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Aims A risk calculator for individualized prediction of first-time sustained ventricular arrhythmia (VA) in arrhythmogenic right ven-
tricular cardiomyopathy (ARVC) patients has recently been developed and validated (www.ARVCrisk.com). This study 
aimed to investigate whether regional functional abnormalities, measured by echocardiographic deformation imaging, can 
provide additional prognostic value.

Methods 
and results

From two referral centres, 150 consecutive patients with a definite ARVC diagnosis, no prior sustained VA, and an echo-
cardiogram suitable for deformation analysis were included (aged 41 ± 17 years, 50% female). During a median follow-up of 
6.3 (interquartile range 3.1–9.8) years, 37 (25%) experienced a first-time sustained VA. All tested left and right ventricular 
(LV and RV) deformation parameters were univariate predictors for first-time VA. While LV function did not add predictive 
value in multivariate analysis, two RV deformation parameters did; RV free wall longitudinal strain and regional RV deform-
ation patterns remained independent predictors after adjusting for the calculator-predicted risk [hazard ratio 1.07 (95% 
CI 1.02–1.11); P = 0.004 and 4.45 (95% CI 1.07–18.57); P = 0.040, respectively] and improved its discriminative value 
(from C-statistic 0.78 to 0.82 in both; Akaike information criterion change > 2). Importantly, all patients who experienced 
VA within 5 years from the echocardiographic assessment had abnormal regional RV deformation patterns at baseline.

Conclusions This study showed that regional functional abnormalities measured by echocardiographic deformation imaging can further 
refine personalized arrhythmic risk prediction when added to the ARVC risk calculator. The excellent negative predictive 
value of normal RV deformation could support clinicians considering the timing of implantable cardioverter defibrillator im-
plantation in patients with intermediate arrhythmic risk.

* Corresponding author. E-mail: A.J.Teske-2@umcutrecht.nl
† These authors shared last authorship to this study.

© The Author(s) 2023. Published by Oxford University Press on behalf of the European Society of Cardiology. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by-nc/4.0/), which permits 
non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

European Heart Journal - Cardiovascular Imaging (2023) 24, 1710–1718 
https://doi.org/10.1093/ehjci/jead174

ORIGINAL PAPER

D
ow

nloaded from
 https://academ

ic.oup.com
/ehjcim

aging/article/24/12/1710/7227272 by O
dontologisk Fakultetsbibliothek user on 06 February 2024

https://orcid.org/0000-0002-1350-8765
https://orcid.org/0000-0002-4312-9969
https://orcid.org/0000-0002-7847-4607
https://orcid.org/0000-0001-6508-5461
https://orcid.org/0000-0002-8927-9110
https://orcid.org/0000-0001-8129-7384
https://orcid.org/0000-0002-4900-0453
https://orcid.org/0000-0001-5305-1619
http://www.ARVCrisk.com
mailto:A.J.Teske-2@umcutrecht.nl
https://creativecommons.org/licenses/by-nc/4.0/


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

Structured Graphical Abstract

ARVC, arrhythmogenic right ventricular cardiomyopathy; RV, right ventricular; RVEF, right ventricular ejection fraction; RVFWLS, right ventricular 
free wall longitudinal strain; VA, ventricular arrhythmia.

Keywords arrhythmogenic cardiomyopathy • risk stratification • ventricular arrhythmia • sudden cardiac death • 
echocardiography • strain imaging

Introduction
Arrhythmogenic right ventricular cardiomyopathy (ARVC) is an inherited 
heart disease that predisposes patients to life-threatening ventricular ar-
rhythmias (VAs) and progressive cardiac failure.1 The disease is charac-
terized by fibrofatty replacement and subsequent structural and 
functional alterations of primarily right ventricular (RV) myocardium. 

VA can occur already in an early stage of the disease, making it a leading 
cause of sudden cardiac death in especially the young and seemingly 
healthy.1,2 Consideration of an implantable cardioverter defibrillator 
(ICD) is a central component of clinical management of ARVC patients, 
but selecting the optimal candidates, especially for primary prevention of 
sudden cardiac death, has proved difficult.3 To support clinicians and 
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patients in this process, a multimodality risk calculation tool was pub-
lished in 20194 and its utility has been replicated in multiple independent 
cohorts.5–8 In addition, a recent study validated the risk calculator as an 
accurate tool to repeatedly calculate arrhythmic risk during follow-up.9

Visualization of the structural disease substrate is an important part of ar-
rhythmic risk stratification in ARVC. RV ejection fraction (RVEF), measured 
by cardiac magnetic resonance (CMR) imaging, is currently the only imaging 
parameter included in the ARVC risk calculator. While global systolic func-
tion of the RV is well reflected in the EF, we know that life-threatening VA 
can already occur early in the disease. In this stage, fibrofatty replacement of 
myocardial tissue leads to regional wall motion abnormalities while the glo-
bal systolic function is preserved. Echocardiographic deformation imaging 
has developed as a more sensitive method for detection of regional abnor-
malities in myocardial function. Regional deformation abnormalities have 
been associated with arrhythmia in ARVC patients, whereby especially nega-
tive predictive value of normal deformation was high.10–13 Although results 
of previous studies were promising, the added predictive value of echocar-
diographic deformation imaging should be tested in a multimodality ap-
proach and on top of current clinical practice. The purpose of this study 
was to test the predictive value of echocardiographic deformation imaging 
in a primary prevention cohort of patients with ARVC and to further im-
prove arrhythmic risk stratification by investigating whether it has prognostic 
value independent of the ARVC VA risk calculator.

Methods
Study design and population
We included consecutive patients with definite ARVC who presented to 
the University Medical Centre Utrecht in the Netherlands and the Oslo 
University Hospital in Norway up until 1 January 2023. These patients 
were partially included in previous studies.10,11,14,15 ARVC diagnosis was de-
fined according to the 2010 Task Force Criteria (TFC).16 Patients with pre-
vious myocardial infarction or congenital heart disease were excluded. Date 
of inclusion was defined as the date of echocardiographic examination clos-
est to date of diagnosis and available for performing deformation imaging. 
Patients with VA prior to baseline evaluation were excluded. The study 
was approved by both local institutional ethics review boards and complies 
with the Declaration of Helsinki.

Data collection
For each patient, baseline demographics, treatment with antiarrhythmic medi-
cation, and presence of an ICD were recorded. Electrocardiogram (ECG), 
Holter, and CMR data from the study closest to baseline echocardiography 
and prior to occurrence of primary outcome were used. The seven variables 
included in the ARVC risk calculator (www.ARVCrisk.com) were collected in-
dependently in each centre according to uniform definitions and included age at 
diagnosis, sex, recent syncope (<1 year ago), number of inferior/anterior leads 
with T-wave inversion, non-sustained ventricular tachycardia (NSVT), 24-h 
premature ventricular complex (PVC) count, and RVEF measured by CMR. 
All genetic variants reported were adjudicated according to the American 
College of Medical Genetics and Genomics guidelines.17

The echocardiographic deformation imaging protocol was previously de-
scribed in more detail.12,15 We used a GE Vivid 7, E9, or E95 scanner and 
loops were stored for post-processing with EchoPac version 203 (GE 
HealthCare, Horten, Norway). All measurements were performed by a sin-
gle observer according to the current guidelines18,19 and blinded to clinical 
outcome. Data on inter- and intra-observer variability are provided in 
Supplementary data online, Table S1. Myocardial deformation was assessed 
in three apical views of the left ventricle (LV) and in the RV-focused 
four-chamber view. Predictive value of the following five deformation para-
meters was tested: LV global longitudinal strain (GLS), LV and RV mechan-
ical dispersion (LVMD and RVMD, respectively), RV free wall longitudinal 
strain (RVFWLS), and regional RV deformation patterns. LV GLS was 

calculated as the peak negative strain from the averaged regional 16-segment 
LV model.18 Mechanical dispersion was calculated as the standard deviation 
(SD) of the segmental time intervals until maximum shortening of 16 seg-
ments in the LV and 6 segments in the RV.12 RVFWLS was defined as the 
peak negative strain from the averaged regional RV free wall deformation 
curve. Deformation patterns were analysed in the basal, mid, and apical seg-
ments of the RV free wall. The RV deformation pattern was classified as nor-
mal if the pattern was normal in all three segments and abnormal if at least 
one segment showed abnormal deformation (Figure 1).10,15

Figure 1 Echocardiographic deformation imaging in an RV-focused 
view. (A) RVFWLS was calculated as the systolic peak strain from the 
averaged regional RV free wall deformation characteristic. (B) Based 
on predefined criteria, a division into three different deformation pat-
terns was identified in all three segments of the RV lateral wall.15 Type 
I is normal deformation. Types II and III are abnormal deformation, 
whereby Type II is characterized by delayed onset of shortening, re-
duced systolic peak strain, and minor post-systolic shortening; Type 
III is characterized by little or no systolic peak strain, predominantly 
systolic stretching, and major post-systolic shortening. (C ) For 
RV mechanical dispersion, a six-segment model of the RV was used, 
including both the lateral wall and the interventricular septum. It 
was calculated as the SD of the segmental time intervals from onset 
Q/R on the surface ECG to peak negative strain and expressed in 
ms.12 PV, pulmonic valve closure; RV, right ventricular.
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Missing data
Missing data were assumed to be missing at random and imputed using mul-
tiple imputation with chained equations as described previously.4 The mul-
tiple imputation model included all pre-specified predictors, proband status 
and genotype together with the outcome, and cumulative baseline hazard 
estimation.20,21 A total of 25 imputed data sets were generated, and the fi-
nal inference estimations were combined using Rubin’s rules.22

All covariates of the ARVC risk calculator and the deformation imaging 
variables had <5% missingness, except for 24-h PVC count (11%) and 
RVEF by CMR (19%). Complete case analyses without imputation and 
24-h PVC count and RVEF were performed as sensitivity analyses (see 
Supplementary data online, Table S2).

Study outcomes
The primary outcome of the study was first sustained VA after TFC-based 
ARVC diagnosis. In accordance with the published ARVC risk calculator, 
sustained VA was defined as sustained ventricular tachycardia lasting 
≥30 s at ≥100 bpm, aborted cardiac arrest, or appropriate ICD therapy. 
Incident heart transplantation, cardiovascular mortality, and all-cause mor-
tality were also recorded during follow-up. Follow-up duration was defined 
as the time interval between baseline echocardiography and VA or censor-
ing, which was defined as last clinical visit if lost to follow-up or 1 January 
2023.

Statistical analysis
Analyses were performed with RStudio (v. 2022.12.0, Boston, USA) and 
Stata (v. 16.0, StataCorp, Texas, USA). Continuous variables were ex-
pressed as mean with SD or median with interquartile range (IQR) and 
compared using independent sample t-test or Mann–Whitney U test. 
Categorical variables were presented as frequencies (%) and compared 
using the Fisher exact test. VA-free survival probability was estimated using 
the Kaplan–Meier method and Cox proportional hazard regression analysis. 
For Kaplan–Meier analysis of continuous variables, categorization was based 
on threshold regression analysis. All deformation imaging variables were 
subjected to linearity and proportional hazards assumption testing criteria. 
P-values were two sided, and values <0.05 were considered significant.

Model testing
The overall discriminative performance of the ARVC risk calculator was 
measured using the optimism-corrected Harrell’s C-statistic. The 5-year 
risk of sustained VA for an individual patient as per the published model 
was calculated using the following equation4:

5 year VA risk = 1 − 0.84 exp (PI), 

where the prognostic index (PI) was calculated according to the equation:

PI = male sex ∗ 0.49 − age ∗ 0.022 + cardiac syncope ∗ 0.66

+ NSVT ∗ 0.81 + ln (24-h PVC count) ∗ 0.17 + TWI ∗ 0.11

− RVEF ∗ 0.025.

Based on the 5-year risk of sustained VA, patients were stratified into low- 
risk (<5%), intermediate-risk (5–25%), and high-risk (>25%) subgroups. Of 
note, the baseline hazard for 5-year prediction (0.84) has been corrected 
since the initial publication in 2019.23

To assess the predictive ability of deformation imaging for VA events, 
Cox proportional hazards models of VA events were fitted to deformation 
imaging results. The strongest deformation imaging parameters were iden-
tified by stepwise backward selection in a multivariate Cox proportional ha-
zards model and tested for prognostic value independent of the ARVC risk 
calculator PI (incorporated as a fixed offset variable). Model discriminations 
were assessed using a non-parametric concordance-based C-statistic. The 

added value of deformation imaging to the ARVC risk calculator for predict-
ing VA events was assessed by comparison of optimism-corrected 
C-statistics. The Akaike information criterion (AIC) was estimated for the 
risk models, for which a reduction of >2 was considered a significant 
improvement.

Results
Clinical characteristics
From 439 eligible patients, 130 were excluded due to prior VA, 146 
were family members carrying a (likely-)pathogenic genetic variant 
who did not fulfil a definite TFC diagnosis, and 13 were excluded due 
to various other reasons as shown in Supplementary data online, 
Figure S1. Hence, the final cohort consisted of 150 patients (Table 1; 
see Supplementary data online, Table S3 for data per centre) with a def-
inite ARVC diagnosis and no prior VA who underwent echocardio-
graphic deformation imaging. Mean age at baseline echocardiography 
was 41 ± 17 years; 75 (50%) patients were male, and 51 (34%) were 
proband. Median follow-up duration was 6.3 (IQR 3.1–9.8) years. 
The majority of patients (86%) were carriers of a (likely-)pathogenic 
genetic variant, of which mutations in the PKP2 gene (66%) were 
most prevalent.

Outcomes
Thirty-seven patients (25%) experienced the primary outcome of first 
sustained VA after a median follow-up of 2.9 years (IQR 0.9–6.0) 
(Figure 2; see Supplementary data online, Figure S2 for data per centre). 
The corresponding annual event rate of the primary endpoint was 3.6% 
(95% CI 2.6–5.0%). The most common primary endpoint was appropri-
ate ICD therapy (n = 26, 70%), followed by sustained VA (n = 10, 27%) 
and sudden cardiac arrest (n = 1, 3%). At the last follow-up, half of the 
patients (n = 75, 50%) had received an ICD. Eight (5%) patients had died 
of mostly non-cardiac cause (n = 6, 4%), and three (2%) had undergone 
heart transplantation.

Deformation imaging and incidence of VA
One patient was excluded because of insufficient image quality for any 
deformation analyses. Of included patients, LV deformation imaging 
was feasible in 146 patients (97%) and RV deformation imaging in 
148 patients (99%). For the LV deformation parameters, LV GLS was 
worse in patients who later experienced VA, while LVMD was not 
(Table 1). All three RV deformation parameters (RVFWLS, RVMD, 
and RV deformation pattern) were more abnormal in patients with 
VA during follow-up. Regional RV deformation patterns were abnormal 
(i.e. Type II or Type III) at baseline in 94% of patients with VA anytime 
during follow-up against 56% in patients without VA. Moreover, all pa-
tients who experienced the primary outcome within 5 years from the 
echocardiographic assessment had abnormal RV deformation patterns 
at baseline. Nevertheless, the positive predictive value of an abnormal 
RV deformation pattern for VA within 5 years was low with 0.41 
[95% confidence interval (CI) 0.32–0.50]. The worst outcome was 
seen in patients with the most abnormal type III deformation pattern 
(Figure 3B). For the Kaplan–Meier plot of RVFWLS (Figure 3A), threshold 
regression analysis identified two optimal cut-offs for increased ar-
rhythmic risk (−24% and −17%).

Univariate survival analysis showed increased hazard of VA occur-
rence for all tested deformation parameters, as expressed by hazard ra-
tios (Table 2).

Deformation imaging in personalized risk 
prediction
Discriminative value of the current ARVC risk calculator model was 
good in this cohort with a C-statistic of 0.78 (95% CI 0.71–0.86), 
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Table 1 Baseline characteristics of ARVC patients without and with sustained VA during follow-up

All  
(N = 150)

No VA  
(n = 113)

VA  
(n = 37)

P-value

Demographics

Age at echocardiography, yrs 41.3 ± 17.1 41.8 ± 17.3 39.8 ± 16.8 0.558

Male 75 (50) 54 (48) 21 (57) 0.449

Probands 51 (34) 30 (27) 21 (57) 0.002

Genetic status

(Likely-)pathogenic variant 129 (86) 102 (90) 27 (73) 0.018

PKP2 99 (66) 74 (66) 25 (68)

DSP 3 (2) 3 (3) 0 (0)

DSG2 5 (3) 5 (4) 0 (0)

PLN 18 (12) 16 (14) 2 (5)

Multiple 1(1) 1 (1) 0 (0)

Other 3 (2) 3 (3) 0 (0)

Clinical history

Any cardiac symptoms 105 (70) 73 (65) 32 (87) 0.021

Recent cardiac syncope 12 (8) 2 (2) 10 (27) <0.001

Treatment at baseline

ICD 19 (13) 12 (11) 7 (19) 0.302

Anti-arrhythmic drugs 24 (16) 18 (16) 6 (16) 1

Beta-blockers 45 (30) 33 (30) 12 (32) 0.893

Clinical phenotype

Total TFC score 5 (4–6) 5 (4–6) 7 (5–8) <0.001

Age at diagnosis 40.7 ± 16.7 41.3 ± 16.6 38.8 ± 17.1 0.436

ECG

TWI in ≥3 precordial leads 57 (38) 38 (34) 19 (51) 0.078

TWI in ≥2 inferior leads 22 (15) 14 (12) 8 (22) 0.185

PVC count per 24h 497 (48–2322) 281 (31–1496) 894 (757–7884) <0.001

NSVT 67 (45) 46 (41) 21 (57) 0.141

CMR (n = 141)

RVEF, % 46 ± 10 48 ± 9 39 ± 10 <0.001

RVEDVi, ml 109 ± 29 105 ± 29 125 ± 24 0.002

LVEF, % 54 ± 9 54 ± 8 52 ± 10 0.387

LGE 23 (20) 16 (18) 7 (25) 0.419

Traditional echocardiography

LVEF, % 55 ± 8 55 ± 7 53 ± 12 0.216

RVFAC, % 39 ± 9 40 ± 9 35 ± 8 0.017

RVOT, mm 35 ± 7 34 ± 6 37 ± 7 0.058

Echocardiographic deformation imaging

LV GLS, % −18.2 ± 3.2 −18.7 ± 2.5 −16.7 ± 4.3 0.001

LVMD, ms 38 (31–47) 38 (30–46) 42 (36–49) 0.107

RVFWLS, % −19.5 ± 7.0 −21.0 ± 6.3 −15.0 ± 6.9 <0.001

RVMD, ms 33 (23–44) 30 (21–43) 43 (29–67) 0.003

RV deformation pattern abnormal 97 (66) 63 (56) 34 (94) <0.001

Type I 51 (35) 50 (45) 2 (6)

Type II 65 (44) 50 (45) 15 (42)

Type III 32 (22) 13 (12) 19 (53)

Values are n (%), mean ± SD or median (25th and 75th percentiles) according to the distribution of normality. 
ARVC, arrhythmogenic right ventricular cardiomyopathy; CMR, cardiac magnetic resonance; DSG2, desmoglein-2; DSP, desmoplakin; EDVi, end diastolic volume indexed; EF, ejection 
fraction; FAC, fractional area change; GLS, global longitudinal strain; LGE, late gadolinium enhancement; LV, left ventricular; MD, mechanical dispersion; NSVT, non-sustained ventricular 
tachycardia; PKP2, plakophillin-2; PVC, premature ventricular complex; RV, right ventricular; RVFWLS, right ventricular free wall longitudinal strain; RVOT, right ventricular outflow tract; 
TFC, Task Force Criteria; TWI, T-wave inversion; VA, ventricular arrhythmia.
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consistent with prior results.4 The strongest predictors of VA among 
the deformation parameters were RVFWLS, abnormal RV deformation 
pattern, and LV GLS. Incremental predictive value was found when add-
ing RVFWLS or abnormal RV deformation pattern to the risk calculator. 
Adding LV GLS, however, did not seem to improve prediction of VA 
(Table 3). The resulting adjusted HR was 1.07 (95% CI 1.02–1.11, 
P = 0.004) per % worsening of RVFWLS and 4.45 (95% CI 1.07–18.57, 
P = 0.040) in case of an abnormal regional deformation pattern. 
Optimism-corrected C-statistics were higher when RVFWLS or RV de-
formation pattern was added to the model (in both cases 0.82; 95% CI 
0.75–0.88). Also, both RV parameters reduced the model AIC by >2, 
which was not the case for LV GLS.

The intermediate arrhythmic risk subgroup (5-year VA risk 5–25% as 
per the ARVC risk calculator) consisted of 73 patients. In this subgroup, 
no events occurred in the 28 patients who had normal regional RV de-
formation patterns. In the seven intermediate-risk patients who did ex-
perience VA during follow-up, we observed abnormal regional RV 
deformation patterns, resulting in a specificity of 0.41 (95% CI 0.31– 
0.57) and a positive predictive value of 0.16 (95% CI 0.14–0.19).

Discussion
In this study, we showed that echocardiographic deformation imaging 
can further refine personalized arrhythmic risk prediction when added 
to the ARVC risk calculator. Both abnormal regional RV deformation 
patterns and RVFWLS as a continuous indicator of RV function showed 
independent predictive value on top of the risk calculator and improved 
its discriminative value. Measures of LV deformation, on the other hand, 
did not add predictive value in this cohort. Importantly, all patients who 
experienced VA within 5 years from the echocardiographic assessment 
showed abnormal RV deformation patterns at baseline.

Risk stratification in patients with ARVC
Arrhythmic risk prediction is a central part of clinical management of 
ARVC patients, in order to determine if and when an ICD is warranted. 
Especially in this disease, risk prediction is challenging, since life- 
threatening arrhythmias can already occur early in the disease.2

Predictors of unfavourable outcome that were identified over the 

past decades were recently summarized in a meta-analysis24 and subse-
quently used for the development of a multimodality risk calculation 
tool.4 This published ARVC risk calculator (www.ARVCrisk.com), 
which aims to predict the 5-year risk of first sustained VA in patients 
with definite ARVC, has since been validated in different settings and 
showed superior performance when compared with existing risk strati-
fication algorithms.5–8 In the current cohort, annual event rate was 
slightly lower compared with the initial risk calculator study4 [3.6% 
(95% CI 2.6–5.0) vs. 5.6% (95% CI 4.7–6.6)], which may be caused by 
a larger proportion of diagnosed family members in the current cohort, 
identified through cascade genetic testing. Still, the discriminative value 
was comparable [0.78 (95% CI 0.71–0.86) vs. 0.77 (95% CI 0.73–0.81)].

Deformation imaging in ARVC arrhythmic 
risk stratification
Echocardiography has an important role in the diagnosis and follow-up 
of ARVC patients. However, traditional echocardiographic parameters, 
such as RV fractional area change and RV outflow tract diameter, may 
lack sensitivity with regard to detection of early disease sub-
strates.4,25,26 Over the past two decades, echocardiographic deform-
ation imaging has evolved into a sensitive method to detect regional 
abnormalities in myocardial function, reflecting structural disease mani-
festation in ARVC.26–28 Distinct abnormalities in regional myocardial 
function have been identified, which were associated with disease se-
verity. These regional deformation patterns with delayed onset to 
shortening, reduced peak strain, and post-systolic shortening 
(Figure 1) most likely reflect pathologic changes on tissue level that 
form the substrate for VA.15 An exploratory study sought to explain 
these specific deformation types by computer simulation using the 
CircAdapt model. Indeed, loss in contractility and increase in local myo-
cardial stiffness characterized the regional function abnormalities. 
Studies consistently showed that the first and most severely affected 
area was the subtricuspid region of the RV lateral wall,10,15,29 a well- 
known predilection site for the earliest disease manifestation of 
ARVC.30 Echocardiographic deformation imaging is well suited to 
evaluate this specific region. Of interest, deformation abnormalities ap-
pear already early in the development of this disease and remain stable 
or progress over time.29,31 These observations and modelling data 

Figure 2 Kaplan–Meier estimate of VA free survival for patients with ARVC without prior sustained VA. Dotted line represents cumulative 5-year 
survival. VA, ventricular arrhythmia.
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indicate that this specific functional assessment might be of incremental 
value in predicting VA, since it seems to reflect the microscopic altera-
tions that form the substrate for re-entry tachycardia. Indeed multiple 
indicators of myocardial deformation have been associated to VA.10–13

In a previous primary prevention study including both ARVC patients 
and family members at risk, both LVMD and RVFWLS were strong pre-
dictors of arrhythmic outcome.11 In a combined cohort with patients 
from our two centres, especially negative predictive value of normal re-
gional deformation patterns for prior VA (98%) was high.10 The current 
prospective study is unique since it included only patients with a definite 
TFC diagnosis, which explains the high prevalence of abnormal regional 
RV deformation patterns (66%). Importantly, it confirmed the high 
negative predictive value of normal deformation, since all patients 
with VA within 5 years from baseline evaluation already showed region-
al abnormalities in the RV. In line with previous ARVC studies, the 

subtricuspid was consistently first and most severely affected. Up to 
now, added value of deformation imaging has never been tested on 
top of current clinical practice. The multimodality ARVC risk score,4

a validated clinical risk prediction tool guiding management and ICD ne-
cessity, created this opportunity.

Deformation imaging added to the ARVC 
risk calculator
In a multivariate model, RV deformation patterns and RVFWLS were the 
strongest independent predictors of first sustained VA. The superiority 
of RV parameters was not surprising given the fact that patients were 
selected by the RV-focused 2010 TFC and mostly PKP2 variant carriers 
were included, who typically present with the classical right dominant 
ARVC phenotype. Previous papers showed that the ARVC risk calcu-
lator performs well in PKP2-dominated cohorts, while for patients 
with a different genetic background, incorporation of measures of LV 
function might be important.8,32

When integrated with the ARVC risk calculator, both indices of re-
gional RV deformation still showed independent prognostic value. 
Models that combined the ARVC risk calculator-predicted risk with re-
gional RV deformation patterns or RVFWLS were superior at predicting 
VA compared with either of these predictors alone. This confirms our 
hypothesis that inclusion of measures of regional RV function can im-
prove arrhythmic risk prediction in ARVC.

Clinical implications
This was the first study showing added value of deformation imaging in a 
clinical practice-based, multimodality approach. Both RV deformation 
patterns and RVFWLS were able to refine risk stratification when added 
to the existing ARVC risk calculator. Especially negative predictive value 
of deformation imaging was high; none of the patients with normal re-
gional RV deformation patterns at baseline experienced VA within 5 
years from the echocardiogram. With a two-step approach, this add-
itional stratification tool can probably be of greatest use in the inter-
mediate arrhythmic risk group (5–25% at 5 years) as predicted by 
the ARVC risk calculator. In these patients, the timing of ICD implant-
ation is the most challenging. Normal RV deformation could in this case 
reassure both clinician and patient in a watchful waiting strategy regard-
ing ICD implantation (Structured Graphical Abstract). While echocardio-
graphic deformation imaging has shown the ability to reveal early signs 

Figure 3 VA free survival in presence of abnormal RV function measured by deformation imaging. (A) When dividing RVFWLS into three groups, a 
clear difference in VA-free survival was seen. (B) A normal RV deformation pattern (Type I) was associated with excellent negative predictive value 
(0.96, 95% CI 0.87–0.99). Especially the most abnormal Type 3 deformation was associated with worse outcome. RV, right ventricular; VA, ventricular 
arrhythmia.

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

Table 2 Associations between deformation 
parameters and first sustained VA

HR (95% CI) P-value

LV GLS 1.20 (1.10–1.31) <0.001 per % 

worsening

LVMD (ln) 2.73 (1.07–6.98) 0.036 per ln(ms) 

increase

RVFWLS 1.12 (1.08–1.17) <0.001 per % 

worsening

RVMD (ln) 3.09 (1.73–5.53) <0.001 per ln(ms) 

increase

RV deformation 

pattern

10.94 (2.63–45.56) <0.001 when abnormal

HRs are presented with 95% CIs. Since linearity and proportional hazards assumption 
testing criteria showed signs of non-linearity for mechanical dispersion, the timing 
variables LVMD and RVMD were subjected to log transformation. 
CI, confidence interval; HR, hazard ratio; GLS, global longitudinal strain; LV, left 
ventricular; MD, mechanical dispersion; RV, right ventricular; RVFWLS, right 
ventricular free wall longitudinal strain; VA, ventricular arrhythmia.
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of disease associated with arrhythmic outcome in multiple genetic car-
diomyopathies,27,33,34 predictive value when added to clinical risk pre-
diction tools in these diseases is yet to be investigated.

Limitations
Due to the high prevalence of patients with (likely-)pathogenic variants 
in the PKP2 gene (66%), generalizability to patient populations with 
other dominating variants is uncertain. A genotype-specific approach 
might improve predictive value especially for non-PKP2 patients, as 
pointed out in a recent validation of the ARVC risk calculator,8 but is 
hindered by lack of power.

The feasibility of echocardiographic deformation imaging depends on 
image quality. With >95% for both LV and RV deformation imaging, 
feasibility was high in the ARVC cohorts included in this study. If centres 
do not routinely perform dedicated RV-focused images, feasibility may 
drop.

Last, this was an observational study with inherent limitations by 
study design. Validation in an external cohort will be important for 
the clinical implementation of integrating deformation imaging with 
the ARVC risk calculator.

Conclusion
This study showed that inclusion of regional abnormalities in RV func-
tion can further refine personalized arrhythmic risk prediction in 
ARVC. Both regional deformation patterns and longitudinal strain of 
the RV free wall improved prediction of arrhythmic outcome beyond 
the ARVC risk calculator. With a two-step approach, the excellent 
negative predictive value of normal RV deformation could support clin-
icians considering the timing of ICD implantation in patients with inter-
mediate arrhythmic risk.

Supplementary data
Supplementary data are available at European Heart Journal - 
Cardiovascular Imaging online.
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