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See the editorial comment for this article ‘Transatlantic differences in the use of implantable cardioverter defibrillators in 
arrhythmogenic right ventricular cardiomyopathy’, by P.M. Elliott, https://doi.org/10.1093/eurheartj/ehae022.  

Listen to the audio abstract of this contribution.

Abstract

Background and 
Aims

Implantable cardioverter-defibrillators (ICDs) are critical for preventing sudden cardiac death (SCD) in arrhythmogenic right 
ventricular cardiomyopathy (ARVC). This study aims to identify cross-continental differences in utilization of primary pre
vention ICDs and survival free from sustained ventricular arrhythmia (VA) in ARVC.

Methods This was a retrospective analysis of ARVC patients without prior VA enrolled in clinical registries from 11 countries through
out Europe and North America. Patients were classified according to whether they received treatment in North America or 
Europe and were further stratified by baseline predicted VA risk into low- (<10%/5 years), intermediate- (10%–25%/5 
years), and high-risk (>25%/5 years) groups. Differences in ICD implantation and survival free from sustained VA events 
(including appropriate ICD therapy) were assessed.

Results One thousand ninety-eight patients were followed for a median of 5.1 years; 554 (50.5%) received a primary prevention 
ICD, and 286 (26.0%) experienced a first VA event. After adjusting for baseline risk factors, North Americans were 
more than three times as likely to receive ICDs {hazard ratio (HR) 3.1 [95% confidence interval (CI) 2.5, 3.8]} but had 
only mildly increased risk for incident sustained VA [HR 1.4 (95% CI 1.1, 1.8)]. North Americans without ICDs were at high
er risk for incident sustained VA [HR 2.1 (95% CI 1.3, 3.4)] than Europeans.

Conclusions North American ARVC patients were substantially more likely than Europeans to receive primary prevention ICDs across all arrhyth
mic risk strata. A lower rate of ICD implantation in Europe was not associated with a higher rate of VA events in those without ICDs.

Structured Graphical Abstract

Are strategies for implantation of primary prevention implantable cardioverter defibrillator (ICD) for arrhythmogenic right ventricular 
cardiomyopathy (ARVC) similar in North America and Europe? How do potential differences impact clinical outcomes?

North American patients were nearly twice as likely to receive primary prevention ICDs despite similar baseline estimates of ventricular 
arrhythmia (VA) risk. There were no cross-national differences in risk for sustained VA events in low- or intermediate-risk patients. 

While European ARVC patients are significantly less likely to receive primary prevention ICDs than North American patients, these 
lower rates of ICD implantation are not associated with higher rates of arrhythmic events. 
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In this multi-national cohort of arrhythmogenic right ventricular cardiomyopathy patients, North American patients were much more likely to re
ceive implantable cardioverter-defibrillator (ICDs) than European patients across all risk strata. Differences in rates of sustained ventricular arrhyth
mia (VA) between North America and Europe were limited to patients identified as high-risk by baseline risk estimates.

Keywords Arrhythmogenic right ventricular cardiomyopathy • Sudden cardiac death • Ventricular arrhythmia • Primary prevention 
• Implantable cardioverter-defibrillator

Introduction
Arrhythmogenic right ventricular cardiomyopathy (ARVC) is an inher
ited cardiomyopathy characterized by progressive fibro-fatty replace
ment of the myocardium which predisposes patients to ventricular 
arrhythmias (VAs) and sudden cardiac death (SCD).1 Prevention of 
SCD through the placement of an implantable cardioverter- 
defibrillator (ICD) thus represents a mainstay of ARVC management. 
However, given the significant drawbacks and potential long-term com
plications associated with ICDs in this young population,2 appropriate 
patient selection is critical.

While there is consensus that ARVC patients with a history of prior 
sustained VA or aborted SCD merit the placement of secondary pre
vention ICDs,3 there is much more variability in patient selection for pri
mary prevention implantation. Prior studies identifying predictors of 
sustained VA and SCD in ARVC patients4–6 have culminated in the pub
lication of a series of consensus statements and guidelines3,7,8 and, more 
recently, in the development and external validation of an individualized 
risk prediction calculator for sustained VA and SCD in ARVC patients 
without a prior history of VA (ARVCrisk.com).9–11 The risk of sustained 
VA and SCD of each individual ARVC patient is now better understood 
than at any time previously. Cross-continental differences in ICD utiliza
tion have been observed in other forms of inherited heart disease,12

with patients in North American centres receiving more aggressive 
SCD prevention than those elsewhere. Similar trends may be suspected 
in ARVC as well.

Thus, the aim of the present study is to examine regional differences 
in primary prevention ICD implantation practice patterns using a large, 
multi-national cohort of primary prevention ARVC patients and to as
sess the impact of these differences on clinically relevant arrhythmic 
outcomes. In this study, we (i) explored regional differences in rates 
of primary prevention ICD implantation, (ii) examined if these differ
ences can be accounted for by disparate ARVC patient risk profiles, 
(iii) determined if differing regional primary prevention ICD implant
ation patterns translate into adverse arrhythmic outcomes, and 
(iv) examined whether sex influences clinical practice regarding ICD 
implantation.

Methods
Study population
This was an observational, retrospective cohort study. The study popula
tion was drawn from 11 European and North American countries 
(see Supplementary data online, Table S1). Patients were included in the 
analysis if they (i) were diagnosed prior to January 2022 with definite 
ARVC by the current 2010 Task Force Criteria (TFC)13 and (ii) had not ex
perienced prior sustained VA or SCD at the time of their ARVC diagnosis. 
This study conformed to the Declaration of Helsinki and was approved by 
local ethics and/or institutional review boards. To maintain patient 

confidentiality, data and study materials have not been made publicly avail
able, but a limited data set may be made available upon request.

Data collection
Data were collected independently by each centre according to a standar
dized set of definitions, as previously published.9 Outcomes were adjudi
cated at each centre via review of electrocardiogram (ECG) tracings, ICD 
interrogation tracings, as well as medical and death records. Genetic var
iants were adjudicated according to the American College of Medical 
Genetics and Genomics guidelines by a consensus of specialists in cardiac 
genetics.14

Study outcomes
Two primary outcomes were examined in this study: (i) implantation of an 
ICD for primary prevention of SCD and (ii) first sustained VA after ARVC 
diagnosis. Primary prevention ICDs were defined as ICDs implanted prior 
to the first occurrence of sustained VA. Sustained VA was defined as a com
posite of the occurrence of SCD, aborted SCD, spontaneous sustained ven
tricular tachycardia (VT) (defined as VT lasting ≥30 s at ≥100 b.p.m. or with 
haemodynamic compromise requiring cardioversion), ventricular fibrilla
tion/flutter (VF), or an appropriate ICD intervention. Secondary outcomes 
including the first episode of rapid and life-threatening VA (LTVA, defined as 
a composite of SCD, aborted SCD, VF, or VT >250 b.p.m.), heart trans
plantation, cardiovascular mortality, and all-cause mortality were also re
corded. Protected patients were defined as those with a primary 
prevention ICD, while unprotected patients were defined as those without 
an ICD.

Statistical analyses
Analyses were performed in PyCharm software version 2021.2 (JetBrains 
Inc., Boston, MA, USA) and the open-source Pandas, Lifelines, and 
Statsmodels statistical code libraries. Categorical variables were summar
ized as frequencies (%) and compared using proportional z-tests. 
Continuous variables were presented as mean ± standard deviation or me
dian [interquartile range (IQR)] and compared using independent sample 
Student’s t-tests or Mann–Whitney U tests, as appropriate. The overall 
probabilities of (i) cumulative incidence of primary prevention ICD place
ment and (ii) survival free from sustained VA were estimated using the 
Kaplan–Meier method. Event rates are reported as averages over the 
5-year period following initial ARVC diagnosis. Follow-up duration was 
calculated from the date of diagnosis to the date of a study outcome or 
censoring, which was defined as death from any other cause, heart trans
plantation, or the most recent follow-up visit at which the outcomes could 
be ascertained. In a sub-analysis of first VA event in unprotected (those 
without ICD) and protected (those with ICD) patients, follow-up time 
for unprotected patients was additionally censored at the time of ICD 
placement, and follow-up time for protected patients was defined relative 
to the date of ICD implantation (rather than relative to the date of 
ARVC diagnosis). Multivariable Cox regression modelling was performed 
to assess the association between geographic location and both ICD im
plantation and sustained VA events (considered separately), with adjust
ment for each of the individual VA risk factors included in the ARVC risk 
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calculator (see Supplementary data online, Methods, page 2). Association 
between geographic location and sustained VA events was also adjusted 
for the presence of ICD, which was modelled as a time-dependent variable. 
Missing data were imputed using multiple imputation with chained equa
tions; a more detailed description of imputation and missingness is pre
sented in the Supplementary data online, Methods. Sensitivity analysis was 
performed using visual comparison of Kaplan–Meier survival with an 
Aalen–Johansen survival estimator allowing for competing risks from car
diac transplantation and non-arrhythmic death. Competing risks did not im
pact results.

Sub-group analyses
Kaplan–Meier survival curves were also generated for a series of patient sub- 
groups, and log-rank (LR) testing was used to assess differences between 
groups. Patients were divided according to (i) whether they received treat
ment at a North American (Canada or the USA) vs. European centre 
(Denmark, France, Italy, the Netherlands, Norway, Poland, Spain, Sweden, 
or Switzerland), (ii) their baseline predicted risk for VA—defined as low- 
(<10%/5 years), intermediate- (10%–25%/5 years), or high-risk (>25%/5 
years)—and (iii) patient sex. Here, geographic groupings were based upon 
similarities in rates of ICD implantation (see Supplementary data online, 
Figure S1). Baseline 5-year VA risk predictions were generated using the 
ARVC risk calculator (www.arvcrisk.com) as previously described;9,10 a 
more detailed description is presented in the Supplementary data online, 
Methods.

Additional examination of ICD implantation and incident VA event rates 
stratified by temporal era of ARVC diagnosis are included as a 
Supplementary data online, Analysis. Furthermore, an additional analysis 
with follow-up times censored at 3 years to account for different follow-up 
times between the two cohorts was performed as a sensitivity analysis, also 
included in the Supplementary data online, Analysis.

Results
Study population
The study population consisted of 1098 patients with definite ARVC 
and no history of sustained VA at the time of diagnosis, of whom 
1043 (95.0%) did not have an ICD at the time of diagnosis. Exactly 
half of the patients (n = 549, 50.0%) were male, nearly all were white 
(98.1%), and the average age at the time of diagnosis was 40.3 ± 16 
years. About one-third (n = 373, 34.0%) of patients were enrolled in 
North American centres, while two-thirds (n = 725, 66.0%) were en
rolled in 29 European centres. While there were only two US-based 
registries included, the Johns Hopkins ARVC Registry enrols patients 
from across the nation. Patients included in the Johns Hopkins 
Registry cohort were managed by 133 cardiovascular centres. More 
than half of the patients were probands, defined as the first affected in
dividual in a family seeking medical attention for ARVC (n = 640, 
58.3%). Of the 857 patients (78.1%) who underwent genetic testing, 
576 (67.2%) were identified as having a causal (pathogenic or likely 
pathogenic) variant. Other clinical and demographic characteristics 
are summarized in Table 1. Characteristics of patients contributed by 
each country are shown in Supplementary data online, Table S2.

Outcomes
During a median follow-up of 5.1 (IQR: 2.4; 9.5) years, 554 patients 
(50.5%) received primary prevention ICDs. Average ICD implantation 
rate was 9.5%/year (95% CI 8.8, 10.2). A total of 286 patients (26.0%) 
developed the composite VA outcome, at an average rate of 4.8%/year 
(95% CI 4.2, 5.4). Within the composite VA outcome, the most com
mon first sustained VA was appropriate ICD therapy (n = 177, 

62.1%), followed by spontaneous sustained VT (n = 89, 31.2%), 
aborted SCD (n = 14, 5.0%), and SCD (n = 6, 2.1%). Life-threatening 
VA (VA >250 b.p.m., VF, or aborted SCD/SCD) was experienced by 
102 (9.3%) patients. At the last follow-up, 45 patients (4.1%) had 
died and 35 (3.2%) had undergone heart transplantation.

North American vs. European centres
Median follow-up (without event censoring) was longer for European [5.6 
(IQR 2.9; 10.4) years] compared with North American [3.8 (IQR 1.5, 7.5) 
years] patients. European patients were older at the time of diagnosis 
(42.3 ± 16 vs. 36.3 ± 15 years, P < .0001) and more likely to be probands 
(61.5% vs. 52.0%, P = .0025). While the rates of genetic testing were much 
higher in North America (91.7% vs. 71.0%, P < .0001), genotype distribu
tions in those tested were similar, except for a higher prevalence of a spe
cific pathogenic phospholamban (PLN) variant in the Dutch population 
(see Supplementary data online, Table S2).

While the median baseline predictions of 5-year sustained VA 
risk were similar between North Americans and Europeans 
[19.7% (IQR 10%; 40%) vs. 19.2% (IQR 10%; 34%), P = .59], the 
distribution of predicted risk within each risk sub-group differed 
(see Supplementary data online, Table S3). Predicted 5-year VA risk 
was similar in the low- and intermediate-risk groups, but the risk 
distribution of North American patients in the high-risk group was 
more skewed towards higher risk than their European counterparts 
[predicted 5-year VA risk: 43.9% (IQR: 34%, 60%) vs. 41.7% (IQR: 
30%, 55%), P = .024].

Overall, the rate of primary prevention ICD use was significantly 
higher in North Americans than in Europeans (13.8%/year vs. 7.5%/year, 
LR P < .0001) (Figure 1, left panel). This remained true across all baseline 
risk groups (Figure 2, top row). In multivariable Cox regression, the likeli
hood of receiving an ICD was 3.1-fold (95% CI 2.5, 3.8) higher for North 
Americans (Table 2).

Rates of sustained VA were significantly higher in North Americans 
(6.0%/year vs. 4.2%/year, LR P = .0002) (Figure 1, middle panel), as were 
rates of LTVA (2.5%/year vs. 1.2%/year, LR P = .0028) (Figure 1, right 
panel). In multivariable Cox regression, the adjusted risk for sustained 
VA was 1.4-fold (95% CI 1.1, 1.8) higher for North Americans (Table 2). 
However, when stratified by baseline VA risk, the increased rate of sus
tained VA events and LTVA in North Americans was isolated to the high- 
risk group, while no differences were observed in either the low- or 
intermediate-risk groups (Figure 2, Supplementary data online, Table S4).

The difference in VA event rates between North Americans and 
Europeans was driven predominantly by increased rates of appropriate 
ICD therapy [75/106 (70.8%) vs. 102/180 (56.7%) of sustained VA 
events, P = .010]. There were no differences in the proportion of sus
tained VA events that were either aborted SCD [6/75 (8.0%) vs. 8/180 
(4.4%), P = .25] or SCD [2/75 (2.7%) vs. 4/180 (2.2%), P = .83]. Rates of 
sustained VA in ICD protected patients were also similar between 
North American and European patients (7.1%/year vs. 6.9%/year, LR 
P = .94). In contrast, unprotected North Americans had higher rates 
of sustained VA events (3.4%/year vs. 2.4%/year, LR P = .010) 
(Figure 3), with an adjusted HR of 2.1 (95% CI: 1.3, 3.4) (see 
Supplementary data online, Table S5). When stratified by baseline 
risk, however, this difference in VA events for unprotected patients 
was only appreciated in high-risk patients (10.0%/year vs. 4.3%/year, 
LR P < .0001), while no difference was observed in either low- 
(0.2%/year vs. 0.7%/year, LR P = .50) or intermediate-risk groups 
(1.0%/year vs. 1.9%/year, LR P = .87) (see Supplementary data online, 
Figure S2).
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Finally, Europeans had higher incidence of both heart failure–related 
death (n = 18, 2.5% vs. n = 1, 0.3%; P = .0077) and non-cardiac death 
(n = 13, 1.8% vs. n = 0, 0.0%; P = .0093).

Male vs. female
Men received primary prevention ICDs at a slightly higher rate com
pared with women (10.1%/year vs. 8.8%/year, LR P = .010), but the 
rate of VA events was much higher in men (6.1%/year vs. 3.5%/year, 
LR P < .0001) (Figure 4). In multivariable Cox regression, male sex 
was a strong independent risk factor for sustained VA [HR 1.9 (95% 
CI: 1.5, 2.4)] but not for ICD implantation [HR 1.2 (95% CI: 0.99, 
1.4)]. When patients were further stratified by geographic location 
(see Supplementary data online, Figure S3 and Table S6), the rate of 
ICD implantation was likewise slightly higher in European men com
pared with European women as was the rate in North American 
men compared with North American women. In Europe, however, 
there was a pronounced difference in the rate of sustained VA events 
in men vs. women, while rates of sustained VA in North America were 
statistically similar in men and women.

Discussion
Main findings
In the largest international cohort of primary prevention ARVC pa
tients to date, we found a nearly two-fold higher rate of primary pre
vention ICD implantation in North American compared with 
European centres. This difference was consistent across all calculated 
VA risk groups. Rates of sustained VA, including all VA, LTVA, and 

unprotected VA, were also globally higher in North Americans than 
Europeans, but after stratifying by baseline risk, differences in the inci
dence of sustained VA between groups were limited to high-risk pa
tients (Structured Graphical Abstract). Sex-based differences in primary 
prevention ICD implantation were also noteworthy, with women hav
ing only slightly lower rates of ICD implantation compared with men 
despite substantially lower VA event rates.

Implantable cardioverter-defibrillator 
implantation and ventricular arrhythmias 
during follow-up
The rate of primary prevention ICD implantation was significantly high
er in the North American cohort than in the European cohort, and this 
difference was consistent across all pre-specified VA risk groups. This 
lower threshold for primary prevention ICD implantation in ARVC pa
tients from North America was consistent with previously observed 
cross-continental trends in the utilization of ICDs for other 
indications.15,16 Particular to primary prevention devices, higher ICD 
utilization in North America has also been demonstrated in both 
hypertrophic cardiomyopathy12 and heart failure patients.17 We also 
observed higher rates of both VA and LTVA events (VA >250 b.p.m., 
VF, or aborted SCD/SCD) in North American patients. While higher 
VA event rates could appear to justify higher primary prevention 
ICD implantation rates in North America, there are a number of im
portant points to consider in the interpretation of these findings.

First, the primary driver of the differences in rates of our composite 
VA outcome was appropriate ICD therapy. Given the much higher 
prevalence of ICDs in North Americans, this suggests a component 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Baseline clinical characteristics

Variable All Patients (n = 1098) European (n = 725) North American (n = 373) P value

Age (years) 40.3 (±15.8) 42.3 (±15.7) 36.3 (±15.2) <.0001

Female sex 549 (50.0%) 330 (45.5%) 219 (58.7%) <.0001

Male sex 549 (50.0%) 395 (54.5%) 154 (41.3%) <.0001

History of syncope 117 (10.7%) 78 (10.8%) 39 (10.5%) .88

# ECG leads w/ TWI 3.5 (±2.2) 3.6 (±2.2) 3.3 (±2.1) .051

log(PVC count) 6.6 (±2.5) 6.7 (±2.4) 6.2 (±2.8) .0072

History of NSVT 454 (46.9%) 293 (45.5%) 161 (49.7%) .38

RVEF (%) 43.6 (±10.9) 43.9 (±11.0) 43.1 (±10.8) .21

LVEF (%) 56.3 (±9.3) 55.6 (±9.5) 57.7 (±8.5) .0006

LVEF < 50% 186 (16.9%) 135 (18.6%) 51 (13.7%) .038

LVEF < 35% 34 (3.1%) 27 (3.7%) 7 (1.9%) .094

5-year VA risk (ARVC calculator %) 19.3 [10.3; 36.5] 19.2 [10.4; 33.7] 19.7 [9.8; 39.9] .59

Genetic testing 857 (78.1%) 515 (71.0%) 342 (91.7%) <.0001

Proband status 640 (58.3%) 446 (61.5%) 194 (52.0%) .0025

Gene: PKP2 389 (45.4%) 234 (45.4%) 155 (45.3%) .97

Gene: DSP 73 (8.5%) 43 (8.3%) 30 (8.8%) .83

Gene: PLN 29 (3.4%) 24 (4.7%) 5 (1.5%) .011

Variables are expressed as frequency (%), mean ± standard deviation, or median (IQR). Total number of patients for a given variable mentioned if missing data. 
PKP2, plakophilin-2; DSP, desmoplakin; PLN, phospholamban.
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of surveillance bias that predisposes towards increased event rates in 
North Americans. However, sustained VA event rates were also higher 
in unprotected North American patients (those without ICDs). 
Increased surveillance in ICD recipients therefore does not fully ac
count for the observed differences in VA event rates. Second, when pa
tients were further stratified by baseline 5-year VA risk, the higher 
North American VA and LTVA event rates were isolated to the high- 
risk group and there was no difference in VA or LTVA event rates in 
the low- and intermediate-risk groups. A similar pattern was observed 
in unprotected patients. Low- and intermediate-risk European patients 
were thus no more likely than their North American counterparts to 
experience the most clinically significant events—either LTVA or VA 
without the protection of an ICD—despite a significantly lower utiliza
tion of primary prevention ICDs. Finally, there was a skew towards 
higher risk in the sub-group of North American patients for whom 
baseline VA risk was predicted to be >25% at 5 years (high-risk) com
pared with similarly categorized European patients. This skewed base
line risk distribution could also partially account for the overall 
increased rate of VA events observed in North Americans.

Interestingly, despite the higher rate of ICDs implanted, more 
unprotected high-risk North American patients experienced VA events 
compared with similarly unprotected Europeans. The exact reason for 
this discrepancy is unclear but may relate to cultural differences in the 
perception of risk, differing approaches to medical decision-making, 
different lifestyles and sports regulations, or more difficult access to 
ICD use for some individuals in the US privatized healthcare 
system.18,19

Phenotypic differences and relationship to 
outcomes
Some phenotypic differences between European and American patients 
should be highlighted while interpreting these results. European patients 
were significantly older, more likely to be probands, and less likely to 
have undergone genetic testing. In combination, these features suggest 
that European patients enrolled in the included registries received their 

diagnosis at a later stage of the disease process compared with included 
North American patients, who in turn were more likely to be identified 
via family screening and genetic testing. Consistent with this hypothesis, 
European patients were also more likely to undergo heart transplant
ation or suffer heart failure–related death. However, while the higher 
rate of probands within the European cohort would be expected to 
translate to a higher rate of VA events,20 we observed the opposite. 
The possibility that a non-negligible group of European patients had a 
VA or SCD event prior to a diagnosis of ARVC, and would thereby 
be excluded from this primary prevention cohort, cannot be ruled 
out. Mechanistic21 and clinical22,23 evidence have also suggested that 
the ARVC disease process may be characterized by an early, electrically 
active phase during which unstable VAs occur prior to significant struc
tural alterations. In keeping with this, recent data tracking ARVC patients 
longitudinally over time have also suggested that 5-year VA risk drops by 
nearly 50% between the time of initial diagnosis and 5-year follow-up.24,25

It is therefore possible that enrolment of European patients later in the 
disease process may have contributed to their observed lower rate of 
VA events. Importantly, prior studies have demonstrated adequate cali
bration of the ARVC risk calculator in both European and North 
American patients,9,10 and thus, these phenotypic discrepancies are ac
counted for during calculation of VA risk.

Sex differences
One of the most striking findings of our study resides in differences in 
primary prevention ICD use in men compared with women. Consistent 
with prior data supporting the role of male sex as an important inde
pendent risk factor for VA events in ARVC,9,10,20,26 we observed a 
strong association between male sex and risk for VA that was matched 
by a nearly two-fold higher rate of VA events per year in men. In con
trast, the average rate of ICD implantation was only slightly higher in 
men than women and its association with sex did not meet statistical 
significance on multivariable testing. When the role of sex was further 
examined from the perspective of geographic location, this mismatch 
between ICD utilization and observed VA event rates was most prom
inent in European patients.

Figure 1 Cumulative rates of (left) primary prevention ICD implantation, (middle) sustained VA-free survival, and (right) LTVA-free survival (defined as 
VT at >250 b.p.m. or aborted SCD) according to geographic cohort. Shaded areas present 95% confidence intervals. Statistical significance was assessed 
using log-rank testing.
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This surprising finding contrasts with the usual tendency to under
treat women in many areas of cardiovascular diseases,27–29 including 
ICD implantation.30 These results could highlight an under-appreciation 
of male sex as an important independent risk factor for VA in ARVC. 
Alternatively, other pragmatic reasons such as differing tolerance to 
the risk of SCD vs. the risk of ICD complications according to sex 
may have played a role in these results.

Clinical implications
Accurate identification of patients at high risk for SCD is central to pa
tient selection for primary prevention ICD implantation. This study 
provides direct insight into real-world practices related to the utiliza
tion of primary prevention ICDs in ARVC, as well as the impact of these 
strategies on patient outcomes. Critically, lower implantation rates in 

Figure 2 Cumulative rates of (top row) primary prevention ICD implantation, (centre row) sustained VA-free survival, and (bottom row) LTVA-free 
survival (defined as VT at >250 b.p.m. or aborted SCD) in low-risk (left column; <10% 5-year VA risk), intermediate-risk (middle column; 10%–25% 
5-year VA risk), and high-risk (right column; >25% 5-year VA risk) sub-groups according to geographic cohort. Shaded areas present 95% confidence 
intervals. Statistical significance was assessed using log-rank testing.
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Europe, especially in low- and intermediate-risk patients, did not result 
in higher numbers of adverse VA events in unprotected patients (those 
without ICD). These results support the safety of a more lenient ap
proach to ICD implantation in ARVC, particularly for low- and 
intermediate-risk patients. Rates of ICD implantation were also dispro
portionately high in female patients relative to their observed VA event 
rates. This points towards a possible under-appreciation of male sex as 
an important risk factor for VA events in ARVC which may be most 

pronounced in European patients. That said, European and North 
American cohorts demonstrated a number of key differences in their 
characteristics, and it is possible that European patients represent a 
less arrhythmogenic phenotype due to their assessment at a later stage 
of disease progression. The findings above should thus be interpreted in 
this context. Nonetheless, the ARVC risk calculator9 provides a con
tinuum of patient risk that offers quantitative guidance in the nuanced 
decision-making process that underlies primary prevention ICD 
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Table 2 Multivariable Cox regression

ICD implantation Sustained VA event

Multivariable Cox HR (95% CI) P value Multivariable Cox HR (95% CI) P value

North American location 3.084 (2.521; 3.774) <.0001 1.355 (1.046; 1.754) .021

Age (years) 0.999 (0.993; 1.005) .69 0.987 (0.979; 0.995) .0015

Male sex 1.215 (0.997; 1.479) .053 1.840 (1.429; 2.369) <.0001

# ECG leads w/ TWI 1.052 (1.002; 1.105) .041 1.046 (0.987; 1.108) .13

log(PVC count) 1.039 (0.989; 1.092) .13 1.157 (1.073; 1.248) .0002

History of syncope 2.272 (1.728; 2.988) <.0001 1.679 (1.234; 2.283) .0010

History of NSVT 1.726 (1.387; 2.149) <.0001 2.325 (1.741; 3.106) <.0001

RVEF (%) 0.984 (0.975; 0.993) .0007 0.981 (0.970; 0.992) .0008

Presence of ICD NA NA 3.283 (2.497; 4.317) <.0001

Multivariable Cox regression assessing associations between geographic location (North American vs. European centres) and both ICD implantation and sustained VA event. In 
assessment of association with sustained VA events, presence of ICD was modelled as a time-dependent variable. Hazard ratios (HR) are presented along with 95% confidence 
intervals (CI).

Figure 3 Cumulative survival free from sustained VA in protected (patients with primary prevention ICD) and unprotected (patients without primary 
prevention ICD) according to geographic cohort. For protected patients, time 0 is the time of ICD implantation. Shaded areas present 95% confidence 
intervals. Statistical significance was assessed using log-rank testing.
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implantation. While the clinical impact of the ARVC risk calculator, 
which due to its recent introduction is not reflected in these data, re
mains to be seen, its use permits a more accurate comparison of other
wise similar ARVC patients.

Limitations
This is a retrospective, observational cohort study with a population 
drawn from tertiary care centres across North America and Europe. 
Due to the retrospective nature of this work, there may be risk factors 
that were not accounted for in our analysis that could have biased our 
results. In particular, the use of ICDs in these centres might not reflect 
the full spectrum of ARVC disease in the general population or the full 
spectrum of management of ARVC in non-tertiary care centres. The 
sub-population of patients followed at tertiary centres and included 
in these registries might also vary in different countries. While the 
grouping of patients by geographical origin was necessary to achieve 
comparisons of cohorts of adequate sizes and was supported by simi
larities in North American centres vs. European centres, regional and 
national heterogeneities certainly do exist within these two groups. 
There was also no central adjudication of non-arrhythmic death or car
diac transplantation, and we cannot exclude the possibility of ascertain
ment bias in these results.

Additionally, the primary VA outcome, designed to capture all VA 
events, is an imperfect surrogate for (aborted) SCD, which did not occur 
at a sufficient rate to be analysed independently. The LTVA outcome 
aims to approximate SCD more closely but also has the limitations of 
including fatal events while missing slower events with a deadly potential 
if untreated. In addition to differential rates of ICD implantation, ICD 
programming data, which was not collected systematically, may also dif
fer regionally, contributing to the possibility of surveillance bias. 

However, given that LTVA (defined by a rate of 250 b.p.m. and thus cap
tured with any ICD settings) and VA events in patients unprotected by 
ICDs demonstrated similar regional trends as sustained VA, we do not 
expect that differences in ICD settings contributed substantially to our 
results. We cannot exclude that the absence of statistically significant dif
ferences in the arrhythmic event rates between North Americans and 
Europeans in the low- and intermediate-risk groups could be the result 
of an inability to detect differences of small magnitude given the lower 
event rates in these risk groups.

Complications of ICD implantation, whether at time of implantation 
or during follow-up, were not collected systematically as part of this 
study. However, ICD-associated complications in ARVC patients 
have been well described in the literature.2,31,32

Conclusion
In this unprecedently large ARVC cohort, North American ARVC pa
tients received more primary prevention ICDs than their European 
counterparts across all risk strata. North Americans demonstrated 
higher rates of sustained VA, LTVA, and VA events occurring in patients 
without ICDs, but there were no differences in the rates of these out
comes in low- and intermediate-risk patients. Ventricular arrhythmia 
event rates in patients with ICDs were the same in North American 
and European patients. Thus, lower rates of ICD implantation in 
Europeans did not translate to apparent harm. Females received ICD 
implantation at only a slightly decreased rate despite a markedly lower 
risk for sustained VA events, suggesting that male sex is an under- 
recognized risk factor for VA. In the future, implementing individualized 
ICD decision-making based on quantitative predictions of baseline VA 
risk may offer improved rates of appropriate primary prevention ICD 
utilization.

Figure 4 Cumulative rates of (left) primary prevention ICD implantation and (right) sustained VA-free survival according to sex. Shaded areas present 
95% confidence intervals. Statistical significance was assessed using log-rank testing.
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