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Implantable Cardioverter-Defibrillator Therapy in Arrhythmogenic
Right Ventricular Dysplasia/Cardiomyopathy: Predictors of

Appropriate Therapy, Outcomes, and Complications
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Background—Arrhythmogenic right ventricular dysplasia/cardiomyopathy is characterized by ventricular arrhythmias and sudden
cardiac death. Once the diagnosis is established, risk stratification to determine whether implantable cardioverter-defibrillator
(ICD) placement is warranted is critical.

Methods and Results—The cohort included 312 patients (163 men, age at presentation 33.6+13.9 years) with definite
arrhythmogenic right ventricular dysplasia/cardiomyopathy who received an ICD. Over 8.8+7.33 years, 186 participants (60%)
had appropriate ICD therapy and 58 (19%) had an intervention for ventricular fibrillation/flutter. Ventricular tachycardia at
presentation (hazard ratio [HR]: 1.86; 95% confidence interval [Cl], 1.38-2.49; P<0.001), inducibility on electrophysiology study
(HR: 3.14; 95% Cl, 1.95-5.05; P<0.001), male sex (HR: 1.62; 95% Cl, 1.20-2.19; P=0.001), inverted T waves in >3 precordial leads
(HR: 1.66; 95% CI, 1.09-2.52; P=0.018), and premature ventricular contraction count >1000/24 hours (HR: 2.30; 95% CI, 1.32—
4.00; P=0.003) were predictors of any appropriate ICD therapy. Inducibility at electrophysiology study (HR: 2.28; 95% Cl, 1.10-
4.70; P=0.025) remained as the only predictor after multivariable analysis. The predictors for ventricular fibrillation/flutter were
premature ventricular contraction >1000/24 hours (HR: 4.39; 95% Cl, 1.32—14.61; P=0.016), syncope (HR: 1.85; 95% CI, 1.10—
3.11; P=0.021), aged <30 years at presentation (HR: 1.76; 95% Cl, 1.04-3.00; P<0.036), and male sex (HR: 1.73; 95% CI, 1.01—
2.97; P=0.046). Younger age at presentation (HR: 3.14; 95% Cl, 1.32—7.48; P=0.010) and high premature ventricular contraction
burden (HR: 4.43; 95% Cl, 1.35-14.57; P<0.014) remained as independent predictors of ventricular fibrillation/flutter.
Complications occurred in 66 participants (21%), and 64 (21%) had inappropriate ICD interventions. Overall mortality was low at 2%,
and 4% underwent heart transplantation.

Conclusion—These findings represent an important step in identifying predictors of ICD therapy for potentially fatal ventricular
fibrillation/flutter and should be considered when developing a risk stratification model for arrhythmogenic right ventricular
dysplasia/cardiomyopathy. (/ Am Heart Assoc. 2017;6:€006242. DOI: 10.1161/JAHA.117.006242.)
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Arrhythmogenic right ventricular dysplasia/cardiomyopa-
thy (ARVD/C) is an inherited cardiomyopathy charac-
terized pathologically by myocyte loss with fibrofatty
replacement and clinically by an increased risk of sustained
ventricular arrhythmias and sudden cardiac death (SCD).
Once the diagnosis of ARVD/C is established, a critical

decision is whether a particular patient’'s SCD risk is
sufficiently elevated to justify placement of an implantable
cardioverter-defibrillator (ICD)." This decision is particularly
important because these are often young patients who are
expected to live for many years with a device that that is
associated with both short- and long-term complications.?
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Predictors of ICD Therapies in ARVD/C Orgeron et al

Clinical Perspective

What Is New?

This study reports the outcomes of the largest series of
patients with arrhythmogenic ARVD/C to undergo ICD
implantation.

Among the 312 patients with ARVD/C, 186 (60%) received
an appropriate ICD therapy and 58 (19%) received poten-
tially lifesaving ICD therapy for ventricular fibrillation /flutter.
Variables identified as markers of high risk for ventricular
fibrillation/flutter include a high burden of premature
ventricular contractions, history of syncope, younger age
at presentation, and male sex.

Variables identified as predictors of first appropriate ICD
therapy were a history of ventricular tachycardia at
presentation, inducibility at electrophysiology study, male
sex, >3 T-wave inversions in precordial leads, and a high
burden of premature ventricular contractions.

What Are the Clinical Implications?

e The high rate of appropriate ICD therapy for ventricular
fibrillation/flutter is an important reminder of the lethal
nature of ARVD/C and the importance of risk stratification
for ICD placement.

e The risk markers identified in this study should ultimately
guide clinicians in their recommendation for ICD implanta-
tion in patients with arrhythmogenic ARVD/C.

The purpose of this study was to expand the body of
knowledge concerning the outcomes of ICD therapy in
patients with ARVD/C. Although a number of prior studies
have reported outcomes of ICD therapy in patients with
ARVD/C, these studies were limited by small sample size, the
use of the 1994 task force diagnostic criteria,® the inclusion
of patients who did not fully meet diagnostic criteria for
ARVD/C, and the lack of genetic testing as a standard part of
the diagnostic evaluation. Furthermore, the primary end point
in many of these studies was the prediction of appropriate
ICD therapy, including both sustained ventricular tachycardia
(VT) and ventricular fibrillation/ventricular flutter (VF/VFL). In
designing this study, we sought to overcome many of these
limitations.

This study had 4 primary objectives. The first objective was
to describe, in detail, the clinical characteristics and out-
comes of a large series of ARVD/C patients who underwent
ICD implantation. The second objective was to identify clinical
and electrophysiological factors that best identified ARVD/C
patients who experienced appropriate ICD therapy. We were
particularly interested in better defining the risk factors for
VF/VFL. The third objective was to report the complications
associated with ICD implantation. And our fourth and final
objective was to describe the long-term outcomes of this

cohort of ARVD/C patients, each of whom had undergone
placement of an ICD.

Methods

Patient Population and Follow-up

The Johns Hopkins ARVD/C program (ARVD.com) was
established in 1999 to provide clinical care for patients with
ARVD/C and to provide new knowledge concerning this
disease. The Johns Hopkins ARVD/C Registry prospectively
follows patients and at-risk family members. All those in the
registry who had a definite diagnosis of ARVD/C based on the
2010 task force criteria (TFC),* who had implantation of an
ICD to prevent sudden death, and who were followed for at
least 30 days after ICD implantation were included in the
study. All participants gave written informed consent to
participate in this study, which was approved by the Johns
Hopkins School of Medicine institutional review board.

Detailed clinical information regarding demographics,
symptoms, 12-lead ECG findings, and the results of 24-hour
Holter monitoring was reviewed. In addition, information
regarding ICD therapies and arrhythmia occurrence was
obtained for each patient. Magnetic resonance imaging
reports were obtained, and images were reviewed for
structural abnormalities to determine the severity and extent
of right and left ventricular dysfunction. Programmed ventric-
ular stimulation was performed on a case-by-case basis for
clinical reasons, as determined by each patient’s clinical
electrophysiologist. An electrophysiological study (EPS) was
considered positive if a sustained VI—VT or VF that lasted
>30 seconds or that required termination due to hemody-
namic compromise—was induced, independently of the use
of isoproterenol. Device interrogations and stored electro-
grams were obtained from referring institutions and individual
patients throughout the duration of follow-up.

ICDs and Classification of Discharges

All patients received multifunctional third- or fourth-genera-
tion transvenous ICDs, with the exception of 7 patients who
had a subcutaneous ICD implanted. Decisions regarding ICD
implantation and programming of these devices were made
by the managing cardiologist and/or electrophysiologist.
Stored intracardiac electrograms were analyzed to classify
arrhythmias responsible for precipitating defibrillator dis-
charges, according to following definitions.® VF or VFL was
defined as an irregular or regular tachycardia with a mean
cycle length (CL) of <240 ms. VT was defined as a regular
tachycardia arising from the ventricle with a CL >240 and
<600 ms. First appropriate ICD intervention was defined as
an ICD therapy for VT/VF. An inappropriate intervention was
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defined as a device discharge for supraventricular tachycar-
dia (ie, sinus tachycardia, atrial fibrillation, atrial flutter) or
oversensing due to electrical noise. Data on device inter-
rogation were available for 120 of the 186 patients included
in this series. Electrogram documentation of an appropriate
therapy was available in 73 of these patients. When
complete ICD interrogation information was not available,
ICD interrogation interpretation by the outside referring
electrophysiologist was used to classify arrhythmic events.
The available electrograms were reviewed by 2 electrophys-
iologists who are part of the Johns Hopkins ARVD/C
program and members of the study team who collabora-
tively determined the final adjudication. In case of disagree-
ments between our adjudication and that of the local
electrophysiologist, we used the read done by our study
team.

Definitions

Syncope was defined as a transient loss of consciousness and
postural tone with spontaneous recovery. A proband is an
affected individual ascertained independently of family history
of ARVD/C, whereas a family member is an affected person
ascertained through family screening. Nonsustained VT was
defined as 3 consecutive ventricular premature beats with a
rate >100 beats/min, lasting <30 seconds, which was doc-
umented during exercise testing, loop monitoring, or 24-hour
Holter monitoring. An electrical or VT storm was defined as
the occurrence of VT or VF that resulted in >3 ICD
interventions (shock or antitachycardia pacing) in a 24-hour
period.® Major structural abnormalities were defined based on
the 2010 revised TFC.*

Survival Data and Statistical Analyses

Continuous variables are summarized as either mean4SD or
median (interquartile range) and compared across groups
using a Mann—Whitney U test or a ¢t test. Categorical variables
are reported as frequency (percentage) and compared
between groups by a % or Fisher exact test. The cumulative
probability of survival free from first appropriate ICD inter-
vention (VT/VF) and from intervention for VF/VFL was
determined by the Kaplan—Meier method, and differences in
survival between groups were evaluated with the log-rank
test. In patients without an ICD intervention, follow-up was to
the most recent evaluation, transplantation, or date of death,
whichever came first. Univariate Cox regression analysis
identified baseline variables that were significantly associated
with appropriate ICD therapy. Significantly associated vari-
ables (P<0.05) were integrated into multivariable analysis
using the Cox proportional hazards model to identify
independent predictors of appropriate ICD intervention for

VT/VF and VF/VFL. All analyses were performed using STATA
statistical software (version 13.1). A P<0.05 was considered
significant.

Results

Patient Population

The patient population studied consisted of 312 patients who
met 2010 TFC* for definite ARVD/C and received an ICD for
prevention of SCD. Details of fulfillment of TFC are shown in
Table S1. As shown in Table 1, the study population was
mainly white (298, 96%), 163 (52%) were male, and 252 (81%)
were probands. The overall mean age at presentation was
33.6+£13.9 years, with 209 (67%) of patients aged <40 years
at initial evaluation.

Clinical Characteristics at ICD Implant

Table 1 shows that genetic testing was performed in 307
patients (98%). A pathogenic mutation was observed in 184
(60%) of these patients (Table S2). Two thirds of patients who
had an EPS performed prior to implant were inducible for
sustained VT (144/217, 66%), with a mean CL of
273453.8 ms (range 170-450 ms). VF was induced in 5%
(10/217), and both arrhythmias were induced in 5% (11/
217). In addition, 64 patients (21%) had catheter ablation
performed before ICD implantation. Holter monitoring was
performed in 166 patients (53%). The median premature
ventricular contraction (PVC) count was 2572 (interquartile
range: 760—-6010). Of these patients, 118 (71%) had >1000
PVCs per 24 hours. Nonsustained VT on Holter monitoring,
exercise stress testing, or loop recording monitors was
observed in 114 patients (37%). A total of 268 patients had
ECGs available for review from before ICD implantation, of
whom 209 (78%) had T-wave inversions in >3 precordial leads.
Cardiac magnetic resonance imaging was available for review
in 185 (60%), with 114 patients (62%) patients meeting major
TFC.*

ICD Implantation

Primary prevention devices were implanted in 135 patients
(43%), whereas 177 (57%) received a device for secondary
prevention of SCD (Table 1). Among the patients who
underwent implantation of an ICD for primary prevention,
21 had a family history of SCD, 47 had a family history of
ARVD/C, 48 had experienced syncope, 70 had a history of
nonsustained VT, and 52 had inducible sustained ventricular
arrhythmia during EPS. Among the 177 patients who under-
went ICD implantation for secondary prevention, 158 had
previously experienced sustained VT and 19 had presented
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Table 1. Clinical Features in Patients With and Without ICD Therapy for VT/VF and VF/VFL (Cycle Length <240 ms)

P Value
ICD Therapy | No ICD
Overall ICD Therapy No ICD for VF/VFL Therapy for VT/VF vs
Population for VT/VF Therapy (<240 ms) VF/VFL No ICD VF/VFL vs

Clinical Variables (n=312) (n=186) (n=126) (n=58) (n=254) Therapy No VF/VFL
Demographics

Male 163 (52) 115 (62) 48 (38) 38 (66) 125 (49) <0.001 | 0.025

White 298 (96) 179 (96) 119 (94) 56 (97) 242 (95) 0.453 0.672

Age at presentation, y 33.6+13.9 32.9+14.0 34.7+13.8 28.6+12.9 | 34.7+13.9 0.327 0.003

Follow-up, y, median (IQR) 7 (3-13) 8.2 (3.68-13.95) | 4.7 (2.44-10.39) | 7 (3-12) 7 (3-13) <0.001 | 0.803

Proband 252 (81) 169 (91) 83 (66) 53 (91) 199 (78) <0.001 | 0.023

Mutation carrier 184/307 (60) | 116/184 (63) 68/123 (37) 37/57 (64) | 147/250 (59) | 0.174 0.395
Clinical characteristics

Syncope 96 (31) 59 (32) 37 (29) 25 (43) 71 (28) 0.658 0.024

Inducibility at EPS 165/217 (76) | 120/139 (86) 45/78 (58) 33/37 (89) | 132/180 (73) | <0.001 | 0.040

Inverted T waves in >3 precordial leads | 209/268 (78) | 124/150 (83) 85/118 (72) 40/49 (82) | 169/219 (77) | 0.037 0.495

PVCs >1000/24 h on Holter monitoring | 118/166 (71) | 64/80 (80) 54/86 (63) 27/30 (90) | 91/136 (67) | 0.015 0.012

NSVT 114 (37) 66 (35) 48 (38) 24 (41) 90 (35) 0.638 0.396

Major RV structural abnormality on CMR | 114/185 (62) | 64 (67) 50 (56) 21/32 (66) | 93/153 (61) 0.143 0.609
ICD characteristics®

Age at ICD implantation, y 36.5+13.5 35.6+13.6 37.9+13.4 30.84+12.7 | 37.8+13.4 0.147 <0.001

Primary prevention 135 (43) 61 (33) 74 (59) 27 (47) 108 (43) <0.001 | 0.576

Secondary prevention 177 (57) 125 (67) 52 (41) 31 (63) 146 (57)

Sustained VT 158 (51) 113 (61) 45 (36) 26 (45) 132 (52) <0.001 | 0.326
VF at presentation 19 (6) 13 (7) 7 (6) 5(9 14 (6) 0.612 0.372

Single-chamber ICD 184 (61) 106/185 (57) 78/117 (67) 36 (62) 148/244 (61) | 0.104 0.843

Dual-chamber ICD 118 (39) 79/185 (43) 39/117 (33) 22 (38) 96/244 (39)

Subcutaneous 1CD 7(2) 1(0.54) 6 (5 0(0) 73) 0.010 0.355

Values are mean+SD, n (%), or n/N (%). CMR indicates cardiac magnetic resonance; EPS, electrophysiology study; ICD, implantable cardioverter-defibrillator; IQR, interquartile range; NSVT,
nonsustained ventricular tachycardia; PVC, premature ventricular contraction; RV, right ventricular; VF, ventricular fibrillation; VFL, ventricular flutter; VT, ventricular tachycardia.
*The decision to implant an ICD for primary prevention was made by the patient’s electrophysiologist.

with  VF. The mean age at ICD implantation was
36.5+13.5 years (range: 13—73 years). Seven patients (2%)
had subcutaneous ICDs, whereas 184 (61%) had single-
chamber devices and 118 (39%) had dual-chamber ICDs.
Documentation containing ICD programming information was
available for review in 148 of 186 patients (80%) who received
an appropriate ICD intervention. The slowest ICD therapy
detection zone was programmed at heart rates of >200 bpm
in 41 of the 148 patients, >180 and <200 bpm in 48 patients,
>160 and <180 bpm in 44 patients, and <160 bpm in 15
patients. Documentation containing ICD programming infor-
mation was available for review in 148 of 186 patients (80%)
who received an appropriate ICD intervention. The slowest
ICD therapy detection zone was programmed at heart rates of
>200 bpm in 41 of the 148 patients, >180 and <200 bpm in

48 patients, >160 and <180 bpm in 44 patients, and
<160 bpm in 15 patients.

First Appropriate ICD Therapy (VT/VF)

Figure 1A shows the Kaplan—Meier analysis of cumulative
survival from first appropriate ICD therapy (VT/VF). Overall,
the cumulative survival free from appropriate ICD interven-
tions was 60%, 51%, 37% and 24% at 1, 2, 5 and 10 years,
respectively. Over a median follow-up of 7 years (interquartile
range: 3—13 years), 186 patients (60%) received appropriate
ICD therapy. Of those, 115 (62%) were male and 169 (91%)
were probands. The mean age at presentation for those
patients who received appropriate ICD therapy was
32.91+14.0 years, with almost half (n=92) presenting before
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Figure 1. Appropriate ICD therapy in arrhythmogenic right ventricular dysplasia/cardiomyopathy patients.
Kaplan—Meier analysis of cumulative survival free from any appropriate ICD interventions (A) and from ICD
intervention for VF/VFL (B). ICD indicates implantable cardioverter-defibrillator; VF/VFL, ventricular fibrillation/

flutter.

30 years of age. Other characteristics of this group included a
positive EPS in 120 of 139 that underwent EPS (86%), T-wave
inversion in >3 precordial leads (124/150, 83%), and >1000
PVCs per 24 hours (64/80, 80%; Table 1). The mean CL of
the arrhythmia at the first appropriate event was
278+59.8 ms (range: 178-545 ms). The median time from
ICD implantation to first appropriate therapy was 5.9 months
(range: 0.03-252 months). The majority (119, 64%) of initial
appropriate ICD therapies occurred in the first year, with 63 in
the first 3 months after implant. A total of 84 of 124 patients
(68%) with available records were engaged in exercise at the
time of first appropriate ICD intervention. At the time of first
ICD intervention, 120 of 173 patients (70%) with available
records were taking the following medications: -blockers, 73
(61%); class I or Il antiarrhythmic agents, 38 (32%); and a
combination of both, 9 (8%). In addition, we observed that
among those who had an appropriate ICD therapy, VT storms
occurred in 82 patients (44%). The median duration from ICD
implant to the first VT storm was 27 months (range: 0.03—
275 months).

Predictors of First Appropriate ICD Therapy

Table 2 and Table S3 show the variables analyzed as potential
predictors of first appropriate ICD intervention (VT/VF).
Univariate predictors of appropriate ICD intervention were
history of a sustained VT at presentation (hazard ratio [HR]:
1.86; 95% confidence interval [Cl], 1.38-2.49; P<0.001),
inducibility on EPS (HR: 3.14; 95% Cl, 1.95-5.05; P<0.001),
male sex (HR: 1.62; 95% Cl, 1.20-2.19; P=0.001), inverted T
waves in >3 precordial leads (HR: 1.66; 95% Cl, 1.09-2.52;

P=0.018), and PVC count >1000/24 hours (HR: 2.30; 95% ClI,
1.32—-4.00; P=0.003). Only inducibility on EPS (HR: 2.28; 95%
Cl, 1.10-4.70; P=0.025) was found to be an independent
predictor of any appropriate ICD therapy on multivariable
analysis. Figure 2A through 2F shows Kaplan—Meier analysis
of freedom from any ICD intervention stratified by inducibility
on EPS, sex, number of T-wave inversions on ECG, PVC count,
history of VT at presentation, and primary versus secondary
prevention (VT/VF).

ICD Therapy for VF/VFL (CL <240 ms)

Figure 1B shows the Kaplan—Meier analysis of cumulative
survival from an ICD therapy for VF/VFL (CL <240 ms). The
cumulative survival free from events was 89%, 85%, 79%, and
73% at 1, 2, 5, 10 years of follow-up, respectively. An
appropriate ICD intervention for VF/VFL was observed in 58
patients (19%). The majority of patients in this group were
male (38, 66%) and probands (53, 91%). The mean age at
presentation was 28+13.10 years, with approximately two
thirds of patients who received an ICD therapy for VF/VFL
presenting at <30 years of age (n=36; Figure S1). In addition,
27 of 30 (90%) had >1000 PVC/24 hours on Holter
monitoring, and 33 of 37 (89%) were inducible for sustained
ventricular arrhythmias on EPS (Table 1). The median time
from ICD implantation to first ICD therapy for VF/VFL therapy
was 9.1 months (range: 0.5-112.5 months). The CL for the
first VF/VFL episode was 2204+15.1 ms (range: 178-—
240 ms). The majority of patients (27 /44, 61%) with available
information for level of activity at first ICD therapy for VF/VFL
were exercising at that time. In addition, 40 of 52 patients
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Table 2. Predictors Appropriate ICD Intervention for VT/VF and for ICD Therapy for VF/VFL (CL <240 ms)

First Appropriate Therapy (VT/VF)

VF/VFL (CL <240 ms)

Univariate Analysis

Multivariable Analysis

Univariate Analysis Multivariable Analysis

Variable HR (95% Cl) PValue | HR (95% Cl) PValue | HR (95% Cl) PValue | HR (95% Cl) P Value
History of VT at 1.86 (1.38-2.49) | <0.001 1.18 (0.64-2.18) | 0.592 0.73 (0.43-1.23) 0.244
presentation
Inducibility at EPS 3.14 (1.95-5.05) | <0.001 2.28 (1.10-4.70) | 0.025 2.65 (0.94-7.44) 0.063
Male sex 1.62 (1.20-2.19) | 0.001 1.34 (0.74-2.40) | 0.325 1.73 (1.01-2.97) 0.046 1.76 (0.81-3.84) 0.155

Inverted T waves in >3
precordial leads

1.66 (1.09-2.52) | 0.018 1.49 (0.77-2.88)

0.232 1.26 (0.61-2.62) 0.531

PVCs >1000/24 h on
Holter monitoring

2.30 (1.32-4.00) | 0.003 | 1.30 (0.68-2.49)

0.414 4.39 (1.32-14.61) | 0.016 4.43 (1.35-14.57) | 0.014

Major RV structural 1.49 (0.98-2.28) | 0.065

1.26 (0.61-2.58) 0.536

presentation

abnormality
Syncope 1.19 (0.87-1.62) | 0.271 1.85 (1.10-3.11) 0.021 2.05 (0.96-4.39) 0.064
Mutation carrier 1.17 (0.87-1.58) | 0.298 1.14 (0.66-1.97) 0.633
NSVT 1.09 (0.81-1.48) | 0.572 1.45 (0.86-2.44) 0.163
History of VF at 1.22 (0.64-2.29) | 0.534 1.63 (0.63-4.18) 0.307

Age at presentation
<30y

1.03 (0.77-1.38) | 0.832

1.76 (1.04-3.00) 0.036 3.14 (1.32-7.48) 0.010

Cl indicates confidence interval; CL, cycle length; EPS, electrophysiology study; HR, hazard ratio; ICD, implantable cardioverter-defibrillator; NSVT, nonsustained ventricular tachycardia;
PVC, premature ventricular contraction; RV, right ventricular; VF, ventricular fibrillation; VFL, ventricular flutter; VT, ventricular tachycardia.

(77%) with available records were taking B-blockers (24, 60%),
class | or lll antiarrhythmic drugs (12, 30%), or a combination
of both medications (4, 10%) when the therapy occurred.

Predictors of ICD Therapy for VF/VFL
(CL <240 ms)

The variables analyzed as potential predictors of appropriate
ICD therapies for VF/VFL are shown in Table 2 and Table S3.
Univariate predictors of appropriate ICD interventions were
PVCs >1000/24 hours on Holter monitoring (HR: 4.39; 95%
Cl, 1.32-14.61; P=0.016), syncope (HR: 1.85; 95% ClI, 1.10—
3.11; P=0.021), age at presentation <30 years (HR: 1.76; 95%
Cl, 1.04-3.00; P=0.036), and male sex (HR: 1.73; 95% ClI,
1.01-2.97; P=0.046). After multivariable analysis, age
<30 years at presentation (HR: 3.14; 95% Cl, 1.32-7.48;
P=0.010) and PVC count >1000/24 hours (HR: 4.43; 95% Cl,
1.35-14.57; P=0.014) remained as significant predictors of
appropriate ICD interventions for VF/VFL. Figure 3A through
3F shows Kaplan—Meier analysis of freedom from ICD
intervention stratified by sex, PVC count, syncope, age at
presentation, history of VT at presentation, and primary
versus secondary prevention (VT/VF).

In addition, Figure 3E and Figure S2 show that a history of
sustained VT at presentation, although a predictor of all ICD
therapies, was not a significant predictor of VF /VFL at follow-up.

Inappropriate Interventions and Complications

In this study, we will separately report the rates of compli-
cations and inappropriate intervention. A total of 193
inappropriate ICD interventions were observed in 64 patients
(21%). The majority (102, 53%) of inappropriate therapies
occurred in patients with single-chamber ICDs, with 85 (44%)
in those with dual-chamber devices, and 6 (3%) inappropriate
shocks occurred in 1 patient with a subcutaneous ICD that
eventually required replacement with a transvenous device.
The median time from ICD implantation to first inappropriate
intervention was 1.68 years (range: 0.01-19.8 years). The
inappropriate discharges were due to sinus tachycardia
(n=29), other type of supraventricular arrhythmia (n=28),
inappropriate sensing (n=4), or lead malfunction (n=3).

Table 3 shows the ICD-related complications in our patient
population. There were 98 lead- or device-related complications
in 66 patients (21%). Among the 98 complications, 66 (67%)
were lead related and the remainder were generator related (32,
33%). Six (6%) patients experienced decreased sensing on the
right ventricular lead, requiring revision or replacement.

Long-Term Outcomes and Survival

At last follow-up, 307 patients (98%) were alive and 5 (2%) had
died (1 due to complications after cardiac ablation, 2 related
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Figure 2. Cumulative survival from first appropriate ICD intervention (VT/VF) stratified by inducibility on
EPS (A), sex (B), number of TWIs (C), PVCs on Holter monitor (D), history of VT at presentation (E), and
primary vs secondary prevention (VT/VF) (F). EPS indicates electrophysiology study; ICD, implantable
cardioverter-defibrillator; PVC, premature ventricular contraction; TWI, T-wave inversion; VT/VF, ventricular

tachycardia/ventricular fibrillation.

to heart failure, and 2 from noncardiac causes). A total of 12
patients (4%) underwent cardiac transplantation due to
progressive heart failure and/or incessant arrhythmias. The
age at cardiac transplantation averaged 45.844-8.83 years.
The mean time from ICD implantation to cardiac transplant
was 9.4445.92 years.

Discussion
Main Findings

The present study represents the largest experience of ARVD /C
patients with ICDs available to date. We present the outcome of
a cohort of 312 patients with definite ARVD/C diagnosis per
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Figure 3. Cumulative survival from ICD intervention for VF/VFL (cycle length <240 ms) stratified by sex (A),
PVCs on Holter monitor (B), syncope (C), age at presentation (D), history of VT at presentation (E), and primary vs
secondary prevention (VT/VF) (F). ICD indicates implantable cardioverter defibrillator; PVC, premature ventricular
contraction; VF/VFL, ventricular fibrillation /flutter; VT /VF, ventricular tachycardia/ventricular fibrillation.

2010 TFC who received an ICD for primary or secondary
prevention of SCD. During a median follow-up of 7 years
(interquartile range: 3—13), 60% of ARVD/C patients received
an appropriate ICD therapy. Among the 312 ARVD/C patients
reported in this study, nearly 1in 5 (19%) received potentially
lifesaving ICD therapy for VF/VFL. The clinical variables that
were identified as predictors of first appropriate ICD therapy

were a history of VT at presentation, inducibility at EPS, male
sex, inverted T waves in >3 precordial leads, and >1000 PVCs
per 24 hours with inducibility at EPS being the only variable that
remained significant after multivariable analysis. Predictors of
ICD therapy for VF/VFL (CL<240 ms) were PVC count>1000/
24 hours, syncope, <30 years of age at presentation, and male
sex. Increased ventricular ectopy burden and younger age at
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Table 3. ICD—Related Complications

Complication Number (n=98)

Lead-related complications (n=68)

Lead fracture 19 (19
Decreased sensing on the RV 6 (6)
Lead dislodgment 8 (8)
Lead recall 12 (12)
Subclavian/IJ vein thrombosis 2 (2
Lead malfunction* 19 (19
Tamponade 22
Generator-related complications (n=30)
Hematoma 1(1)
Generator recall 7(7)
Generator malposition 4 (4)
Premature battery depletion 2 (2
Infection 4 (4)
Generator malfunction” 11(11)
Device explantation due to chronic pain 1(1)

All complications listed required surgical intervention with the exception of venous
thrombosis. ICD indicates implantable cardioverter-defibrillator; 1), internal jugular; RV,
right ventricle.

*RV lead showing high impedance (n=2), decreased sensing/high pacing threshold on
right atrium lead (n=2), lead revision due to malposition (n=1), lead noise (n=8), concern
for lead related proarrhythmia (n=2), lead revision/replacement for other reasons or
unspecified malfunction issues (n=4).

fGrommet torn from the header (n=1), generator noise (n=4), generator with prolonged
charging times (n=2), failure to deliver a shock during a ventricular fibrillation episode
(n=1), high impedance/inconsistent lead measurements (n=1), oversensing with multiple
inappropriate shocks (n=1), high defibrillation threshold testing (n=1).

presentation were found to independently increase the risk of
ICD interventions for VF/VFL. Of particular note is our finding
that a history of sustained VT at presentation, although
predictive of an appropriate ICD therapy during follow-up, was
not a significant predictor of VF/VFL. Inappropriate ICD
interventions were observed in 64 patients (21%) and >1 ICD-
related complication occurred in 66 patients (21%). Despite the
high rate of appropriate ICD therapy, the overall mortality of this
large cohort of patients was low, with 5 patients (2%) dying
during a median follow-up of 7 years, and 12 (4%) patients
undergoing cardiac transplantation.

ICD Therapy in ARVD/C

ARVD/C is an inherited cardiomyopathy characterized by
right ventricular dysfunction, ventricular arrhythmias, and
SCD. It has been estimated that ARVD/C accounts for 13% to
16% of cases of SCD in children and young adults."”®
Because of this markedly increased risk of SCD and sustained
ventricular arrhythmias, ICD therapy represents one of the

most important therapeutic modalities for patients diagnosed
with ARVD/C. Since the first major description of ARVD/C in
1992 by Marcus et al,” a number of articles have been
published describing the clinical features and outcomes of
ARVD/C patients who undergo placement of an ICD. Although
these articles have provided important information, they also
have important limitations including small sample sizes
ranging from 26 to 132 patients,'®'? the use of the 1994
task force diagnostic criteria,'®'*'®2%2" inclusion of partic-
ipants who did not fully meet diagnostic criteria for ARVD/
C,"®" and lack of genetic testing.'®'*%2%21 Fyrthermore,
the primary end point in many of these studies was the
prediction of appropriate ICD therapy, including both sus-
tained VT and VF/VFL."" 3151921 we undertook this study
because of these limitations and because of the importance of
risk stratification to prevent SCD in patients with ARVD/C.

Demographic Features of ARVD/C Patients
Undergoing ICD Implantation

The results of this study provide important data concerning
the demographic features of ARVD/C patients undergoing
ICD implantation in the United States. Among the 312 ARVD/
C patients in this series, more than half were male and the
majority were probands. ICDs were implanted for secondary
prevention in 57% of these patients. The median age at ICD
implantation was 36.5 years. The demographic features of
patients undergoing ICD implantation in this study are
generally similar to those in prior reports,'0 31> 1821
Nevertheless, this study is unique in that only patients who
met diagnostic criteria were included, and a greater propor-
tion of our ARVD/C population underwent ICD implantation
for primary prevention than has been reported in prior
serigs.'0718:16-18.21 addition, this cohort includes a lower
proportion of male patients than most series of arrhythmo-
genic right ventricular cardiomyopathy patients with
ICDs,'®""1%17.20 and the median age at ICD implantation in

our series was somewhat higher than in prior studies.'”"*"

Incidence and Predictors of Sustained Ventricular
Arrhythmias

The results of this study revealed that patients with ARVD/C
who undergo ICD implantation for primary or secondary
prevention have a remarkably high incidence of appropriate
ICD therapies both for any sustained ventricular arrhythmia
(22% annually) and for VF/VFL (3.6% annually). The clinical
variables that were identified as predictors of any appropriate
ICD therapy were a history of sustained VT at presentation,
inducibility at EPS, male sex, >3 T-wave inversions in ECG, and
a PVC count >1000/24 hours. After multivariable analysis,
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inducibility at EPS was the only variable that remained as an
independent risk factor for any ICD therapy.

These results confirm and extend the results of prior
studies of ICD implantation in patients with ARVD/C.
Although many of our findings are similar to those of prior
reports, several are either new or differ from prior reports. In
accordance with previous reports,'®'*'¢2" in which appro-
priate ICD interventions range from 34% to 78%, the results of
our study revealed that 60% of patients had an appropriate
ICD therapy on follow-up, with the first ICD intervention
occurring within a year of implantation in more than two
thirds. The proportion of patients with a primary-prevention
ICD who experienced a sustained ventricular arrhythmia was
45% in our series, which is somewhat higher than has been
described previously (24%)."*

Several studies'®'®'® have reported that inducibility of
sustained ventricular arrhythmias on EPS is a predictor of ICD
therapy. Bhonsale et al'® showed that it is an independent
predictor of ICD therapy in patients with ICDs implanted for
primary prevention. Our findings confirm and extend these
results, showing that EPS inducibility can provide consider-
able prognostic information for risk-stratification purposes
when evaluating patients with ARVD/C.

In addition, our results are consistent with previous
studies'®'%"?° that have reported that a history of sustained
VT and/or VF are risk factors for having appropriate ICD
therapy at follow-up. Our results are also consistent with the
results of prior studies that have reported that men are at
higher arrhythmia risk than women.'"'"?%2%% Finally, our
results are also consistent with prior studies that have
reported that T-wave inversions on precordial leads of the
ECG'> "% and a PVC count of >1000 on 24-hour Holter'
are predictors of appropriate ICD therapy for VT/VF. The
design and findings of the present study allowed us to extend
a prior observation'® that PVC frequency predicts appropriate
ICD therapy in primary-prevention ARVD/C patients com-
pared with those undergoing ICD implantation for secondary
prevention.

Incidence and Predictors of VF/VFL
(CL <240 ms)

A main objective of this study was to define the incidence of
VF/VFL (CL <240 ms) and identify factors that predict these
malignant arrhythmias in ARVD/C patients. The results of this
study revealed that a high PVC burden, history of syncope,
proband status, <30 years old at presentation, and male sex
were significant predictors of VF/VFL therapy, with PVC
burden and younger age at presentation emerging as
independent risk factors on multivariable analysis.

A review of the literature reveals that 3 prior studies have
previously reported the incidence and predictors of VF/VFL.

The first and largest of these studies consisted of 132
patients and was published in 2003 by Corrado et al.'®
Similar to our study, the authors reported an annual incidence
of VF/VFL of 3.3% per year, which is remarkably similar to the
rate of 3.6% per year reported in our study. In addition, similar
to the results of our study, they found that younger age and
syncope were predictors of VF/VFL. A prior history of
sustained VT or VF was another predictor of VF/VFL. A
unique feature of our study was that we wanted to determine
whether presentation with sustained VT (not VF/VFL) was
predictive of a higher risk of VF/VFL during follow-up. We
found that sustained VT was not a predictor of VF/VFL. To the
best of our knowledge, this study is the first to examine this
relationship.

In the second study looking at predictors of VF/VFL,'
syncope was the only independent predictor of VF/VFL
therapy in a primary-prevention cohort. A recently published
study'? looking at a cohort of ARVD/C patients that had ICDs
predominantly for primary prevention of SCD (68/81, 84%)
also found that syncope independently increased the risk of
life-threatening arrhythmic events, defined as SCD, aborted
cardiac arrest, syncopal VT or electrical storm, or cardiovas-
cular mortality. In the case of the present cohort, syncope
was found to be a predictor of therapy for VF/VFL on
univariate analysis but did not emerge as an independent risk
factor on multivariable analysis.

In addition, Link et al?® showed that younger age at the
time of ICD implantation is an independent factor for ICD
therapy for VF/VFL; this is consistent with our findings.
Furthermore, Mazzanti et al'® reported that patients aged
between 21 and 40 years had higher risk of experiencing life-
threatening arrhythmic events.

Finally, our study demonstrates, for the first time, that a
Holter-monitor PVC count >1000/24 hours is an indepen-
dent predictor of VF/VFL (CL <240 ms). This suggests that
a high PVC burden might be a marker of electrical
instability. This finding supports the role of Holter monitor-
ing as a widely available and inexpensive, noninvasive way
to obtain valuable information for the risk stratification of
patients with ARVD/C.

Complications and Inappropriate ICD Therapies

One or more complications of ICD therapy occurred in 66
patients (21%) in this study. This high incidence of ICD-related
complications confirms the findings of prior studies.'®'? 1519
Furthermore, a recently published meta-analysis looking at
ICD-related complications in patients with inherited arrhyth-
mia syndromes reported that 125 of 535 patients (24%) with
ARVD/C have an ICD-related complication.

Inappropriate ICD interventions were observed in 64
patients (21%). This finding is also similar to the rate of
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inappropriate ICD therapy reported in prior studies that have
reported rates of inappropriate ICD therapy, ranging from 16%
to 24%.'°7"° This shows that the accurate identification of
patients at high risk of SCD is critical not only to save lives but
to protect low-risk persons from potential complications and
unnecessary ICD therapies.

Survival and Transplantation

The overall mortality of this large cohort of patients was low,
with 5 patients (2%) dying during a median follow-up of
7 years. A total of 12 patients (4%) underwent cardiac
transplantation. The age at first symptom averaged
25+11.25 years, and the age at cardiac transplantation
averaged 45.84+8.83 years. These findings are consistent
with prior reports.g’”’1‘°"1‘r"16

Study Limitations

The present study has several limitations that need to be
considered when interpreting its results. First, the ARVD/C
patients in this study were not an unselected cohort of
ARVD/C patients but rather patients who were clinically
assessed by their clinical cardiologist or electrophysiologist
to have a sufficiently high arrhythmic risk to warrant ICD
implantation. Consequently, the reported rate of arrhythmic
events does not necessarily correspond to the true
arrhythmic risk of an unselected general cohort of ARVD/
C patients. This limitation also affects our ability to
determine the sensitivity and specificity of all diagnostic
tests, including EPS, in predicting arrhythmia risk because
the treating cardiologists may have elected not to implant
an ICD in some patients with a “positive” or “negative”
test. Second, programming of ICDs was performed at the
discretion of the implanting physician, often before
publication of the Multicenter Automatic Defibrillator
Implantation Trial - Reduce Inappropriate Therapy (MADIT-
RIT) study. This approach to ICD programming likely
resulted in an overestimation of the frequency of appropri-
ate ICD therapies that would be anticipated today as a
result of the revised ICD programming parameters that
resulted from the results of the MADIT-RIT study. Third, the
survival benefit of ICD therapy was assessed assuming that
VF/VFL would have been fatal in all cases without shock
therapy. We recognize that this may overestimate the true
benefit of ICD therapy. Fourth, we did not have complete
information on the CL of treated arrhythmias in all patients.
When intracardiac tracings were unavailable for review, we
relied on the interpretation of the treating electrophysiol-
ogist or cardiologist with regard to the appropriateness of
the ICD intervention. Last, not all patients had complete
diagnostic testing performed. As noted in the results

section of the study, ECGs, Holters, magnetic resonance
images, and EPS at the time of ICD implant were available
for 78%, 71%, 62%, and 76% of patients, respectively. This
is a limitation of our study and affects the power of our
study to identify the relative role of these tests in risk-
stratifying patients with ARVD/C. Although this is a
limitation of our study, it is important to recognize that
this is a limitation of all prior studies of ICD therapy in
arrhythmogenic right ventricular cardiomyopathy therapy.
This could potentially affect the precision of the HR
estimates with resultant wide Cls due to a reduced number
during multivariable modeling. In addition, we did not have
complete details on the stimulation protocol and/or
isoproterenol dose used during the EPS.

Conclusion

This study reports the outcomes of the largest series of
ARVD/C patients to undergo ICD implantation. The results of
this study provide important data concerning the outcomes of
ICD therapy in patients with ARVD/C that should ultimately
help guide clinicians in their recommendation for ICD
implantation in patients with ARVD/C. The high rate of
appropriate ICD therapy for VF/VFL is an important reminder
of the lethal nature of ARVD/C. Variables that clinicians
should consider to be markers of high risks for a malignant
ventricular arrhythmia (VF/VFL) include high PVC burden,
history of syncope, younger age at presentation, and male
Sex.
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Supplemental Material



Table S1. The 2010 revised TFC in 312 ARVD/C patients

2010 Task Force Criteria

Overall population
(N=312); n(%)

Repolarization abnormalities

Inverted T waves in right precordial leads (V1, V2, and V3) or beyond in individuals

relative

>14 years of age (in the absence of complete right bundle-branch block QRS <120 ms) 250 (80)
Inverted T waves in leads V1 and V2 in individuals >14 years of age (in the absence of 31 (10)
complete right bundle-branch block) or in V4, V5, or V6
Inverted T waves in leads V1, V2, V3, and V4 in individuals >14 years of age in the 16(5)
presence of complete right bundle-branch block
Depolarization/conduction abnormalities

Epsilon wave (reproducible low-amplitude signals between end of QRS complex to 32(10)
onset of the T wave) in the right precordial leads (V1 to V3)
Late potentials by SAECG in >1 of 3 parameters in the absence of a QRS duration of > 108(35)
110 ms on the standard ECG
Terminal activation duration of QRS > 55 ms measured from the nadir of the S wave to
the end of the QRS, including R prime in V1, V2, or V3, in the absence of complete 81(26)
right bundle-branch block

Arrhythmias
Nonsustained or sustained ventricular tachycardia of left bundle-branch morphology
with superior axis (negative or indeterminate QRS in leads Il, I11, and aVF and positive 100(32)
in lead aVL)
Nonsustained or sustained ventricular tachycardia of RV outflow configuration, left
bundle-branch block morphology with inferior axis (positive QRS in leads I1, I11, and 102(33)
aVF and negative in lead aVVL) or of unknown axis
>500 ventricular extrasystoles per 24 hours (Holter) 121/166(73)

Family history
ARVC/D confirmed in a first-degree relative who meets current Task Force criteria 70(22)
ARVC/D confirmed pathologically at autopsy or surgery in a first-degree relative 26(8)
Identification in the patient of a pathogenic mutation categorized as associated or 184/307(60)
probably associated with ARVD/C
History of ARVD/C in a first-degree relative in whom it is not possible or practical to 20 (6)
determine whether the family member meets current Task Force criteria
Premature sudden death (<35 years of age) due to suspected ARVD/C in a first-degree 32(10)
relative
ARVD/C confirmed pathologically or by current Task Force Criteria in second-degree 17(5)

Global and/or regional dysfunction and structural alterations

Major criterion
Minor criterion

114/185 (62)
34/185 (18)




Table S2. Details of individual mutations identified in the study population

Amino Acid change

Nucleotide change

PKP2, 137(74)

V548fsX562
A733fsX740
Mutant splice product
Thr50SerfsX61
V837fsX930
Mutant splice product
AT733fsX740
W538X
R79X
Mutant splice product
AT733fsX740
F424S
F424S
AT733fsX740
Mutant splice product
S50fsX110
AT733fsX740
P672fsX683
P672fsX683
V837fsX930
Mutant splice product
Mutant splice product
V8375930
R413X
Mutant splice product
V/608fs
VV608fs
R79X
R79X
R79X
R79X
V725D
Mutant splice product
Mutant splice product
S50fsX110
S587fsX69
Mutant splice product
W538X
Q378X

1643delG
2197 _2202delinsG
2146-1G>C
145 148delCAGA
2509delA
2146-1G>C
2197 2202delinsG
1613G>A
235C>T
2146-1G>C
2197 _2202delinsG
1271T>C
1271T>C
2197 2202delinsG
2145+1G>A
148 151delACAG
2197 _2202delinsG
2013delC
2013delC
2509delA
2489+1G>A
2146-1G>C
2509delA
1237C>T
2146-1G>C
1821dupT
1821dupT
235C>T
235C>T
235C>T
235C>T
2174T>A
2146-1G>C
2489+1G>A
148 151delACAG
1759delG
2489+1G>A
1613G>A
1132C>T




AT733fsX740
Mutant splice product
R413X
Val406SerfsX4
GIn617X
P672fsX12
W538X
R79X
Q378X
R79X
W538X
Mutant splice product
Gly5AlafsX34
S50fsX110
Y221X
Mutant splice product
V/587fsX69
V587fsX70
AT733fsX740
AT733fsX740
AT733fsX740
Q617X
Q617X
GIn323fs
Mutant splice product
Glu85MetfsX26
Glu85MetfsX26
His7333AlafsX8
Tyr221X
Mutant splice product
GIn173X
R79X
Mutant splice product
His733AlafsX8
Thr50SerfsX61
Mutant splice product
Thr50SerfsX61
His733AlafsX8
Asn480fs
Asn7591lefsX41
Tyr130Ter
Mutant splice product
Ser837ValfsX94

2197 2202delinsG
224-3C>G
1237C>T
1211-1212insT
1849C>T
2013delC
1613G>A
235C>T
1132C>T
235C>T
1613G>A
337-2A>T
14delG
148 151delACAG

2146-1G>C
1760delT
1760delT
2197 2202delinsG
2197 _2202delinsG
2197 2202delinsG
1849C>T
1849C>T
968_971delAGGC
2146-1G>C
253 256delGAGT
253 256delGAGT
2197 _2202delCACACCin
663C>A
2489+1G>A
517C>T
235C>T
2146-1G>C
2197 _2202delCACACCin
148 151delACAG
2489+1G>A
148 151delACAG
2197 2201delCACACCIinsG
1440 1444delTCCCA
2274delG
390C>T
1171-2A>G
2509delA




Mutant splice product
Mutant splice product
A733fsX740
V837fsX930
Mutant splice product
Mutant splice product
Mutant splice product
AT733fsX740
A733fsX740
N456fsX458
S50fsX110
Mutant splice product
Mutant splice product
V837s930
Val406SerfsX4
R79X
H436fsX446
Mutant splice product
Arg651Xx
Ser151fs
Mutant splice product
Mutant splice product
AT733fsX740
Mutant splice product
Val406SerfsX4
Val7255SerfsX20
E601fsX55
Arg79Xx
R413X
R413X
Glu85MetfsX26
R79X
R79X
R79X
Thr50SerfsX61
His733AlafsX8
Thr50fs
Mutant splice product
Pro716fs
Arg651Xx
Mutant splice product
Trp538X
Arg79Ter

2146-1G>C
2146-1G>C
2197_2202delinsG
2509del A
2489+1G>A
1171-2A>G
1171-2A>G
2197_2202delinsG
2197_2202delinsG
1368delA
148_151delACAG
2146-1G>C
2146-1G>C
2509delA
1211-1212insT
235C>T
1307_1315delinsATTTA
2146-1G>C
1951C>T
451delT
1378+1G>C
2146-1G>C
2197_2202delinsG
337-2A>T
1211-1212insT
2169_2172dupAGTT
1803delC
235C>T
1237C>T
1237C>T
253_256delGAGT
235C>T
235C>T
235C>T
148_151delACAG
2197_2202delCACACCin
148_151delACAG
IVS7+1 G>A
2146-1G>C
1951 C>T
2146-1G>C
1613G>A
235C>T




Thr50SerfsX61
Thr50fsX60
Mutant splice product
W538X
Mutant splice product
Mutant splice product
W538X
A733fsX740
R413X
V837fsX930
Mutant splice product

Deletion

DSP, 12 (7) E422K
K1054SfsX26

R2166X
Argl738X
GIn51X
Argl60X
Leul017PhefsX2
Ser837Valfsx94
1445V
K1054fs
Argl60X
Ser987Pro

DSG2, 11 (6) C507Y
R46Q

T1047R
K346del
Asp297Asn
Asp787MetfsX21
R46Q
R46W
Arg292Cys
G812C
G220R

DSC2, 4(2) Mutant splice product
Thr275Lys
Gly863LysfsX13
Glu426Lys

148 151delACAG
148 151delACAG
2489+1G>A
1613G>A
2146-1G>C
2489+1G>A
1613G>A
2197 2202delinsG
1237C>T
2509delA
2146-1G>C

arr[hg19]12p11.21(33,025,677-
33,034,564)x1

1264G>A
3160_3166del10
6496C>T
5212C>T
151C>T
478 C>T
3049_3050dupTT
2509delA
1333A>G
3160_3169del AAGAACAA
478C>T
2959T>C

1520G>A
137G>A
3140C>G
1038_1040delGAA
889 G>A
2358delA
137G>A
136C>T
874C>T
2434G>T
658G>A

154+G>A
824C>A
2582_2585dupGAAG
1276G>A




JUP, 2 (1) Vall59Leu
T191

PLN, 2 (1) Argladel

Argl4del

TMEM43, 1 (0.5) Ser358Leu

Compound/Digenic
Heterozygote, 13

(")

AT733fsX740 (PKP2) , deletion 6p24.1p25
(DSP)
G828G (PKP2)

Mutant splice product
Arg2160X (DSP), Arg315Cy (DSP)
Lys346del (DSG2), Ala358Thr (DSG2)
W306X, (DSG2), R49H (DSG2)
R79X (PKP2), Phe829LeufsX26 (DSC2)
Glu2313ArgfsX (DSP), Ser800Cys DSG2
Arg413Ter (PKP2), Ala800LeufsX56 (DSC2)
R413X (PKP2), p.Leu277fs (DSG2)
IVS5+1G>C; Thr335Ala

Val280HisfsX55 (PKP2), Arg406GIn (DES)
Thr50SerfsX61 (PKP2), Asp1096Tyr

475G>T
56C>T

40_42delAGA
40_42delAGA

1073C>T

PKP2 2197_2202delinsG

2484C>T (homozygous)
523+2T>C, K346del
6478C>T,943C>T
1038_1040delGAA, 1072 G>A
915 G->A,143 G->A
235C>T, 2487delT
DSP 6937delG, DSG2 2399C>G
PKP2 (1237 C>T), DSC2 (2398delG)
PKP2 1237C>T, DSG2 ¢.829-1_840del
1378+1G>C; 1003 A>G
837_838delCG;1217G>A

148 151delACAG, 3286G>T

(MYHT)
Non-Desmosomal
MYH7, 1(0.5) Lys1459Asn 4377 G>T
SCNE&?S'})I)\ANA’ LMNA:Arg190GIn, SCN5A:Tyr416Cys LMNA:c.569 G>A, SCN5A: 1247 A>G

plakophilin-2 (PKP2), desmoplakin (DSP), desmoglein-2 (DSG2), desmocollin-2 (DSC2) plakoglobin (JUP),
phospholaman (PLN), transmembrane protein 43 (TMEMA43), myosin heavy chain 7(MYH7), sodium voltage-

gated channel alpha subunit (5SCN5a), laminin A (LMNA)




Table S3. Predictors appropriate ICD intervention for VT/VF and for VF/VFL (CL<240ms)*

First appropriate therapy (VT/VF) VF/VFL (CL<240ms)
Univariate analysis Multivariable Analysis Univariate analysis Multivariable Analysis
Variable HR(95% CI)  p-value HR(95% CI) P- HR(95% CI)  p-value HR(95% CI) P-
value value
History of VT at 1.86 (1.38-2.49)  <0.001 1.08 (0.57-2.04)  0.809 0.73 (0.43-1.23)  0.244
presentation
'E”F?gc'b"'ty a 3.14 (1.95-5.05)  <0.001 2.53(0.93-6.83)  0.067 2.65(0.94-7.44)  0.063 2.18 (0.60-7.86)  0.233
Male sex 1.62 (1.20-2.19)  0.001 1.85(0.91-3.77)  0.088 1.73 (1.01-2.97)  0.046 1.59 (0.61-4.13)  0.341
Inverted T-waves
in >3 precordial 1.66 (1.09-2.52) 0.018 1.67 (0.73-3.80) 0.219 1.26 (0.61-2.62) 0.531
leads
PVCs >1,000/24h 4.39 (1.32-
on Holter 2.30 (1.32-4.00)  0.003 1.80 (0.73-4.42)  0.195 14.61) 0.016 3.63(0.77-17)  0.101
monitoring '
Major RV
structural 1.49 (0.98-2.28) 0.065 0.87 (0.43-1.79)  0.722 1.26 (0.61-2.58) 0.536
abnormality
Syncope 1.19 (0.87-1.62)  0.271 1.85(1.10-3.11)  0.021 1.76 (0.65-4.75)  0.259
Mutation carrier 1.17 (0.87-1.58)  0.298 --- --- 1.14 (0.66-1.97)  0.633
NSVT 1.09 (0.81-1.48)  0.572 1.45 (0.86-2.44)  0.163
History of VF at 1.22 (0.64-2.29)  0.534 1.63(0.63-4.18)  0.307
presentation
Age at
1.03 (0.77-1.38)  0.832 1.76 (1.04-3.00)  0.036 3.77 (1.26-11.21)  0.017

presentation <30

*All variables with a p-wave of <0.10 were included in the multivariate analysis.
VT= Ventricular tachycardia, VF/VFL= Ventricular fibrillation/flutter, EPS=Electrophysiology study,
PVC=Premature ventricular contraction, RV= Right ventricular, NSVT=Non-sustained ventricular tachycardia,




Figure S1 A-B. Proportion of patients with ICDs for primary and secondary prevention (VT/VF) that develop
VE/VFL (CL >240ms) at follow up (A). Proportion of patients with and without history of ventricular tachycardia at
presentation (VT) that develop VF/VFL (CL >240ms) at follow up (B)
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Figure S2. Age at the time of first ICD intervention for VF/VFL (CL>240ms)
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