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BACKGROUND: A novel risk calculator based on clinical characteristics and noninvasive tests that predicts the onset of clinical 
sustained ventricular arrhythmias (VA) in patients with arrhythmogenic right ventricular cardiomyopathy (ARVC) has been 
proposed and validated by recent studies. It remains unknown whether programmed ventricular stimulation (PVS) provides 
additional prognostic value.

METHODS: All patients with a definite ARVC diagnosis, no history of sustained VAs at diagnosis, and PVS performed at 
baseline were extracted from 6 international ARVC registries. The calculator-predicted risk for sustained VA (sustained 
or implantable cardioverter defibrillator treated ventricular tachycardia [VT] or fibrillation, [aborted] sudden cardiac arrest) 
was assessed in all patients. Independent and combined performance of the risk calculator and PVS on sustained VA were 
assessed during a 5-year follow-up period.

RESULTS: Two hundred eighty-eight patients (41.0±14.5 years, 55.9% male, right ventricular ejection fraction 
42.5±11.1%) were enrolled. At PVS, 137 (47.6%) patients had inducible ventricular tachycardia. During a median 
of 5.31 [2.89–10.17] years of follow-up, 83 (60.6%) patients with a positive PVS and 37 (24.5%) with a negative 
PVS experienced sustained VA (P<0.001). Inducible ventricular tachycardia predicted clinical sustained VA during 
the 5-year follow-up and remained an independent predictor after accounting for the calculator-predicted risk 
(HR, 2.52 [1.58–4.02]; P<0.001). Compared with ARVC risk calculator predictions in isolation (C-statistic 0.72), 
addition of PVS inducibility showed improved prediction of VA events (C-statistic 0.75; log-likelihood ratio for nested 
models, P<0.001). PVS inducibility had a 76% [67–84] sensitivity and 68% [61–74] specificity, corresponding to 
log-likelihood ratios of 2.3 and 0.36 for inducible (likelihood ratio+) and noninducible (likelihood ratio–) patients, 
respectively. In patients with a ARVC risk calculator–predicted risk of clinical VA events <25% during 5 years (ie, 
low/intermediate subgroup), PVS had a 92.6% negative predictive value.
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CONCLUSIONS: PVS significantly improved risk stratification above and beyond the calculator-predicted risk of VA in a 
primary prevention cohort of patients with ARVC, mainly for patients considered to be at low and intermediate risk by the 
clinical risk calculator.

Key Words:  arrhythmogenic right ventricular cardiomyopathy ◼ electrophysiological techniques, cardiac ◼ defibrillator, implantable  
◼ risk assessment ◼ sudden cardiac death

Arrhythmogenic right ventricular cardiomyopathy 
(ARVC) is a cardiomyopathy characterized by 
progressive cardiomyocyte loss and fibro-fatty 

replacement.1 Patients with ARVC are at risk for life-
threatening ventricular arrhythmias (VA) and sudden 
cardiac death (SCD), which may even represent the first 
clinical manifestation of the disease.1,2

The placement of an implantable cardioverter defi-
brillator (ICD) is a crucial component of ARVC manage-
ment.2,3 Nonetheless, arrhythmic risk stratification and 
the selection of the optimal candidates for ICD place-
ment, especially for primary prevention of SCD, have 
proven difficult.4 A VA risk calculator in patients without 
previous sustained VAs has recently been proposed.5 
This risk calculator included 7 clinical variables derived 
from noninvasive tests that are routinely performed in 
patients with ARVC. Its utility has been replicated in inde-
pendent cohorts, and it has been shown to perform bet-
ter than risk stratification algorithms currently proposed 
by consensus statements.6–12 Since its publication, the 
possibility of integrating additional parameters such as 
ventricular tachycardia (VT) inducibility on programmed 
ventricular stimulation (PVS) with the risk calculator has 
been suggested.13

The role of PVS for arrhythmic risk stratification in 
primary prevention ARVC has been debated. Although 
some studies supported its role as a predictor of sus-
tained VA,14–19 others have reported a poor positive pre-
dictive value.20 Currently available studies, however, had a 
relatively limited sample size and often grouped together 
primary and secondary prevention patients with ARVC. 
This study aimed to investigate, in a large multicenter 
cohort of patients with ARVC, whether PVS has prog-
nostic value independent of the existing ARVC VA risk 
calculator to further improve primary prevention arrhyth-
mic risk stratification.

METHODS
Patient Population
We conducted an observational, retrospective, multicenter 
cohort study.

The study population was extracted from 6 ARVC registries 
at academic institutions in 7 countries across North America 
and Europe. From each registry, all patients who met the fol-
lowing inclusion criteria were included in the present study: 
(1) diagnosed with definite ARVC as per the 2010 Task Force 

Clinical Perspective

What Is New?
•	 In a multinational cohort of primary prevention 

patients with arrhythmogenic right ventricular car-
diomyopathy, programmed ventricular stimulation 
was shown to predict incident sustained ventricular 
arrhythmia.

•	 Programmed ventricular stimulation improves dis-
crimination over the noninvasive published risk 
calculator for sustained ventricular arrhythmia in 
arrhythmogenic right ventricular cardiomyopathy 
(https://www.ARVCrisk.com).

What Are the Clinical Implications?
•	 Using programmed ventricular stimulation can 

improve risk prediction of sustained ventricular 
arrhythmia in arrhythmogenic right ventricular car-
diomyopathy in the primary prevention setting, 
particularly among those with low or intermediate 
predicted risk on the basis of the noninvasive risk 
calculator.

•	 If negative, its high negative predictive value (93%) 
in low and intermediate risk patients may support 
the decision to forgo implantable cardioverter defi-
brillator use in some patients.

•	 Programmed ventricular stimulation results can be 
applied to the noninvasive arrhythmogenic right 
ventricular cardiomyopathy risk calculator (https://
www.ARVCrisk.com) in a 2-step approach to facili-
tate personalized decision-making for implantable 
cardioverter defibrillator use.

Nonstandard Abbreviations and Acronyms

ARVC	� arrhythmogenic right ventricular 
cardiomyopathy

HR	 hazard ratio
ICD	 implantable cardioverter defibrillator
LR	 likelihood ratio
NSVT	 nonsustained ventricular tachycardia
PVS	 programmed ventricular stimulation
SCD	 sudden cardiac death
VA	 ventricular arrhythmia
VT	 ventricular tachycardia
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Criteria;21 (2) absence of spontaneous sustained VA or aborted 
SCD at disease diagnosis; and (3) performance of a PVS within 
1 year before to 1 year after disease diagnosis, and before any 
sustained VA or SCD event.

The study was conducted in accordance to the Declaration 
of Helsinki and was approved by local ethics and institutional 
review boards, and consent was obtained in accordance with 
national requirements. To maintain patient confidentiality, 
data and study materials will not be made available to other 
researchers for purposes of replicating the results. A limited 
dataset may be made available on request.

Variables and Outcomes Definition
For each patient, baseline demographic variables, data from 
ECG, echocardiography, cardiac magnetic resonance, and 
all 7 variables (age, sex, syncope of clear cardiac origin, 
number of leads with T wave inversion on a 12-lead ECG 
[sum of anterior and inferior leads], nonsustained ventricu-
lar tachycardia [NSVT], 24-hour premature ventricular com-
plex count, and right ventricular ejection fraction [RVEF]) 
included in the ARVC risk calculator (https://www.ARVCrisk.
com) were collected independently by each registry, in 
accordance with standard operating procedures and defi-
nitions previously presented.5 All genetic variants reported 
were adjudicated according to the 2015 American College 
of Medical Genetics and Genomics guidelines.22

PVS data were collected by study report, direct tracing, or 
medical record review. For each study, data about the stimula-
tion protocol, the cycle length, and the morphology of all dif-
ferent VAs induced during PVS, and the baseline conduction 
measurements (atrio-hisian and His-ventricular time), were 
collected. A positive PVS was defined as the induction of a 
sustained monomorphic VT lasting ≥30 s or leading to hemo-
dynamic compromise. Induction of polymorphic VT and ven-
tricular fibrillation/flutter was not considered a positive PVS. 
Patients were accordingly classified into inducible (PVS+) and 
a noninducible (PVS–) groups.

Sustained VA was defined as a composite of SCD, sus-
tained VT (lasting ≥30 s or with hemodynamic compromise 
or requiring cardioversion), ventricular fibrillation/flutter, or 
appropriate ICD intervention as reported previously.5 Rapid VA/
(aborted) SCD was defined as sustained VT ≥250 bpm (cycle 
length ≤240 ms), ventricular fibrillation/flutter, SCD, or aborted 
SCD.5 Sustained VA was assessed using a combination of the 
ECG tracings, Holter ECG results, ICD interrogations, and clini-
cal reports available at follow-up, as collected per each registry 
practice.

The primary outcome of the study was the comparison of 
rates of first sustained VA within 5 years after disease diag-
nosis by the 2010 Task Force Criteria between patients with 
positive and negative PVS. The rates of first episode of rapid 
VA/(aborted) SCD as well as heart transplant, cardiovascular, 
and all-cause mortality were also assessed and compared in 
the 2 groups.

Statistical Analyses

Of important note, a correction of the risk calculator’s baseline 
survival was issued after its original publication. This article is 
based on the corrected version.23 Continuous variables were 

expressed using mean±SD or median [interquartile range], 
and comparisons were performed using an independent 
sample Student t test or Mann-Whitney U test, in accordance 
with their distribution. Categorical variables were reported as 
counts (percentages) and comparisons run using chi-square 
or Fisher exact tests, as appropriate. The association between 
baseline characteristics and PVS inducibility status was tested 
using univariable logistic regression; those variables that met 
a significance threshold of 0.10 were included in a multivari-
able logistic regression model. The association between cycle 
length of VT induced during PVS and of VA observed during 
follow-up was tested using linear regression, with strength of 
association determined using the Pearson correlation coeffi-
cient. Rates of VA-free survival were assessed using Kaplan-
Meier curves and compared using log-rank testing. The risk of 
sustained VA at 5 years was predicted for each patient using 
the ARVC risk calculator (https://www.ARVCrisk.com) and 
calculated according to Equation 1, where PI is the prognostic 
index and is calculated according to Equation 2.

5 0 840− −yearVARisk=1 . * exp( )PI � (1)

PI Sex Age CardiacSyncope NSVT

In h

= − + +
+

* . * . * . *

. (

0 49 0 022 0 66

0 81 24 rrPVCcount TWI RVEF* . * . * .0 17 0 11 0 025+ −
� (2)

Model calibration was assessed visually using a plot of pre-
dicted versus observed event rates. All covariates of the ARVC 
risk calculator had <5% missingness, except for NSVT (6% 
missingness), 24-hour premature ventricular complex count 
(11% missingness), and RVEF (12% missingness). Missing 
quantitative values for RVEF and left ventricular ejection frac-
tion were imputed manually when qualitative assessment was 
present, in accordance to previously described methods.5 Other 
missing data used for the ARVC risk calculator were assumed 
to be missing at random and imputed using multiple imputa-
tions with chained equations.24 Complete-case sensitivity anal-
ysis was performed to test the effect of this imputation.

To assess the predictive ability of PVS inducibility for VA 
events, Cox proportional hazards models of VA events were fit-
ted to the result of PVS testing, both as a single coefficient and 
in conjunction with the ARVC risk calculator PI (incorporated 
as a fixed offset variable). Model discriminations were assessed 
using a nonparametric concordance-based C-statistic.25 Both 
PVS inducibility and the individual coefficients of the ARVC risk 
calculator fulfilled standard proportional hazards assumption 
testing criteria. The added value of PVS inducibility to the ARVC 
risk calculator for predicting VA events was assessed using 
log-likelihood ratio testing for nested models, with 1 degree 
of freedom added to the 7 degrees of freedom of the original 
ARVC risk calculator. Net reclassification improvement for a 
5-year risk cutoff of 25% (5% risk/y) was also calculated using 
standard approximations for time-to-event data.26 Patients 
were then stratified by ARVC risk calculator predicted risk 
into “low/intermediate arrhythmic risk” (<5% predicted risk/y; 
<25% predicted risk during 5 years) and “high arrhythmic risk” 
(≥5% predicted risk/y; ≥25% predicted risk during 5 years) 
subcohorts. The sensitivity and specificity of PVS inducibility in 
the overall cohort, and the positive predictive value and nega-
tive predictive value of PVS inducibility in these 2 subgroups, 
were calculated according to previously published methods for 
estimating these test metrics in survival data.27 The sensitivity 
and specificity were then used to determine the effect of the 
use of PVS in addition to the risk calculator in a given patient 
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using Bayes’ theorem following these sequential equations 
(Equations 3 through 5):

pre test Odds
ARVCrisk prediction

ARVCrisk prediction
− =

−1
� (3)

Post testOdds e testOdds LR− = −Pr * � (4)

UpdatedVARisk
PostPVSOdds

PostPVSOdds
=

+1
� (5)

Here, LR is the likelihood ratio and is calculated using Equation 
6 for inducible PVS (LR+) and Equation 7 for noninducible PVS 
(LR–).

LR
Sensitivity
Specificity

+ =
−( )1

� (6)

LR
Sensitivity

Specificity
− =

−( )1
� (7)

All analyses were performed using STATA (v.14.0 STATA 
Corp, College Station, TX), PyCharm (v 2018.3.6 Community 
Edition, JetBrains Inc, Boston, MA), and the python Lifelines 
and statsmodels statistical software package. For all statistical 
testing, P<0.05 was used as a threshold for significance.

RESULTS
Overall Cohort
Two hundred eighty-eight definite patients with ARVC 
who underwent PVS at the time of diagnosis were in-
cluded in the study. The mean age at diagnosis was 
41.0±14.5 years, 55.9% of the patients were male, 
and 73.6% were probands. Genetic testing was per-
formed in 243 patients (84.4%), 141 (58.0%) of 
whom harbored ARVC-associated pathogenic or likely 
pathogenic variants. Variants were most common in 
plakophilin-2 (PKP2; n=96), followed by desmoplakin 
(DSP; n=11) and phospholamban (PLN; n=11). Overall 
characteristics of the study cohort are reported in Ta-
ble 1. One hundred ninety-nine (69.1%) patients were 
part of the ARVC risk calculator development cohort,5 
and 89 (31%) additional patients were derived from 
an Italian cohort in which the risk calculator has previ-
ously been validated.6 Comparison of the study cohort 
with the ARVC risk calculator development cohort is 
reported in Table 2. Patient characteristics per registry 
have been reported in Section C of the Supplemental 
Material.

Overall, patients who underwent PVS were more 
likely to be male (55.9% versus 44.7%; P=0.002), more 
likely to be probands (73.6% versus 49.8%; P<0.001), 
less likely to be variant carriers (58.0% versus 67.5%; 
P<0.001), more likely to have had a previous cardiac 
syncope (24.0% versus 9.1%; P<0.001), had more leads 
with T wave inversion, and were less likely to have an ICD 
at baseline (27.1% versus 41.3%; P=0.001). Distribution 
of the predicted risk of the study population according to 
the ARVC risk calculator has been reported in Figure S1.

PVS Data
In 215 (88%) patients, a 3 extra stimuli PVS protocol 
was used, delivered at 2 right ventricle sites (right ven-
tricular apex and outflow tract) in 222 (89%). One hun-
dred thirty-seven (47.6%) patients were inducible with 
a median of 1.4 [1.2–1.5] sustained VT morphologies 
induced per patient. The median VT cycle length was 
247 [220–280] ms, and the most common morphol-
ogy was left bundle-branch block (n=158, 72.5%), with 
a superior axis morphology (33.5%). Table S1 summa-
rizes procedural PVS data.

Inducible patients were younger (39.2±14.0 versus 
42.7±14.7 years; P=0.037), were disproportionately pro-
bands (81.0% versus 66.9%; P=0.007) and had more 
leads with T wave inversion on ECG (4 [3–5] versus 2 
[2–5]; P=0.003), more NSVT (56.2% versus 37.8%; 
P=0.002), a higher 24-hour premature ventricular com-
plex burden (1624 [600–4630] versus 1154 [475–
2788]; P=0.026), and a lower RVEF (40.8±11.4 versus 
43.9±10.6; P=0.027) than patients with no inducible 
VT. At multivariable analyses, however, the presence of 
NSVT at diagnosis was the only predictor for PVS induc-
ibility (odds ratio, 2.095 [1.233–3.560]; P=0.006). The 
complete list of univariable and multivariable predictors 
of PVS inducibility is reported in Table S2.

Long-Term Outcomes
During a median follow-up of 5.31 [2.89–10.17] years, 
120 (41.7%) patients experienced a sustained VA event 
(Table 3). Patients who had a positive PVS were more 
likely to experience a sustained VA event than those in 
whom the PVS was negative (83 of 137, 60.6%, versus 
37 of 151, 24.5%; P<0.001). A total of 43 rapid VA/
(aborted) SCD episodes were observed during follow-up, 
with no significant differences between those with and 
without a positive PVS (18.2% versus 11.9%, P=0.132). 
Overall, 23 episodes (n=19 sustained VT; n=4 fast VT/
[aborted] SCD) were experienced by patients without an 
ICD. At last follow-up, 196 (68.1%) had an ICD in place, 
6 (2.1%) had undergone heart transplant, and 13 (4.5%) 
patients had died. Figure 1A reports the cumulative free-
dom from first sustained VA in the whole cohort, and 
Figure 1B reports the cumulative freedom from incident 
sustained VA stratified by PVS inducibility. Figure S2 rep-
resents the timing of ICD implantation. Table S3 reports 
ICD programming details. Figure S4 reports cycle length 
concordance between the inducible VT at PVS and the 
observed clinical VT.

ARVC Risk Calculator and 5-Year Outcomes
During the first 5 years of follow-up, 92 (34.0%) pa-
tients had a sustained VA event. Among the variables 
included in the previously published ARVC risk calculator, 
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younger age (hazard ratio [HR] per year increase, 0.98 
[0.97–0.99]; P=0.003), male sex (HR, 1.78 [1.15–2.76]; 
P=0.009), presence of NSVT (HR, 2.09 [1.30–3.33]; 
P=0.002), 24-hour premature ventricular complex bur-
den (HR per log increase, 1.148 [1.03–1.29]; P=0.016), 
and RVEF (HR per percent increase, 0.97 [0.95–0.99]; 
P=0.001) were significantly associated with the devel-
opment of sustained VAs in this time period. Figure S3 
reports the ARVC risk calculator calibration plot in this 
cohort, showing a strong correlation between the ARVC 
risk calculator predicted and observed arrhythmic risk in 
this cohort (r2 of 0.94).

PVS and Additional Value in Predicting 5-Year 
Outcomes
Inducibility on PVS predicted sustained VA events during 
5 years (HR, 4.21 [2.64–6.71]; P<0.001) on univariable 
Cox proportional hazards analyses. This predictive ability 
remained significant (HR, 2.52 [1.58, 4.02]; P<0.001) af-
ter adjustment for the ARVC risk calculator predicted risk. 
The model combining ARVC risk calculator predicted risk 
and PVS inducibility (C-statistic, 0.75) was superior to 
univariable Cox proportional hazard models using either 

PVS inducibility (C-statistic, 0.66) or the ARVC risk cal-
culator (C-statistic, 0.72; log-likelihood ratio, P<0.001). 
Net reclassification improvement with a 5-year VA risk 
cutoff of <25% was 7% for the combined model relative 
to the ARVC risk calculator taken in isolation.

The value of PVS for predicting 5-year sustained VA in 
the low/intermediate arrhythmic risk group (n=152; n=24 
VAs in the 5-year follow-up) versus high arrhythmic risk 
group (n=136; n=68 VAs in the 5-year follow-up) was 
as follows: low/intermediate risk group positive predictive 
value, 38.5% [25.4–51.6] and negative predictive value, 
92.6% [87.4–97.5]; high-risk group positive predictive 
value, 68.4% [58.5–78.3] and negative predictive, value 
64.2% [51.2–77.2]. The sensitivity and specificity for PVS 
in the overall cohort were 75.7% [67.4–84.0] and 67.5% 
[60.75–74.3], respectively. The corresponding LRs were 
2.3 for inducible (LR+) and 0.36 for noninducible PVS 
(LR–). Table  4 illustrates post-PVS derived VA risk in 
patients with different pretest predicted 5-year risk accord-
ing to the ARVC risk calculator. For example, a patient with 
a 5-year ARVC risk prediction of 25% will have a 5-year 
posttest VA risk of 12.3% if noninducible during PVS, 
and of 44.4% if inducible. The updated online calculator 
integrating the use of PVS is available at arvcrisk.com.  

Table 1.  Cohort Characteristics

Variable
Overall
(n=288)

PVS+ group
(n=137)

PVS– group
(n=151) P value

Age (y), mean±SD 41.0±14.5 39.2±14.0 42.7±14.7 0.037

Male sex, n (%) 161 (55.9) 82 (59.9) 79 (52.3) 0.198

European ancestry/White, n (%) 277 (98.2) 136 (99.3) 141 (97.2) 0.413

Proband status, n (%) 212 (73.6) 111 (81.0) 101 (66.9) 0.007

Pathogenic/likely pathogenic variant (genetic test available n=243)

  PKP2, n (%) 96 (39.5) 54 (44.3) 42 (34.7) 0.713

  DSP, n (%) 11 (4.5) 4 (3.3) 7 (5.8)  

  DSG2, n (%) 9 (3.7) 5 (4.1) 4 (3.3)  

  PLN, n (%) 11 (4.5) 3 (2.5) 8 (6.6)  

  Other, n (%) 14 (5.8) 5 (4.1) 9 (7.4)  

Recent cardiac syncope, n (%) 69 (24.0) 38 (27.7) 31 (20.5) 0.152

Number of leads with TWI, median [IQR] 4 [3–5] 4 [3–5] 3 [2–5] 0.003*

NSVT at diagnosis, n (%) 134 (46.5) 77 (56.2) 57 (37.8) 0.002*

24-h PVC count, median [IQR] (n= 235) 1445 [500–3731] 1624 [600–4630] 1154 [475–2788] 0.026*

CMR at baseline (n=264)

  RVEF (%), mean±SD 42.5±11.1 40.8±11.4 43.9±10.6 0.027*

  LVEF (%), mean±SD 55.7±8.7 55.5±9.3 55.8±8.2 0.802

Treatment at baseline

  β-Blockers, n (%) 123 (42.7) 63 (46.0) 60 (39.7) 0.284

  Antiarrhythmic drugs, n (%) 102 (35.4) 46 (33.6) 56 (37.1) 0.534

ICD at disease diagnosis, n (%) 78 (27.1) 53 (38.7) 25 (16.6) <0.001*

CMR indicates cardiac magnetic resonance; DSG2, desmoglein-2; DSP, desmoplakin; ICD, implantable cardioverter-defibrillator; IQR, inter-
quartile range; LVEF, left ventricular ejection fraction; NSVT, nonsustained ventricular tachycardia; PKP2, plakophilin-2; PLN, phospholamban; PVC, 
premature ventricular contraction; PVS, programmed ventricular stimulation; RVEF, right ventricular ejection fraction; and TWI, T wave inversion.

*Indicates statistically significant.
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Figure 2A and 2B shows the cumulative survival free from 
sustained VA for inducible and noninducible patients in 
the low/intermediate arrhythmic and high arrhythmic risk 
groups. A complete-case sensitivity analysis yielded simi-
lar results (Supplemental Material Section B).

DISCUSSION
The main findings of this study can be summarized as 
follows: first, nearly half (47.6%) of this cohort of 288 pa-
tients referred for PVS had inducible sustained VA. Sec-
ond, we found that inducibility at PVS could predict the 
occurrence of sustained VA during the 5 years follow-up. 
Last, we showed that adding the inducibility on PVS to 
the current ARVC risk calculator significantly improved 
the model discrimination. It is important that, PVS was 
shown to have a high negative predictive value (92.6%) 
for incident sustained VA at 5 years in patients with an 

ARVC risk calculator predicted 5-year risk <25%, and 
PVS results can be used together with the risk calculator 
to refine predictions in individual patients.

Risk Stratification in Patients With ARVC
Once a diagnosis of ARVC is established, the next step 
in the clinical management is to assess the patient’s risk 
of experiencing a sustained VA and to determine if an 
ICD is warranted.3 In the past 3 decades, multiple stud-
ies have aimed to identify the predictors of sustained 
VA in ARVC. A recent meta-analysis by Bosman et al28 
summarized those predictors and paved the way to the 
development of a novel risk stratification tool,5 which in-
tegrates multiple noninvasive parameters.

This published ARVC risk calculator (https://www.
ARVCrisk.com) aims to predict the 5-year risk of the first 
sustained VA event in patients with definite ARVC. Mul-
tiple independent cohorts have reported good reliability 
of this risk calculator in different settings6,7,9,10 and also 
confirmed its superiority to currently available risk strati-
fication algorithms.6,7 By including only patients referred 
for a PVS, this study cohort not surprisingly had a higher 
ARVC risk calculator–predicted risk than the previous 
cohorts, in which the ARVC risk calculator was devel-
oped and validated. Nonetheless, the ARVC risk calcu-
lator showed good performance (calibration slope=0.92 
and C-statistic, 0.72) in predicting the 5-year outcomes 
in this subpopulation as well.

PVS in ARVC Arrhythmic Risk Stratification
The utility of sustained VT inducibility on PVS as a pre-
dictor of VA in ARVC has drawn significant attention in 
previous literature. Although some investigators have re-
ported its clinical utility in predicting long-term arrhythmic 
outcomes,6,14,15,18 other studies found a positive predictive 
value as low as 35% for PVS in this patient population.20 
Because of its invasive nature, precluding its use in all 
patients, PVS was not included in the original ARVC risk 
calculator. The possibility that integrating the results of 
PVS with the ARVC risk calculator might further improve 
risk estimates was postulated soon after its publication.13

The primary purpose of this study was to better define 
the contemporary role of PVS in risk stratification of 
patients with ARVC who do not present with a sustained 
VA. This study is unique not only because of its large 
size (with an international cohort of 288 primary preven-
tion ARVC patients, it is, to our knowledge, the largest 
report of PVS in ARVC to date), but also because we 
examined the incremental predictive value of PVS on the 
recently published ARVC risk calculator. A strong corre-
lation between sustained VT inducibility and arrhythmic 
outcomes was clearly observed during a median follow-
up of >5 years. Patients in whom sustained arrhythmias 
were induced during PVS had a 4-fold risk of sustained 

Table 2.  Comparison of the Baseline Characteristics of the 
Study Cohort and of the Cohort Used for the ARVC Risk Cal-
culator Derivation

Variable

Study 
cohort 
(n=288)

ARVC risk cal-
culator cohort5 
(n=528) P value

Age, mean±SD 41.0±14.5 38.16±15.47 0.011*

Male sex, n (%) 161 (55.9) 236 (44.7) 0.002*

White, n (%) 277 (98.2) 485 (91.9) <0.001*

Proband status, n (%) 212 (73.6) 263 (49.8) <0.001*

Genetic test available, n (%) 243 (84.4) 504 (95.4) <0.001*

  Pathogenic variant, n (%) 141 (58.0) 340 (67.5) <0.001*

    PKP2, n (%) 96 (39.5) 258 (51.2) <0.001*

    Non PKP2, n (%) 45 (18.5) 82 (16.3) 0.636

Recent cardiac syncope, n (%) 69 (24.0) 48 (9.1) <0.001*

Leads with TWI on ECG

 � TWI in ≥3 precordial leads, 
n (%)

189 (65.6) 298 (56.4) 0.016*

  TWI in ≥2 inferior leads, n (%) 71 (24.7) 85 (16.1) 0.003*

NSVT at diagnosis, n (%) 134 (46.5) 231 (43.8) 0.446

24-h PVC count, median [IQR] 1445  
[500–3731]

1007  
(278–3731)

0.055

Imaging at baseline

  RVEF (%), mean±SD 42.5±11.1 43.80±10.40 0.096

  LVEF (%), mean±SD 55.7±8.7 57.66±8.42 0.923

Treatment at baseline

  β-Blockers, n (%) 116 (57.5) 200 (37.9) 0.501

  Antiarrhythmic drugs, n (%) 102 (47.4) 82 (15.5) <0.001*

  ICD, n (%) 78 (27.1) 218 (41.3) 0.001*

ARVC indicates arrhythmogenic right ventricular cardiomyopathy; ICD, 
implantable cardioverter defibrillator; IQR, interquartile range; LVEF, left ven-
tricular ejection fraction; NSVT, nonsustained ventricular tachycardia; PKP2, 
plakophilin-2; PVC, premature ventricular contraction; RVEF, right ventricular 
ejection fraction; and TWI, T wave inversion.

*Indicates statistically significant.
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VA events during follow-up. Furthermore, we showed 
that PVS results provide additional value when integrated 
with the existing ARVC risk calculator. A model that com-
bined both PVS and the ARVC risk calculator–predicted 
risk was superior at predicting 5-year arrhythmic out-
comes than either of these 2 predictors alone.

Clinical Implications
An important clinical question that may arise is the role 
of PVS in guiding primary prevention ICD placement in 
patients with ARVC. The results of this study suggest 
that PVS may be of value in the risk stratification pro-
cess of patients who have a low/intermediate predicted 
risk (<25% at 5 years) on the basis of the ARVC risk 
calculator (Table 4). In patients with VA predicted risks 

at the extremes (either very high or very low per the cal-
culator), an invasive PVS procedure would likely be of 
limited use. Conversely, this additional stratification tool 
can be of greatest use in the clinical decision-making 
process in patients with an intermediate predicted risk. In 
this study, a negative PVS had a high negative predictive 
value (92.6%) in patients at low/intermediate predicted 
risk (<25% at 5 years) per the risk calculator. This makes 
a robust argument in favor of the use of a negative PVS 
to support a clinical decision not to implant an ICD in 
patients in whom the risk score suggests a low or an 
intermediate predicted risk. In addition, PVS results can 
be directly integrated into the ARVC risk calculator in an 
adjusted approach to refine risk prediction in individual 
patients using Bayes’ theorem. This personalized ap-
proach can help in selecting patients who are most likely 

Table 3.  Follow-Up Characteristics of the Study Cohort

 Overall (n=288) PVS+ group (n=137) PVS– group (n=151) P value

Follow-up time (y), median [IQR] 5.31 [2.89–10.17] 6.57 [2.73–10.45] 5.24 [3.21–9.59] 0.791

First sustained VA episode, n (%) 120 (41.7) 83 (60.6) 37 (24.5) <0.001*

  Sustained VT, n (%) 26 (9.0) 18 (13.1) 8 (5.3) 0.020*

  ICD intervention, n (%) 89 (30.9) 62 (45.2) 27 (17.9) <0.001*

  SCD, n (%) 5 (1.7) 3 (2.2) 2 (1.3) 0.575

Rapid VA/(aborted) SCD episode, n (%) 43 (14.9) 25 (18.2) 18 (11.9) 0.132

  VT ≥250 bpm, n (%) 13 (4.5) 7 (5.1) 6 (4.0) 0.643

  ICD intervention for VT ≥250 bpm, n (%) 23 (8.0) 13 (9.5) 10 (6.6) 0.370

  SCD, n (%) 7 (2.4) 5 (3.6) 2 (1.3) 0.200

Cardiac transplant, n (%) 6 (2.1) 3 (2.2) 3 (2.0) 0.575

Death, n (%) 13 (4.5) 8 (5.8) 5 (3.3) 0.302

ICD indicates implantable cardioverter defibrillator; IQR, interquartile range; PVS, programmed ventricular stimulation; SCD, sudden cardiac 
death; TWI, T wave inversion; VA, ventricular arrhythmia; and VT, ventricular tachycardia.

*Indicates statistically significant.

Figure 1. Survival free from sustained VA. 
Cumulative survival free from sustained VA is presented with 95% CIs (shaded area) in the overall population (A) and according to inducibility of 
sustained monomorphic VT on PVS (B). PVS indicates programmed ventricular stimulation; and VA, ventricular arrhythmias.
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to benefit from this invasive procedure to facilitate the 
therapeutic decision about ICD use.

Limitations
All centers involved are tertiary, high-volume referral cen-
ters, and some degree of selection bias in patient enroll-

ment cannot be ruled out. Furthermore, patients were 
selected for this study on the basis of their referral for 
PVS, which relied on clinical decision-making of individual 
cardiologists. Consequently, patients at very low predicted 
risk, patients at less advanced disease stages, and family 
members are underrepresented in this cohort referred for 
an invasive risk stratification method. The generalizability 

Table 4.  Examples of Updated VA Risk According to PVS Results (Inducible or Noninducible) in Patients With Different A 
Priori 5-Year Risks From the ARVC Calculator

Risk bracket No. of patients (%)

No. of patients with 
sustained VA  
episodes (%)*

No. of patients with 
rapid VA/SCD events 
(%)†

Five-year risk from 
ARVC calculator (%) PVS result

Updated 
VA risk at 5 
years (%)

0–5.0 12 (4.2) 1 (0.8) 1 (2.2) 5 PVS+
PVS–

10.8
1.9

5.1–10 31 (10.8) 4 (3.3) 3 (7.0) 10 PVS+
PVS–

20.3
3.8

10.1–15.0 45 (15.6) 11 (9.2) 6 (14.0) 15 PVS+
PVS–

28.9
6.0

15.1–20.0 41 (14.2) 14 (11.7) 2 (4.7) 20 PVS+
PVS–

36.5
8.3

20.1–25.0 23 (8.0) 10 (8.3) 3 (7.0) 25 PVS+
PVS–

43.4
10.7

25.1–30.0 30 (10.4) 14 (11.7) 8 (18.6) 30 PVS+
PVS–

49.6
13.4

30.1–35.0 14 (4.9) 6 (5.0) 2 (4.7) 35 PVS+
PVS–

55.3
16.2

35.1–40.0 12 (4.2) 8 (6.7) 3 (7.0) 40 PVS+
PVS–

60.5
19.4

40.1–45.0 11 (3.8) 7 (5.8) 1 (2.2) 45 PVS+
PVS–

65.2
22.8

45.1–50.0 13 (4.5) 6 (5.0) 2 (4.7) 50 PVS+
PVS–

69.7
26.5

50.1–55.0 11 (3.8) 7 (5.8) 5 (11.6) 55 PVS+
PVS–

73.8
30.6

55.1–60.0 7 (2.4) 6 (5.0) 1 (2.2) 60 PVS+
PVS–

77.5
35.1

The ARVC calculator is available at https://www.ARVCrisk.com. Sustained VAs are defined as a composite of SCD, sustained ventricular tachycardia (lasting ≥30 s 
or with hemodynamic compromise or requiring cardioversion), ventricular fibrillation/flutter (VF), or appropriate implantable cardioverter-defibrillator intervention. ARVC 
indicates arrhythmogenic right ventricular cardiomyopathy; PVS, programmed ventricular stimulation; SCD, sudden cardiac death; and VA, ventricular arrhythmia. 

*Percentage calculated on the total of sustained VA events (n=120).
†Percentage calculated on the total of rapid VA/SCD events (n=43).

Figure 2. Survival free from ventricular arrhythmia (VA) stratified by risk group.
Cumulative survival free from sustained VA with 95% CIs (shaded area) according to inducibility of sustained monomorphic VT on PVS in patients 
with a 5-year predicted ARVC risk <25% (low/intermediate arrhythmic risk group; A) and ≥25% (high risk group; B) according to the online 
risk calculator (https://www.ARVCrisk.com). ARVC indicates arrhythmogenic right ventricular cardiomyopathy; PVS, programmed ventricular 
stimulation; and VA, ventricular arrhythmias.
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of our findings to these other types of patients with ARVC 
is unclear. As with any clinical predictive model, valida-
tion in an external cohort will be important for the clinical 
implementation of this additive method to the ARVC risk 
calculator. In addition, the predicted outcome of any sus-
tained VA, which included sustained VA and ICD-treated 
arrhythmia, cannot be considered a strict surrogate of 
SCD. Specifically for rapid VA/(aborted) SCD, rates were 
numerically larger for patients with PVS+ than for patients 
with PVS–, but the difference did not reach statistical sig-
nificance, expressing limited power or a lack of predictive 
ability. Adequately powered studies aimed at addressing 
this specific outcome would be of great use in the future. 
However, because of the appropriate use of ICDs and 
more timely diagnosis, SCD has fortunately become a rare 
event in patients with ARVC. The primary aim of most stud-
ies has therefore shifted away from overall/cardiovascular 
mortality and SCD toward the overall burden of sustained 
VA events, for which a clear difference between patients 
with positive and negative PVS is observed.

Conclusion
In this multicenter cohort of primary prevention patients 
with ARVC referred for PVS, sustained VT inducibility on 
PVS significantly improved the prediction of arrhythmic 
outcomes 5 years after diagnosis beyond the ARVC risk 
calculator. A 2-step approach integrating PVS into the 
risk calculator’s prediction can further refine risk esti-
mates, improving the decision-making process about 
ICD implantation in selected patients with ARVC.
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