical variables were
compared using Chi-square test. Significant effects (two-sided p-values <0.05) were
further evaluated with post-hoc pairwise comparisons with Bonferroni adjustment.

All subjects were clustered post-hoc according to their genotype and imaging phenotype,
the latter including LV end-diastolic volume indexed, LVEF, percentage of LGE in total
LV mass (%LGE) and presence/absence of RV LGE. A two-step cluster analysis was
performed with two predefined clusters and using a log-likelihood statistic as a distance
measurement. All continuous variables in the model were standardized. The clustering
feature tree had a maximum of 4 branches and 2 maximum levels of tree depth. The inputs
weighting is described in detail in the Supplementary Figure 1. Grouped/clustered
genotypes were then compared using Students’ t-test or Mann-Whitney U test (parametric
and nonparametric data respectively); categorical variables were compared using Fisher's

exact test. Two-sided p-values <0.05 were considered significant.
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Supplementary Tables

Supplementary Table 1. Identified gene variants and classification.

) . gnomAD )
Exonic and splice- ] ClinVar/ ACMG
Gene ) ) Minor Allele L
site variants Reference classification
Frequency
Likely to be
C.569A>G )
ACTC1 Not reported | Not reported | pathogenic or
(p.Tyr190Cys) ) ]
disease-causing
Very likely to be
c.821C>A Y .y
BAG3 Not reported | Not reported | pathogenic or
(p.Ser274%*) ) )
disease-causing
€.925C>T ) Pathogenic or
BAG3 Not reported | Pathogenic® ) )
(p.Arg309%) disease-causing
Very likely to be
c.821C>A Y -y
BAG3 Not reported | Not reported | pathogenic or
(p.Ser274%*) ) )
disease-causing
Very likely to be
c.4477G>T ]
DSP Not reported | Not reported | pathogenic or
(p-Glu1493~*) ) )
disease-causing
_ Very likely to be
€.2572_2573insG )
DSP Not reported | Not reported | pathogenic or
(p.GluB858Glyfs*15) ) )
disease-causing
Likely to be
c.5472delA )
DSP 3.982¢-6 Not reported | pathogenic or
(p.Aspl1825Thrfs12*) ) )
disease-causing
Probably
k2091fs ) )
DSP Not reported | Not reported |associated with the
(p.Lys2091fs) )
disease
Very likely to be
c.4531C>T ) )
DSP 2.001e-5 Pathogenic® | pathogenic or

(p.GIn1511%)

disease-causing
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Likely to be

DSP €.1267-2A>G Not reported | Not reported | pathogenic or
disease-causing
C.7567_7570delAAG ]
) Pathogenic or
DSP A Not reported | Pathogenic’ _ _
disease-causing
(p.Lys2523GInfs*37)
€.8469 8487delGGG Very likely to be
DSP GTCCCGCTCCGGC | Not reported | Not reported | pathogenic or
TCC (p.Gly2824fs) disease-causing
Very likely to be
DSP €.939+1G>A 3.188e-5 Pathogenic® | pathogenic or
disease-causing
c.4025G>A Pathogenic or
DSP Not reported | Not reported ) )
(p.Trp1342*) disease-causing
Very likely to be
€.3928A>T ]
DSP Not reported | Not reported | pathogenic or
(p.Lys1310%) i .
disease-causing
Likely to be
DSP €.1267-2A>G Not reported | Not reported | pathogenic or
disease-causing
Very likely to be
c.478C>T Y .y
DSP Not reported | Not reported | pathogenic or
(p.Arg160*) : :
disease-causing
Likely to be
DSP c.3G>T (p.Metl?) Not reported | Not reported | pathogenic or
disease-causing
Likely to be
c.1288G>T .
DSP Not reported | Not reported | pathogenic or
(p-Glu430%*) ) )
disease-causing
Very likely to be
€.3928A>T )
DSP Not reported | Not reported | pathogenic or

(p.Lys1310%)

disease-causing
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Very likely to be

DSP €.250C>T (p.Arg84*) | Not reported | Not reported | pathogenic or
disease-causing
Very likely to be
c.5875delT Y -y
DSP Not reported | Not reported | pathogenic or
(p.Lys1626Argf*19) ) ]
disease-causing
Likely to be
c.3505T>A )
DSP Not reported | Not reported | pathogenic or
(p.Tyr1169Asn) ] )
disease-causing
_ Very likely to be
€.2276_2277insA )
DSP Not reported | Not reported | pathogenic or
(p.Thr760Tyrfs*7) ) )
disease-causing
Very likely to be
€.5596C>T (p. )
DSP Not reported | Not reported | pathogenic or
GIn1866*) ) )
disease-causing
€.8469 8487delGGG Very likely to be
DSP GTCCCGCTCCGGC | Not reported | Not reported | pathogenic or
TCC (p.Gly2824fs) disease-causing
Very likely to be
¢.5596C>T (p. )
DSP Not reported | Not reported | pathogenic or
GIn1866%*) ) )
disease-causing
Likely to be
€.1288G>T )
DSP Not reported | Not reported | pathogenic or
(p.Glu430%) ) )
disease-causing
Very likely to be
c.4875delT )
DSP Not reported | Not reported | pathogenic or
(p.Lys1626Argfs*19) ) )
disease-causing
] Very likely to be
c.1444C>T Uncertain
FLNC Not reported o pathogenic or
(p.Arg482*) significance ) )
disease-causing
] Very likely to be
c.4718T>A Uncertain )
FLNC Not reported o pathogenic or
(p.Leul573%) significance

disease-causing
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Very likely to be

€.2971C>T ) )
FLNC Not reported | Pathogenic® | pathogenic or
(p.Arg991%*) ) ]
disease-causing
Very likely to be
FLNC €.7252-1G >A Not reported | Not reported | pathogenic or
disease-causing
Very likely to be
€.2971C>T ] )
FLNC Not reported | Pathogenic® | pathogenic or
(p.Arg991%*) ) )
disease-causing
Very likely to be
c.2971C>T ) )
FLNC Not reported | Pathogenic® | pathogenic or
(p.Arg991%) : :
disease-causing
Very likely to be
€.2971C>T ) )
FLNC Not reported | Pathogenic® | pathogenic or
(p.Arg991%) : :
disease-causing
Very likely to be
€.1892dupG .
LMNA Not reported | Not reported | pathogenic or
(p.Gly631fs) ) )
disease-causing
Very likely to be
LMNA €.1489-1G>A Not reported | Not reported | pathogenic or
disease-causing
€.825_832delGCAGT Very likely to be
LMNA CTG Not reported | Not reported | pathogenic or
(p.Arg275SerfsX2) disease-causing
Very likely to be
c.751dupC y .y
LMNA Not reported | Not reported | pathogenic or
(p.GIn251fs) ) )
disease-causing
Very likely to be
€.568C>T ) Y -y
LMNA Not reported | Pathogenic!® | pathogenic or
(p.Arg190Trp) ) )
disease-causing
Very likely to be
LMNA  [c.356+1G>C Not reported | Pathogenic!* | pathogenic or

disease-causing
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.825_832delGCAGT

Very likely to be

LMNA CTG Not reported | Not reported | pathogenic or
(p.Arg275SerfsX2) disease-causing
Very likely to be
c.571delG Y -y
LMNA Not reported | Not reported | pathogenic or
(p-Val191Trpfs*10) ) ]
disease-causing
Very likely to be
€.1434dupG )
LMNA Not reported | Not reported | pathogenic or
(p.Leud79Alafs) ) )
disease-causing
€.825_832delGCAGT Very likely to be
LMNA CTG Not reported | Not reported | pathogenic or
(p.Arg275SerfsX2) disease-causing
Very likely to be
€.1434dupG )
LMNA Not reported | Not reported | pathogenic or
(p.Leud79Alafs) ) )
disease-causing
c.73C>T ) Likely pathogenic
LMNA Not reported | Not provided ) ]
(p.Arg25Cys) or disease-causing
Likely to be
c.748T>C )
MYBPC3 Not reported | Not reported | pathogenic or
(p.Ser250Pro) ) )
disease-causing
MYH7 .602T>C 7.952e-6 Likely Likely pathogenic
(p.11e201Thr) pathogenic'? | or disease-causing
Pathogenic/ | Very likely to be
c.4498C>T _ ]
MYH7 Not reported | likely pathogenic or
(p.Argl1500Trp) ) ) )
pathogenic'® | disease-causing
Very likely to be
c.379C>A Y -y
MYH7 Not reported | Not reported | pathogenic or
(p.Pro127Thr) ] )
disease-causing
ClinVvar- Very likely to be
€.2176C>T ) )
RBM20 Not reported | Uncertain pathogenic or
(PArg726*) L _ .
significance | disease-causing
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Very likely to be

€.2639delA _
RBM20 Not reported | Not reported | pathogenic or
(p-Asn880Thrfs*30) ) ]
disease-causing
Conflicting )
) _ Likely to be
€.1906C>T interpretations )
RBM20 Not reported pathogenic or
(p.Arg636Cys) of ) .
o disease-causing
pathogenicity
C.665G>A ) Pathogenic or
SCN5A Not reported |Pathogenic* | _
(p.Arg222Gin) disease-causing
Pathogenic/ )
SCNEA €.3988G>A likel Pathogenic or
ike
(p.Ala1330Thr) Not reported Y ) disease-causing
pathogenic®®
_ Likely to be
c65_66delGCinsTT )
TNNI3 Not reported | Not reported | pathogenic or
(p.Arg22Leu) ) )
disease-causing
Likely to be
€.359C>T ]
TPM1 Not reported | Not reported | pathogenic or
(p.Alal20Val) ) ]
disease-causing
) Very likely to be
€.32854C>T Uncertain ]
TTN Not reported o pathogenic or
(p.GIn10952%) significance ] ]
disease-causing
Very likely to be
€.4239delT y .y
TTN Not reported | Not reported | pathogenic or
(p.Phel413Leufs*3) ) )
disease-causing
Very likely to be
.64795delA )
TTN Not reported | Not reported | pathogenic or
(p.Arg21599Aspf*6) ) )
disease-causing
€.2645 26454delTTG Very likely to be
TTN insA Not reported | Not reported | pathogenic or
(p.Trp8818Lysfs*6 ) disease-causing
Likely to be
C.76510A>T )
TTN Not reported | Not reported | pathogenic or

(p.Lys25504%)

disease-causing
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Likely to be

€.58921C>T ) )
TTN Not reported | Pathogenic'® | pathogenic or
(p.Arg19641%*) ) )
disease-causing
Very likely to be
€.55931G>A )
TTN Not reported | Not reported | pathogenic or
(p.Trpl8644%*) . .
disease-causing
Very likely to be
c.51784C>T .
TTN Not reported | Not reported | pathogenic or
(p.Argl762*) ) )
disease-causing
€.25115 25116insTT Very likely to be
TTN GA Not reported | Not reported | pathogenic or
(p.Glu8372Aspfs*2) disease-causing
€.25115 25116insTT Very likely to be
TTN GA Not reported | Not reported | pathogenic or
(p.Glu8372Aspfs*2) disease-causing
Very likely to be
€.20299C>T ) )
TTN Not reported | Pathogenic!’ | pathogenic or
(p.Arg6767*) i .
disease-causing
€.7389 _73902delTA Very likely to be
TTN GT Not reported | Not reported | pathogenic or
(p.Ser24634Metfs*9) disease-causing
) Very likely to be
€.65971C>T Likely )
TTN Not reported ) pathogenic or
(p.Arg21991%) Pathogenic'® | _
disease-causing
c.36412delG Very likely to be
TTN (p.Alal12138Profs*44 | Not reported | Not reported | pathogenic or
) disease-causing
Likely to be
TTN €.18154+2T Not reported | Not reported | pathogenic or
disease-causing
€.19730_19733delAA Likely to be
TTN CA Not reported | Pathogenic!® | pathogenic or

(p.Lys6577Metfs*10)

disease-causing
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Very likely to be

€.2099C>T ) )
TTN Not reported | Pathogenic® | pathogenic or
(p.Arg6767*) ) ]
disease-causing
Likel Very likely to be
€.33736C>T Y ) Y -y
TTN Not reported | Pathogenic!”: | pathogenic or
(p.Argl1246%*) ) )
18 disease-causing
Likel Very likely to be
€.35830C>T Y ) Y 'y
TTN Not reported | pathogenic'”8 | pathogenic or
(p.Arg11944%*) ) )
20 disease-causing
€.18372_18373insTT Very likely to be
TTN AC Not reported | Not reported | pathogenic or
(p.Val6125L eufs*18) disease-causing
Likel Very likely to be
€.35830C>T Y ) Y .y
TTN Not reported | pathogenic'”8 | pathogenic or
(p.Arg11944%*) ) )
20 disease-causing
Very likely to be
€.75592_75593delCC ]
TTN Not reported | Not reported | pathogenic or
(p.Pro25198Serfs*3) ) )
disease-causing
_ ) Very likely to be
€.24840_24841insTT Likely ]
TTN Not reported ) pathogenic or
(p.Leu8281Phefs*4) pathogenic®* | _
disease-causing
Very likely to be
.64795delA )
TTN Not reported | Not reported | pathogenic or
(p.Arg21599Aspf*6) ) )
disease-causing
Very likely to be
C.64795delA )
TTN Not reported | Not reported | pathogenic or
(p.Arg21599Aspf*6) ) )
disease-causing
Very likely to be
C.67813C>T _
TTN Not reported | Not reported | pathogenic or
(p.Arg22605%*) ) )
disease-causing
Likely to be
TTN €.18154+1G>T Not reported | Not reported | pathogenic or

disease-causing
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_ Very likely to be
€.25898_25899insG .
TTN Not reported | Not reported | pathogenic or
(p.Arg8634Serfs*17) ) )
disease-causing

_ Very likely to be
€.64161_64162insT )
TTN Not reported | Not reported | pathogenic or
(p.Lys21388*) ) ]
disease-causing

€.25115 25116insTT Very likely to be
TTN GA Not reported | Not reported | pathogenic or
(p.Glu8372Aspfs*2) disease-causing

ACMG, American College of Medical Genetics and Genomics; ACTCL, alpha cardiac actin; BAG3, bcl2-associated athanogene 3;
DSP, desmoplakin; FLNC, filamin; GnomAD, Genome Aggregation Database; LMNA, lamin A/C; MYBPC3, myosin-binding protein
C; MYH?7, beta-myosin heavy chain; RBM20, RNA binding motif protein 20; SCN5A, cardiac sodium channel NA,1.5; TPM1, alpha-

tropomyosin; TNNI3, cardiac troponin I; TTN, titin.

44




Supplementary Table 2. Summary of reproducibility testing of CMR parameters

Inter-observer Intra-observer ICC Intra-observer ICC

Parameter

ICC (E.N.) (S.M.F.)
0.995 0.995 0.915
LV EDV
(0.978 — 0.999) (0.982 — 0.999) (0.695 - 0.978)
0.987 0.996 0.974
LV ESV
(0.948 —0.997) (0.986 — 0.999) (0.898 — 0.993)
0.989 0.991 0.940
LV mass
(0.957 —0.997) (0.965 — 0.998) (0.779 — 0.985)
0.981 0.981 0.956
RV EDV
(0.925 - 0.995) (0.927 — 0.995) (0.834 - 0.989)
0.975 0.991 0.918
RV ESV
(0.902 — 0.994) (0.965 —0.998) (0.706 — 0.979)
0.991 0.994 0.985
LGE mass
(0.964 —0.998) (0.974 - 0.999) (0.942 — 0.996)
Native T1 0.977 0.970 0.906
mapping (0.911 -0.994) (0.885-0.992) (0.643 -0.978)
GRS 0.929 0.984 0.737
(0.741-0.982) (0.922 - 0.997) (0.196 — 0.934)
GCS 0.884 0.873 0.955
(0.602 - 0.970) (0.495 -0.973) (0.813 - 0.990)
0.884 0.835 0.876
GLS

CMR, cardiovascular magnetic resonance; EDV, end-diastolic volume; ESVi, end-systolic volume; GCS, global circumferential

strain; GLS, global longitudinal strain; GRS, global radial strain; ICC, intraclass correlation coefficient; LGE, late gadolinium

(0.602 — 0.970)

enhancement; LV, left ventricle; RV, right ventricle.

Results presented with 95% confidence intervals.

Agreement was considered excellent when ICC >0.74, good when ICC =0.60-0.74, fair when ICC = 0.40-0.59 and poor when

ICC<0.40

Note: both observers reported a similar prevalence of RV LGE.

(0.381 — 0.965)

(0.548 — 0.971)



Supplementary Table 3. Demographic and clinical characteristics of the study population according to the individual gene.

TTN DSP LMNA FLNC BAG3 RBM20 SCN5A Other Sarcomeric

(n=30) (n=25) (n=12) (n=7) (n=3) (n=3) (n=2) genes (n=7)
Demographic
characteristics
Male 21 11 8 4 2 0 1 4
(70.0) (44.0) (66.7) (57.1) (66.7) (50.0) (57.1)
Age at 426+ 405+ 379+ 489+ 423+ 450+ 475% 440 £
diagnosis, years  12.4 141 15.4 15.2 11.6 10.1 4.9 17.9
Caucasian 24 23 12 7 3 3 2 7
(80.0) (92.0) (100.0) (100.0) (100.0) (100.0) (100) (100)
25 20 12 5 3 3 2 6
Proband
(83.3) (80.0) (100.0) (71.4) (100.0) (100.0) (100) (85.7)
Clinical
characteristics
Symptoms 16 10 4 1 0 2 2 3
(53.3) (40.0) (33.3) (14.3 (66.7) (100) (42.9)
Family history 18 11 7 1 3 2 1 0
of DCM (60.0) (44.0) (58.3) (14.3) (100.0) (66.7) (50.0)
Family history N 7 4 1
of AC 0 (28.0) 0 (57.1) 0 (33.3) 0 0
v S S A RNE SO T
(26.7)  (40.0) (58.3) (57.1) (33.3) (33.3) (50.0) (42.9)

VF



ICD

Primary
prevention

Medication
Beta-blocker

Anti-
arrhythmic

ACEi/ ARB

6
(20.0)

4
(66.7)

27
(90.0)
2
(6.7)
26
(86.7)

10
(40.0)

8
(80.0)

20
(80.0)

0

19
(76.0)

8
(66.7)

8
(100)

6
(50.0)
2
(16.7)
6
(50.0)

5
(71.4)

3
(60.0)

4
(57.1)
1
(14.3)
4
(57.1)

2
(66.7)
1
(33.3)
3
(100.0)

2
(66.7)

1
(50.0)

3
(100.0)
1
(33.3)
2
(66.7)

1
(50.0)

0

2
(100)
1
(50.0)
2
(100)

(85.7)

ACEI, angiotensin-converting-enzyme inhibitor; ALVC, arrhythmogenic left ventricular cardiomyopathy; ARB, angiotensin Il receptor blockers; BAG3, bcl2-associated athanogene 3; DCM, dilated cardiomyopathy;

DSP, desmoplakin; FLNC, filamin C; ICD, implantable cardioverter-defibrillator; LMNA, lamin A/C; RBM20, RNA binding motif protein 20; SCD, sudden cardiac death; SCN5A, cardiac sodium channel NA,1.5; TTN,

titin; VVF, ventricular fibrillation; VT, ventricular tachycardia.

Discrete variables are presented as n (%) and continuous variables as mean + SD.

" P-value <0.002 vs. FLNC
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Supplementary Table 4. Arrhythmic events and electrocardiographic characteristics of the study population according to individual genes.

TTN DSP LMNA  FLNC BAG3 RBM20 SCN5A Other Sarcomeric

(n=30) (n=25) (n=12) (n=7) (n=3) (n=3) (n=2) genes (n=7)
1 4 1
TWI V2-V3 0 0 0 0 0
(3.3) (16.0) (14.3)
3 5 1 2 1
TWI V4-V6 0 0 0
(10.0)  (20.0) (14.3) (100) (14.3)
1 1
LBBB 0 0 0 0 0 0
(3.3) (33.3)
1 1
RBBB 0 0 0 0 0 0
(3.3) (4.0)
>1,000 PVCs/ 10 12 3 3 2 1 2 4
24h (33.3) (48.0) (25.0) (42.9) (66.7) (33.3) (100) (57.1)
>50 couplets / 2 4 2 1 0 1 2 1
24h (6.7) (16.0)  (16.7) (14.3) (33.3) (100) (14.3)
13 13 4 2 2 2 2 2
Non-sustained VT
(43.3) (52.0) (33.3) (28.6) (66.7) (66.7) (100) (28.6)
1 1
Sustained VT 0 0 0 0 0 0

(3.3) (14.3)



PVC/VT

morphology
5
LBBB-like
(16.7)
4
RBBB-like
(13.3)
Pol hi )
olymorphic
ymorp (13.3)
Aborted cardiac 1
arrest (3.3)
ICD appropriate
interventions
Major 1
arrhythmias (3.3)
Age at first
_ 49.0
arrhythmic event,
(16.0)

years

1
(4.0)
2
(16.7)
11 1
(44.0)  (8.3)
1
(4.0)
1
(12.5)
3 1
(12.0)  (8.3)
360  49.0

(20.0)  (17.0)

(14.3)

(28.6)

(14.3)

(14.3)

3
(42.9)

52.0
(24.0)

(33.3)

(33.3)

46.0
(3.0)

1
(33.3)
1
(33.3)
1
(50.0)
1
(33.3)

51.0
(8.0)

2
(100)

(50.0)

1
(50.0)

48.0
(6.0)

62.0
(8.0)

BAG3, bcl2-associated athanogene 3; DSP, desmoplakin; FLNC, filamin C; ICD, implantable cardioverter-defibrillator; LBBB, left bundle branch block; LMNA, lamin A/C; PVCs, premature ventricular contractions;

RBBB, right bundle branch block; RBM20, RNA binding motif protein 20; SCN5A, cardiac sodium channel NA,1.5; TTN, titin; TWI, T wave inversion; VF, ventricular fibrillation; VT, ventricular tachycardia.
Discrete variables are presented as n (%) and continuous variables as median (interquartile range).

Note: no significant differences were found between individual genotypes.
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Supplementary Table 5. Imaging phenotypes in cardiac magnetic resonance according to individual genes.

LV EDVi,
ml/m?

LV ESVi,
ml/m?

LV ClI,
L/min

LV EF, %

LV RWMA

MAPSE,
mm

LV MI, g/m?

MWT, mm

RV EDVi,
ml/m?

TTN
(n=30)

97.0
(22.4)

53.9
(19.0)

3.2+0.7

43.1+10.4

2
(6.7)

14.4+3.9

64.5+14.8

9.7
(2.0)

74.7
(35.1)

DSP
(n=25)

101.0
(34.0)

52.9
(38.0)

3.1+0.7

48.6+£13.4

12
(48.0)"

13.1+3.6

63.2+18.4

8.5
(2.0)"

87.2
(38.0)

LMNA
(n=12)

94.3
(31.0)

45.4
(23.9)

3.1+0.6

48.7+£12.7

of

13.0+3.6

55.9+15.9

9.0
(2.5)

83.8
(12.5)

FLNC
(n=7)

101.0
(17.0)

41.0
(17.0)

3.1+0.8

50.7+7.3

3
(42.9)

13.3+3.4

72.9+15.2

9.0
(2.0)

95.0
(18.5)

BAG3
(n=3)

96.0
(43.5)

49.0
(13.3)

3.0+0.7

52.0+£3.0

16.7£2.5

66.9+13.5

9.0
(3.2)

88.0
(37.0)

RBM20
(n=3)

130.0
(17.5)

73.7
(35.0)

2.4+0.3

36.9+11.1

13.7+2.1

77.3+7.6

11.0
(3.0)

77.1
(20.2)

SCN5A
(n=2)

110.2
(22.4)

66.7
(25.3)

3.6+0.6

40.3+£8.0

10.3+5.3

62.5+13.5

9.0
(6.0)

58.3
(32.6)

Other
Sarcomeric
genes (n=7)

92.5
(92.9)

48.6
(75.4)

27+05

40.1 +14.7

1
(14.3)

10.4+4.0

65.5+25.3

7.0
(3.0)"

97.1
(41.7)
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RV ESVi,
ml/m?

RV CI,
L/min

RV EF, %

RV RWMA

TAPSE, mm

LA area,
cm?

RA area,
cm?

LV fat
infiltration

RV fat
infiltration

ARVC
criteria

32.6

(27.0)

3.0+0.9

54.0

(10.0)

0

19.1+5.0

25.7
(7.4)

23.9
(9.0)

40.5
(30.0)

3.1+0.8

53.0
(15.5)
9
(36.0)"

22.4+4.6

22.0
(7.2)

22.0
(7.3)

6
(37.5)

3
(18.8)

5
(20.0)

36.0
(5.9)

3.0+0.6

57.4
(14.0)

18.9+4.4

24.5
(7.5)

25.0
(11.0)

44.0
(8.4)

2.9+0.6

54.0
(20.0)

1
(14.3)

21.6+4.3

30.0
(5.8)

24.9
(8.0)

41.0
(15.0)

3.0+0.7

55.0
(3.0)

0

24.4+7.5

31.0
(8.2)

23.3
(5.0)

42.9
(14.5)

2.4+0.6

525
(19.4)

0

18.4+2.3

25.1
(8.4)

21.0
(4.5)

34.8
(2.0)

3.4+0.7

52.7
(1.3)

17.5+2.1
23
(©)

16.5
(5.0)

50.1
(31.6)

2.9+0.4

49.0
(17.8)

16.9+4.7

20.0
(12.8)

20.0
(8.0)

o1



ALVC 11 13 3 4 2 1 2 3

features (36.7) (52.0) (25.0) (57.1) (66.7) (33.3) (100) (42.9)
Native T1 1056.9 1025.9 1003.7 1041.0 1010.1 1016.1 1082.0 1014.5
mapping, ms (81.3) (56.2) (43.0) (164.0) (0.3) (266.3) (20.0) (39.6)
LVORS.% (103 259) 189) 129 95) 169) @22) 61
VeSS%  Gh 6p  eH 69 G0 6 a9 @9
VOLS% Gy G0 @9 69 6o G 03 @O

ALVC, arrhythmogenic left ventricular cardiomyopathy; ARVC, arrhythmogenic right ventricular cardiomyopathy; BAG3, bcl2-associated athanogene 3; Cl, cardiac index; DSP, desmoplakin; EDVi, end-diastolic volume
indexed; EF, ejection fraction; ESVi, end-systolic volume indexed; FLNC, filamin C; GCS, global circumferential strain; GLS, global longitudinal strain; GRS, global radial strain; LA, left atrium; LMNA, lamin A/C;
LV, left ventricle; MAPSE, mitral annular plane systolic excursion; MI, mass index; MWT, maximum wall thickness; RA, right atrium; RBM20, RNA binding motif protein 20; RV, right ventricle; RWMA, regional wall
motion abnormalities; SCN5A, cardiac sodium channel NA,1.5; TAPSE, tricuspid annular plane systolic excursion; TTN, titin.

Discrete variables are presented as n (%) and continuous variables as mean + SD or median (interquartile range) as appropriate.

*P<0.002vs. TTN
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Supplementary Table 6. Late gadolinium enhancement according to aggregated and individual genotypes.

Total DSP/FLNC Other DCM genotypes
population Other
(n=89) Total DSP  FLNC | Total TTN LMNA BAG3 RBM20 SCN5A sarcomeric P value
(n=32) (n=25) (n=7) | (n=57) (n=30) (n=12) (n=3) (n=3) (n=2) genes (n=7)
68 29 23 6 39 20 9 2 3 1 4
LVLGE  764) | (906) (920) (85.7) | (684) (66.7) (75.0) (66.7)  (100)  (50.0) (57.1) 0.020
LV LGE, 43 165 173 159 | 1.2 13 16 07 43 7.6 0.4 0001
g (139) | @18) (@41) (42) | (46) (437 (124" (@1 (30)  (15.2) 2.5)" :
(';OVO]':E\E' 3.0 141 162 115 | 11 1.2 22 05 3.0 6.2 0.2 0001
no 118) | 11 (@104) @187 | (30) (29 (86 (07" (30)  (12.4) 2.1 :
8 7 6 1 1 1
RVLGE  90) | (L9 (40 @143) | 18  (33) 0 0 0 0 0 0.003

BAG3, bcl2-associated athanogene 3; DCM, dilated cardiomyopathy; DSP, desmoplakin; FLNC, filamin C; LGE, late gadolinium enhancement; LMNA, lamin A/C; LV, left ventricle; RBM20, RNA binding motif protein
20; RV, right ventricle; SCN5A, cardiac sodium channel NA,1.5; TTN, titin.

Discrete variables are presented as n (%) and continuous variables as median (interquartile range).

P value for DSP/FLNC vs. other DCM genotypes.

*P <0.002 vs. DSP
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Supplementary Figures

Supplementary Figure 1. Two-step cluster analysis. Five variables were used as inputs

for clustering: the underlying genotypes, left ventricular (LV) end-diastolic volume

indexed, LV ejection fraction, percentage of late gadolinium enhancement in total LV

mass (%LGE) and presence/absence of right ventricular LGE. Two clusters were derived,

one with both DSP and FLNC genotypes, the other with the remaining DCM genotypes.

The clustering model is shown. Each variable/input is sorted in a descending order of

importance (dark purple having the highest importance for the model, and light purple

the least). Within each cell the relative distribution for each variable according to the

cluster is presented.

I‘M 1 2
Label TTN / LMNA / DSP / FLNC
BAG3 / REM20O / ...
Size
64.0% 36.0%
(57) (32
linputs Genotypes Genotypes

LGE_%_total_mass

LV EDV index BSA

LV EDV index BSA

Input (Predictor) |

|

mportance

B1i,0Ho0,800,60,40,2]0,0

54



© o0 ~N o o1 B~ o w N

W RN N RN DD RN DN RN DN RN DD R PR R R R R Rl
©O © W ~N o O B W N B O © 0 N o O M W N B O

Supplementary References

! Lopes LR, Zekavati A, Syrris P, et al. Genetic complexity in hypertrophic cardiomyopathy revealed by
high-throughput sequencing. J Med Genet. 2013 Apr;50(4):228-39.

2 Landrum MJ, Lee JM, Benson M, et al. ClinVar: public archive of interpretations of clinically relevant
variants. Nucleic Acids Res. 2016 Jan 4;44(D1):D862-868.

3 Lek M, Karczewski KJ, Minikel EV, et al. Analysis of protein-coding genetic variation in 60,706 humans.
Nature. 2016 Aug;536(7616):285-91.

4 Richards S, Aziz N, Bale S, et al. Standards and guidelines for the interpretation of sequence variants: a
joint consensus recommendation of the American College of Medical Genetics and Genomics and the
Association for Molecular Pathology. Genet Med. 2015 May;17(5):405-24.

® Franaszczyk M, Bilinska ZT, Sobieszczafiska-Matek M, et al. The BAG3 gene variants in Polish patients
with dilated cardiomyopathy: four novel mutations and a genotype-phenotype correlation. J Transl Med.
2014 Jul 9;12:192.

¢ Akdis D, Medeiros-Domingo A, Gaertner-Rommel A, et al. Myocardial expression profiles of candidate
molecules in patients with arrhythmogenic right ventricular cardiomyopathy/dysplasia compared to those
with dilated cardiomyopathy and healthy controls. Heart Rhythm. 2016 Mar;13(3):731-41.

"Yesudian PD, Cabral RM, Ladusans E, et al. Novel compound heterozygous mutations in the desmoplakin
gene cause hair shaft abnormalities and culminate in lethal cardiomyopathy. Clin Exp Dermatol. 2014
Jun;39(4):506-8.

8 Christensen AH, Benn M, Bundgaard H, et al. Wide spectrum of desmosomal mutations in Danish patients
with arrhythmogenic right ventricular cardiomyopathy. J Med Genet. 2010 Nov;47(11):736-44.

% Reinstein E, Gutierrez-Fernandez A, Tzur S, et al. Congenital dilated cardiomyopathy caused by biallelic
mutations in Filamin C. Eur J Hum Genet. 2016; 24:1792-1796

10 Sylvius N, Bilinska ZT, Veinot JP, et al. In vivo and in vitro examination of the functional significances
of novel lamin gene mutations in heart failure patients. J Med Genet. 2005 Aug;42(8):639-47

1'Van Goor F, Yu H, Burton B, Hoffman BJ. Effect of ivacaftor on CFTR forms with missense mutations
associated with defects in protein processing or function. J Cyst Fibros. 2014 Jan;13(1):29-36. doi:
10.1016/j.jcf.2013.06.008

2 Villard E, Duboscg-Bidot L, Charron P, et al. Mutation screening in dilated cardiomyopathy: prominent

role of the beta myosin heavy chain gene. Eur Heart J. 2005 Apr;26(8):794-803

55



© o0 ~N o o B~ o w N

[ T N S T o T e e T e o
P O © W ~N o OO N~ W N kB O

N
N

13 Karkkainen S, Helio T, Jaaskelainen P, et al. Two novel mutations in the beta-myosin heavy chain gene
associated with dilated cardiomyopathy. Eur J Heart Fail. 2004 Dec;6(7):861-8

14 Mann SA, Castro ML, Ohanian M, et al. R222Q SCN5A mutation is associated with reversible
ventricular ectopy and dilated cardiomyopathy. J Am Coll Cardiol. 2012 Oct 16;60(16):1566-73.

15 Goldenberg I, Horr S, Moss AJ, et al. Risk for life-threatening cardiac events in patients with genotype-
confirmed long-QT syndrome and normal-range corrected QT intervals. J Am Coll Cardiol. 2011 Jan
4;57(1):51-9.

6 Dulak AM, Stojanov P, Peng S, et al. Exome and whole-genome sequencing of esophageal
adenocarcinoma identifies recurrent driver events and mutational complexity.Nat Genet. 2013
May;45(5):478-86.

7 Landrum MJ, Lee JM, Benson M, et al. ClinVar: public archive of interpretations of clinically relevant
variants. Nucleic Acids Res. 2016 Jan 4;44(D1):D862-8.

18 Roberts AM, Ware JS, Herman DS, et al. Integrated allelic, transcriptional, and phenomic dissection of
the cardiac effects of titin truncations in health and disease. Sci Transl Med. 2015 Jan 14;7(270):270ra6

19 Walsh R, Thomson KL, Ware JS, et al. Reassessment of Mendelian gene pathogenicity using 7,855
cardiomyopathy cases and 60,706 reference samples. Genet Med. 2017 Feb;19(2):192-203

2 Franaszczyk M, Chmielewski P, Truszkowska G, et al. Titin Truncating Variants in Dilated
Cardiomyopathy - Prevalence and Genotype-Phenotype Correlations. PL0S One. 2017 Jan
3;12(1):e0169007

2L Landrum MJ, Lee JM, Riley GR, et al. ClinVar: public archive of relationships among sequence variation

and human phenotype. Nucleic Acids Res. 2014 Jan;42(Database issue):D980-5.

56



