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Aims Arrhythmogenic right ventricular cardiomyopathy (ARVC) is characterized by ventricular dysfunction and ventricu-
lar arrhythmias (VA). Adequate arrhythmic risk assessment is important to prevent sudden cardiac death. We
aimed to study the incremental value of strain by feature-tracking cardiac magnetic resonance imaging (FT-CMR) in
predicting sustained VA in ARVC patients.

...................................................................................................................................................................................................
Methods
and results

CMR images of 132 ARVC patients (43% male, 40.6 ± 16.0 years) without prior VA were analysed for global and re-
gional right and left ventricular (RV, LV) strain. Primary outcome was sustained VA during follow-up. We per-
formed multivariable regression assessing strain, in combination with (i) RV ejection fraction (EF); (ii) LVEF; and (iii)
the ARVC risk calculator. False discovery rate adjusted P-values were given to correct for multiple comparisons
and c-statistics were calculated for each model. During 4.3 (2.0–7.9) years of follow-up, 19% of patients experi-
enced sustained VA. Compared to patients without VA, those with VA had significantly reduced RV longitudinal
(P <_ 0.03) and LV circumferential (P <_ 0.04) strain. In addition, patients with VA had significantly reduced biventricu-
lar EF (P <_ 0.02). After correcting for RVEF, LVEF, and the ARVC risk calculator separately in multivariable analysis,
both RV and LV strain lost their significance [hazard ratio 1.03–1.18, P > 0.05]. Likewise, while strain improved the
c-statistic in combination with RVEF, LVEF, and the ARVC risk calculator separately, this did not reach statistical
significance (P >_ 0.18).

...................................................................................................................................................................................................
Conclusion Both RV longitudinal and LV circumferential strain are reduced in ARVC patients with sustained VA during follow-

up. However, strain does not have incremental value over RVEF, LVEF, and the ARVC VA risk calculator.
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Introduction

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is an
inherited heart disease that is characterized by ventricular dysfunc-
tion and life-threatening ventricular arrhythmias (VA).1 Right ven-
tricular (RV) abnormalities predominate in ARVC, but left ventricular
(LV) involvement is increasingly recognized.2 Although early detec-
tion of ARVC has improved over the years, risk stratification remains
challenging. Adequate assessment of arrhythmic risk is important,
since arrhythmias may occur early in the disease course and timely
implantable cardioverter-defibrillator (ICD) implantation can be life-
saving.3

Cardiac magnetic resonance (CMR) imaging is the non-invasive
gold standard for the evaluation of cardiac function in ARVC given its
excellent potential to accurately and reproducibly quantify global RV
volumes and ejection fraction (EF). In addition, newer techniques
such as myocardial strain provide a more sensitive, quantitative evalu-
ation of myocardial function that can detect functional changes be-
fore a relevant decrease in EF occurs.4 Myocardial strain can be
measured using feature-tracking CMR (FT-CMR), which quantitative-
ly tracks myocardial features throughout the cardiac cycle on stand-
ard cine imaging. This allows quantitative regional myocardial strain
assessment, which has been shown to increase diagnostic value for
ARVC disease detection in a previous study.5 As lower RVEF is asso-
ciated with higher arrhythmic risk in ARVC,6 and strain parameters
are more sensitive than RVEF in assessing regional myocardial func-
tion,4 we hypothesized that RV strain also has incremental prognostic
value over conventional arrhythmic risk markers in ARVC.6

However, the value of FT-CMR-derived strain in ARVC risk stratifica-
tion remains unknown.

The purpose of this study was to (i) assess whether FT-CMR of
the RV and LV is able to predict future sustained VA and (ii) evaluate
the incremental value of FT-CMR over traditional arrhythmic risk fac-
tors in a multicentre cohort of ARVC patients without prior sus-
tained VA (i.e. primary prevention patients).

Methods

Study population
We included definite ARVC patients without prior sustained VA (i.e. pri-
mary prevention patients) from the Netherlands (www.acmregistry.nl)
and Johns Hopkins (www.arvd.com) ARVC registries who underwent
CMR as part of their clinical work-up. ARVC diagnosis was defined
according the 2010 revised task force criteria (TFC) in which >_4 TFC
points are required for ARVC diagnosis.7 A total of 158 patients met the
inclusion criteria, of whom 26 patients were excluded due to CMR
images unsuitable for FT-CMR analysis (e.g. artefacts/incomplete images),
leading to a total cohort of 132 patients. A total of 108 patients were
included in prior studies involving CMR analysis in ARVC.8–10 The study
conforms to the Helsinki declaration and was approved by local ethics
and/or institutional review boards.

CMR acquisition
The CMR study closest to date of diagnosis was used for analyses. CMR
images were acquired on a 1.5 Tesla scanner [Avanto, Siemens Medical
Imaging, Germany (Amsterdam UMC, UMC Groningen and Johns
Hopkins Hospital) or Achieva Philips Medical Systems, the Netherlands

(UMC Utrecht)]. Short-axis and longitudinal-axis (four-chamber, two-
chamber, and three-chamber views of both ventricles) cine images were
acquired using a balanced steady-state free precession sequence [field of
view 350 mm, matrix size 256 � 256, slice thickness 8 mm (1.3 � 1.3 �
8 mm3), temporal resolution 40–50 ms]. Segmented phase-sensitive in-
version recovery sequence was used for myocardial fibrosis evaluation
using late gadolinium enhancement (LGE).

CMR analysis
Traditional measurements

Locally available software was used for semi-automatic analysis of biven-
tricular EF, end diastolic volume (EDV), and end systolic volume (ESV,
Extended MR-WorkSpace, Philips Medical Systems; QMass Medis
Medical Imaging Systems or Circle CVI). Dimensions were indexed (i) to
body surface area using the DuBois formula.11 The presence of RV and
LV LGE was visually evaluated by an experienced cardiovascular
radiologist.

Strain analysis

Global and regional biventricular longitudinal strain and LV circumferen-
tial strain were measured using Medis QStrain Software (Medis Medical
Imaging Systems, version 3.1.16.8, the Netherlands) by an experienced
observer blinded to the arrhythmic outcome (MB). Inter- and intra-
observer variability of this observer are previously published.8

Endocardial and epicardial contours (for LV short-axis) were manually
drawn during end-diastole and end-systole with subsequent automatic
tracking during the cardiac cycle. This resulted in the measurement of
‘strain’ as a marker of tissue shortening during systole with more negative
strain values indicating better contraction.

For the RV, peak longitudinal strain was measured in the most central
slice in 4-chamber view, since strain values are most reliable in this
view.5,12 For regional analysis, segments were divided into basal, mid, and
apical wall.13

For the LV, peak longitudinal strain was measured in four-chamber,
two-chamber, and three-chamber views to form the 16-segment
American Heart Association (AHA) model.14 To measure LV circumfer-
ential strain, the basal, mid, and apical slices of the short-axis were meas-
ured to form the AHA model. Segmentation examples are included in
Supplementary data online, Figure S1.

Study outcomes
The primary outcome of this study was the occurrence of sustained VA
following CMR. As in previous studies,9 sustained VA was defined as sus-
tained ventricular tachycardia lasting >_30 s at >_100 bpm or with haemo-
dynamic compromise, ventricular fibrillation/flutter, sudden cardiac
arrest, and/or appropriate ICD intervention.

Statistical analysis
Statistical analyses were performed using IBM SPSS Statistics (version 25,
USA) and STATA (version 11, StatCorp, USA). Continuous variables are
presented as mean (±standard deviation) or median (interquartile range),
and compared using independent sample t-test or Mann–Whitney U-test.
Categorical variables are presented as frequencies (%), and compared
using v2 test or Fisher’s exact test. Statistical significance was determined
at P <_ 0.05. The Kaplan–Meier method was used to estimate the cumula-
tive proportion of patients with VA as a function over time, and groups
were compared using log-rank statistic. Follow-up was calculated from
the date of CMR to the date of first sustained VA or censoring, which was
defined as the latest follow-up visit at which the endpoint could be ascer-
tained. The receiver operating characteristic (ROC) curve was used to
determine optimal strain cut-off values for predicting the outcome.
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Multivariable analysis

Multivariable Cox regression was performed to assess the association be-
tween strain and the primary outcome. To ensure that our results were
not affected by over-fitting, we added each strain variable to three separ-
ate models as follows: (i) Model 1: adjusted for RVEF; (ii) Model 2:
adjusted for LVEF; and (iii) Model 3: adjusted for the 5-year risk estimate
of VA computed using the ‘ARVC VA risk calculator’ (www.arvcrisk.
com).9 This latter risk prediction model includes male sex, age, recent
cardiac syncope, prior non-sustained ventricular tachycardia, 24-h prema-
ture ventricular contraction count, number of leads with T-wave inver-
sion anterior/inferior, and RVEF. False discovery rate (FDR) corrected P-
values were calculated to correct for multiple testing. The prognostic
performance of adding strain [strain parameters with the highest hazard
ratio (HR) in univariable analysis] to RVEF, LVEF, or the ARVC VA risk
calculator was assessed by Harrell’s concordance (c)-statistic and com-
pared using the DeLong et al.15 method.

Results

Study population
CMR images of 132 definite ARVC patients without prior sustained
VA were included. Baseline characteristics of the study population
are shown in Table 1. The mean age at CMR was 40.6± 16.0 years
and 57 (43%) subjects were male. The median TFC score was 5 (4–
6) with 78 (60%) having minor or major structural TFC. A total of
107 (81%) subjects carried a pathogenic mutation, mostly in
plakophilin-2 (n = 84, 64%), followed by phospholamban (n = 13,
10%), and desmoglein-2 (n = 5, 4%). None of the patients had an ICD
at time of CMR, while n = 68 (52%) patients received an ICD for pri-
mary prevention after CMR.

Arrhythmic outcome
During a median follow-up of 4.3 (2.0–7.9) years, 25 subjects (19%)
developed sustained VA [22 (88%) appropriate ICD interventions
and 3 (12%) spontaneous sustained ventricular tachycardia]. Table 1
shows their clinical characteristics. Compared to those without sus-
tained VA, patients experiencing arrhythmic events were more often
male (68% vs. 37%, P < 0.01), proband (60% vs. 29%, P < 0.01), and
had a significantly higher total TFC score [6 (5–7) vs. 5 (4–5)
P < 0.01]. No difference in age (39.9 ± 15.7 vs. 40.8 ± 16.1 years,
P = 0.80), genetic background (80% vs. 81% with a pathogenic variant,
P = 0.88), and follow-up duration [3.4 (1.5–8.3) vs. 4.5 (2.1–7.8) years,
P = 0.99] was observed between the groups.

Traditional CMR parameters
As for traditional CMR parameters, ARVC patients with sustained
VA had significantly reduced RVEF (40 ± 10% vs. 48 ± 9%, P < 0.01)
and LVEF (51 ± 11% vs. 57± 7%, P = 0.02) compared to those with-
out sustained VA. LGE was more often present in patients with sus-
tained VA (52% vs. 25%, P = 0.02), especially in the RV (44% vs. 13%,
P < 0.01). In contrast, both RVEDVi (111± 32 vs. 100 ± 29 mL/m2)
and LVEDVi (89 ± 17 vs. 92± 21 mL/m2) did not significantly differ
between the two groups (P >_ 0.15). In addition, no significant differ-
ence existed in structural TFC between patients with (76% had minor
or major criteria) and without (56% had minor or major criteria) sus-
tained VA (P = 0.08).

FT-CMR as a predictive biomarker for
sustained VA
RV and LV strain

Global and regional strain values stratified by the occurrence of sus-
tained VA are shown in Table 2 (global and regional strain) and
Figure 1 (regional strain).

For RV strain, global longitudinal strain was significantly reduced
(i.e. less negative) in patients with vs. without sustained VA
(-18.5 ± 5.9% vs. -22.5± 8.4%, P = 0.03). For regional RV longitudinal
strain, both basal (-26.9± 12.8% vs. -34.4 ± 10.9%, P < 0.01) and mid
wall (-19.7± 12.2% vs. -25.7± 11.0%, P = 0.02) strain were reduced in
patients with sustained VA. Apical strain did not significantly differ be-
tween the two groups (-27.8 ± 14.5% vs. -32.5± 11.9%, P = 0.09).

For LV strain, both global and regional LV longitudinal strains were
comparable in patients with and without sustained VA (P >_ 0.06). In
contrast, LV global circumferential strain (GCS) was significantly
reduced in patients with vs. those without sustained VA (-15.3 ± 4.4%
vs. -18.8± 4.1%, P < 0.01), which was also observed in the LV regional
circumferential strain values (P <_ 0.04).

Predicting sustained VA using FT-CMR

Determination of cut-off values for abnormal strain using ROC ana-
lysis is displayed in Supplementary data online, Table S1. We only
evaluated cut-off values for RV longitudinal and LV circumferential
strain, since these parameters were significant in univariate analysis
(in contrast to LV longitudinal strain). The resulting cut-offs were
used for the Kaplan–Meier survival curves shown in Figure 2.

For RV strain, survival without sustained VA was significantly lower
in patients with reduced global longitudinal (P < 0.01) and regional
basal (P = 0.05) and mid longitudinal strain (P < 0.01).

For LV strain, survival without sustained VA was significantly lower
in patients with reduced global circumferential (P = 0.03) and regional
posterolateral (P = 0.01) and septal (P < 0.01) circumferential strain.
No statistical significance was reached for anterior and anterolateral
(P <_ 0.11) strain.

Clinical value of FT-CMR
To assess the incremental prognostic value of FT-CMR over trad-
itional clinical parameters, we performed multivariable Cox regres-
sion analyses for each strain parameter in combination with (i) RVEF,
(ii) LVEF, and (iii) the ARVC VA risk calculator.

Table 3 summarizes the univariable and multivariable regression
analyses. RV and LV global and regional strain did not remain signifi-
cant predictors after correcting for RVEF (HR 1.02–1.17, P > 0.05),
LVEF (HR 1.06–1.18, P > 0.10), or the ARVC VA risk calculator (HR
1.05–1.18, P > 0.11). All P-values are corrected for Type I error using
FDR. When only including patients with preserved RVEF and LVEF in
our analysis (Supplementary data online, Table S2), none of the RV
and LV strain values were independently associated with VA when
included in a model with the ARVC VA risk calculator [HR 0.92–1.17
(0.80–1.52, P > 0.29)], although analyses were underpowered with a
total of eight events.

Figure 3 illustrates the change in c-statistic when comparing the
models separately and after adding LV global and septal circumferen-
tial strain (strain parameters with highest HR on univariable analysis).
The predictive value of RVEF [0.72 (0.60–0.85) vs. 0.79 (0.68–0.89)],
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..LVEF [0.66 (0.51–0.81) vs. 0.72 (0.59–0.85)], and the ARVC VA risk
calculator [0.76 (0.63–0.90) vs. 0.82 (0.72–0.92)] improved after add-
ing LV strain (global strain and septal circumferential strain) to the
model, however this did not reach statistical significance (P > 0.18).

LGE was more often present in patients with VA compared to
those without arrhythmic events (52% vs. 25%, P = 0.02). However,
LGE did not significantly add to the predictive value of strain [0.73
(0.60–0.85) without vs. 0.77 (0.64–0.91) with LGE ] and the ARVC

VA risk calculator [0.79 (0.69–0.90) without vs. 0.80 (0.70–0.91) with
LGE ] (P >_ 0.40) (Supplementary data online, Figure S2).

Discussion

Main findings
This study aimed to assess FT-CMR as a predictor of future sustained
VA and to evaluate its incremental value over traditional risk markers

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

Table 1 Baseline characteristics of the study population

Overall No sustained VA in

follow-up

Sustained VA in

follow-up

P-value

(n 5 132) (n 5 107) (n 5 25)

Demographics

Age at CMR (years) 40.6 ± 16.0 40.8 ± 16.1 39.9 ± 15.7 0.80

Male (%) 57 (43) 40 (37) 17 (68) <0.01

Follow-up (years) 4.3 (2.0–7.9) 4.5 (2.1–7.8) 3.4 (1.5–8.3) 0.99

Proband (%) 44 (33) 29 (27) 15 (60) <0.01

Genetic status

Pathogenic variant 107 (81) 87 (81) 20 (80) 0.88

PKP2 (%) 84 (64) 67 (63) 17 (68)

DSP (%) 2 (2) 2 (2) 0

DSG2 (%) 5 (4) 5 (5) 0

PLN (%) 13 (10) 11 (10) 2 (8)

Other (%) 3 (2) 2 (2) 1 (4)

Clinical phenotype

Total TFC score 5 (4–6) 5 (4–5) 6 (5–7) <0.01

Repolarization criteria

Minor 31 (24) 24 (22) 7 (28)

Major 51 (39) 37 (35) 14 (56)

Depolarization criteria

Minor 68 (52) 55 (51) 13 (52)

Major 6 (5) 4 (4) 2 (8)

Arrhythmia criteria

Minor 78 (59) 61 (57) 17 (68)

Major 13 (10) 8 (8) 5 (20)

Structural criteria

Minor 21 (16) 18 (17) 3 (12)

Major 58 (44) 42 (39) 16 (64)

Family/genetic criteria

Minor 4 (3) 3 (3) 1 (4)

Major 103 (78) 85 (79) 18 (72)

ARVC VA risk calculator, 5-year risk (%) 21.4 ± 18.9 17.3 ± 14.5 38.9 ± 24.8 <0.01

CMR traditional parameters

RVEF (%) 47 ± 9 48 ± 9 40 ± 10 <0.01

RVEDVi (mL/m2) 102 ± 30 100 ± 29 111 ± 32 0.15

LVEF (%) 56 ± 8 57 ± 7 51 ± 11 0.02

LVEDVi (mL/m2) 92 ± 20 92 ± 21 89 ± 17 0.55

LGE total (%) 40 (30) 27 (25) 13 (52) 0.02

LGE RV (%) 24 (18) 14 (13) 11 (44) <0.01

LGE LV (%) 20 (15) 15 (14) 5 (20) 0.57

CMR, cardiac magnetic resonance; DSG2, desmoglein-2; DSP, desmoplakin; EDVi, BSA indexed end-diastolic volume; EF, ejection fraction; LGE, late gadolinium enhancement;
LV, left ventricle; N, number of subjects; PKP2, plakophilin-2; PLN, phospholamban; RV, right ventricle; TFC, Task Force Criteria; VA, ventricular arrhythmia. Boldface values are
statistically significant (p <_ 0.05).

Prognostic value of FT-CMR in ARVC 5
D

ow
nloaded from

 https://academ
ic.oup.com

/ehjcim
aging/article/24/1/98/6527953 by U

niversiteitsbibliotheek U
trecht user on 10 January 2023

https://academic.oup.com/ehjcimaging/article-lookup/doi/10.1093/ehjci/jeac030#supplementary-data
https://academic.oup.com/ehjcimaging/article-lookup/doi/10.1093/ehjci/jeac030#supplementary-data


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..in ARVC patients. We showed that both RV as well as LV strain are
reduced in patients developing sustained VA during follow-up.
Furthermore, survival without VA was significantly lower in patients
with reduced RV and LV global and regional strain (basal and mid
strain for the RV and posterolateral and septal strain for the LV).
However, after correcting for RVEF, LVEF, and the ARVC VA risk cal-
culator and adjusting for multiple testing, RV and LV strain did not re-
main a significant predictor of sustained VA.

Role of myocardial strain in ARVC
Technical groundwork

Over the years, the advent of FT-CMR in the field of deformation
imaging has led to numerous studies confirming its feasibility and vali-
dating its use for biventricular regional strain assessment.
Importantly, FT-CMR has shown to be a robust technique, with good
inter- and intra-observer reproducibility for RV and LV strain, render-
ing this technique suitable for follow-up of patients.13,16 FT-CMR has
been compared to several other modalities, including the gold stand-
ard for non-invasive strain assessment, myocardial tissue tagging.17

Clinical implementation of tissue tagging is limited due to prolonged
imaging and post-processing times.18 In comparison, FT-CMR is less
time consuming, as it uses the available cine images and has a more
user-friendly post-processing method, especially for the RV. FT-CMR
has also been compared to speckle tracking echocardiography which
is a valuable comparison as CMR and echocardiography are both

used for diagnosis and follow-up of ARVC patients and at-risk rela-
tives. Studies have shown that trends between healthy and diseased
were uniform among the modalities, however absolute strain values
were not comparable.19,20 This emphasizes that FT-CMR and speckle
tracking echocardiography cannot be used interchangeably during
follow-up of patients. Regardless, we strongly believe that CMR and
echocardiography have complimentary roles in ARVC evaluation: the
high spatial resolution and multiplane tissue characterization of CMR
make this technique extremely useful as a screening tool and to rule
out differentials, while echocardiography is cheap and widely avail-
able, even in those with an ICD, making it a valuable tool for longitu-
dinal follow-up.

Diagnostic value of strain parameters in ARVC

The importance of regional wall motion abnormalities in ARVC
evaluation is emphasized in the diagnostic TFC, in which it is a pre-
requisite for fulfilment of CMR criteria.7 Visual evaluation of wall mo-
tion abnormalities is, however, subjective, and previous studies have
shown the incremental diagnostic value of objective and quantitative
wall motion analysis using FT-CMR or speckle tracking echocardiog-
raphy.5,21 For example, Vigneault et al.5 showed a higher sensitivity
and specificity for FT-CMR compared to visual assessment in 110
individuals evaluated for ARVC. Similar results were obtained for
speckle tracking echocardiography, which is now recommended by
the European Association of Cardiovascular Imaging for the

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

Table 2 RV and LV global and regional strain values stratified by patients with vs. without VA

No sustained VA in follow-up Sustained VA in follow-up P-value

(n 5 107) (n 5 25)

Right ventricular strain

Global strain

GLS -22.5 ± 8.4 -18.5 ± 5.9 0.03

Regional longitudinal strain

Basal -34.4 ± 10.9 -26.9 ± 12.8 <0.01

Mid -25.7 ± 11.0 -19.7 ± 12.2 0.02

Apical -32.5 ± 11.9 -27.8 ± 14.5 0.09

Left ventricular strain

Global strain

GCS -18.8 ± 4.1 -15.3 ± 4.4 <0.01

GLS -21.7 ± 5.1 -19.2 ± 5.3 0.06

Regional circumferential strain

Anterior -18.7 ± 6.2 -15.3 ± 5.8 0.03

Anterolateral -22.2 ± 6.9 -17.5 ± 6.2 <0.01

Posterolateral -23.7 ± 6.2 -18.9 ± 5.7 <0.01

Inferior -19.6 ± 6.7 -16.0 ± 7.5 0.04

Septal -20.2 ± 4.5 -16.7 ± 4.8 <0.01

Regional longitudinal strain

Anterior -20.0 ± 7.3 -19.6 ± 6.6 0.86

Anterolateral -24.4 ± 6.1 -23.0 ± 7.0 0.40

Posterolateral -23.3 ± 10.8 -24.4 ± 9.1 0.77

Inferior -23.5 ± 7.2 -20.3 ± 6.0 0.08

Septal -21.7 ± 5.5 -19.4 ± 4.1 0.24

GCS, global circumferential strain; GLS, global longitudinal strain; VA, ventricular arrhythmia. Boldface values are statistically significant (p <_ 0.05).
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..assessment of early ARVC.21 Although LV wall motion abnormalities
are not part of the diagnostic TFC for ARVC, a study by Jain et al.22

suggested a promising diagnostic role using CMR tissue tagging: the
authors showed reduced LV regional circumferential strain in definite
ARVC patients and patients at-risk of developing ARVC compared to
controls.

Prognostic value of strain parameters in ARVC

Our study shows that reduced RV and LV strain are associated with
sustained VA during follow-up in ARVC. This is not surprising, as
RVEF is a known predictor of sustained VA in ARVC, and abnormal
strain is thought to precede global EF changes. Similar results were
previously obtained using speckle tracking echocardiography23: Lie et
al.23 found significant echocardiographic RV and LV strain abnormal-
ities (expressed as mechanical dispersion) in ARVC patients with VA
in follow-up.

In contrast, we found no incremental prognostic value of RV and
LV strain after correcting for RVEF and LVEF using FDR adjusted P-
values for multiple testing. Of note, advanced structural disease al-
ready existed in the majority of patients developing VA: we found sig-
nificantly lower RVEF and LVEF in patients developing VA during
follow-up of whom 76% already had minor or major structural TFC.
Indeed, this translated to a high expected 5-year VA risk of 38.9%
using the ARVC VA risk calculator. While one may consider it disap-
pointing that strain does not further risk stratify beyond conventional
measures, it is not entirely unexpected since (i) strain essentially
assesses the same parameter as is included in the conventional

measures, namely ventricular systolic function; and (ii) arrhythmic
risk in our cohort was already very high. In total, 19% of our study
population experienced a VA over 4.2 years of follow-up. While one
might suggest that this high event rate warrants ICD implantation in
all subjects with definite ARVC, device implantation carries consider-
able risk in these young and active patients who need to live for deca-
des with a device that is not complication free. As such, better risk
stratification tools are required to distinguish patients who are most
likely to benefit from their device. While there is proven value of add-
ing strain to established CMR parameters for diagnostic purposes,5

no incremental value is observed in adding strain values for prognos-
tic purposes in ARVC patients. Future studies should focus on the
additional prognostic value of strain in subjects at risk of developing
ARVC (i.e. family members) without disease expression.

Limitations
We only included primary prevention patients with definite ARVC,
and caution should be exercised when extrapolating our results to
secondary prevention patients (i.e. those with previous sustained
VA) or at-risk relatives who do not fulfil the TFC. While this is the
largest study to date evaluating the prognostic value of FT-CMR in
ARVC, the number of VAs during follow-up was relatively small, lim-
iting our statistical power to perform multivariable analyses. We
handled this by separately adding strain to three different models (i.e.
RVEF, LVEF, and the ARVC VA risk calculator), maximizing our ability
to ‘correct’ for multiple risk factors. Future studies should look into
the role of LGE taking into account scar quantification and

Figure 1 RV and LV regional strain in the study population. Schematic overview of longitudinal (left) and circumferential (right) regional strain differ-
ences between patients with and without VA during follow-up. Orange; significant differences between those with and without VA. Blue; non-signifi-
cant differences. LV, left ventricle; RV, right ventricle; VA, ventricular arrhythmia.
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localization. To date, no standardized normal values for FT-CMR
derived RV and LV global and regional strain exist, which is partly due
to wide inter-software variability.13 Until standardized reference val-
ues are available, centre-specific references should be used.
Furthermore, the prognostic value of strain using other imaging

modalities, such as speckle tracking echocardiography, should be
determined.

To conclude, FT-CMR is a novel technique that quantitatively and
objectively measures biventricular wall motion as strain. In the largest
cohort to date of primary prevention ARVC patients evaluated by

Figure 2 Kaplan–Meier survival analysis suggests abnormal RV and LV strain in patients with VA in follow-up. Kaplan–Meier analysis of RV and LV
global and regional strain. Cut-offs for abnormal strain (red) and normal strain (blue) are calculated using ROC analysis. P-values were calculated using
log-rank test. GCS, global circumferential strain; GLS, global longitudinal strain; LV, left ventricle; ROC, receiver operating characteristic; RV, right ven-
tricle; VA, ventricular arrhythmia.
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CMR, we showed that FT-CMR is able to predict sustained VA.
However, after adjusting for RVEF, LVEF, and the ARVC VA risk cal-
culator no additional value of RV and LV strain assessment in the pre-
diction of sustained VA was observed. Although strain by FT-CMR

has proven its diagnostic value in ARVC, no incremental prognostic
value in predicting sustained VA is found.

Supplementary data

Supplementary data are available at European Heart Journal - Cardiovascular
Imaging online.
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Table 3 Univariable and multivariable Cox proportional hazards model for sustained VA prediction

Univariable model Multivariable model 1 Multivariable model 2 Multivariable model 3

RVEF LVEF ARVC VA risk calculator

HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value

Right ventricular strain

GLS 1.05 (1.00–1.11) 0.053

Basal region 1.06 (1.02–1.11) 0.015 1.03 (0.98–1.08) 0.238 1.06 (1.01–1.10) 0.099 1.05 (1.00–1.10) 0.107

Mid region 1.05 (1.01–1.10) 0.037 1.02 (0.98–1.07) 0.312 1.04 (1.00–1.09) 0.099 1.03 (0.98–1.08) 0.240

Apical region 1.03 (1.00–1.07) 0.097

Left ventricular strain

GCS 1.22 (1.07–1.39) 0.015 1.17 (1.02–1.35) 0.054 1.18 (0.99–1.42) 0.099 1.18 (1.02–1.35) 0.107

Anterior region 1.12 (1.01–1.24) 0.047 1.10 (0.99–1.23) 0.105 1.08 (0.97–1.21) 0.152 1.10 (0.98–1.23) 0.177

Anterolateral region 1.12 (1.03–1.23) 0.015 1.10 (1.00–1.20) 0.081 1.09 (0.99–1.20) 0.116 1.09 (1.00–1.19) 0.118

Posterolateral region 1.15 (1.04–1.26) 0.020 1.12 (1.02–1.24) 0.054 1.11 (1.00–1.23) 0.099 1.10 (1.00–1.22) 0.110

Inferior region 1.09 (1.00–1.19) 0.053

Septal region 1.18 (1.07–1.31) 0.015 1.16 (1.02–1.32) 0.054 1.15 (0.99–1.32) 0.099 1.17 (1.02–1.33) 0.107

GCS, global circumferential strain; GLS, global longitudinal strain; LVEF, left ventricular ejection fraction; RVEF, right ventricular ejection fraction. False discovery rate corrected
P-values are given in this table. Boldface values are statistically significant (p <_ 0.05).

Figure 3 Incremental value of LV strain over conventional ar-
rhythmic risk markers in ARVC. Bar chart with c-statstic per model.
Grey bars; model 1 RVEF, model 2 LVEF, and model 3 ‘ARVC VA
risk calculator’. Blue bars; addition of LV global and septal strain to
these models. Addition of LV strain to the existing models is com-
pared using the DeLong method.15 ARVC, arrhythmogenic right
ventricular cardiomyopathy; LVEF, left ventricular ejection fraction;
RVEF, right ventricular ejection fraction; VA, ventricular arrhythmia.

Prognostic value of FT-CMR in ARVC 9
D

ow
nloaded from

 https://academ
ic.oup.com

/ehjcim
aging/article/24/1/98/6527953 by U

niversiteitsbibliotheek U
trecht user on 10 January 2023

https://academic.oup.com/ehjcimaging/article-lookup/doi/10.1093/ehjci/jeac030#supplementary-data


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..supported by Netherlands Organization for Scientific Research
(NWO) 040.11.586, visitor’s travel grant.

References
1. Gandjbakhch E, Redheuil A, Pousset F, Charron P, Frank R. Clinical diagnosis,

imaging, and genetics of arrhythmogenic right ventricular cardiomyopathy/dyspla-
sia: JACC state-of-the-art review. J Am Coll Cardiol 2018;72:784–804.

2. Calkins H, Corrado D, Marcus F. Risk stratification in arrhythmogenic right ven-
tricular cardiomyopathy. Circulation 2017;136:2068–82.

3. Corrado D, Wichter T, Link MS, Hauer RNW, Marchlinski FE, Anastasakis A et
al. Treatment of arrhythmogenic right ventricular cardiomyopathy/dysplasia: an
international task force consensus statement. Circulation 2015;132:441–53.

4. Kalam K, Otahal P, Marwick TH. Prognostic implications of global LV dysfunction:
a systematic review and meta-analysis of global longitudinal strain and ejection
fraction. Heart 2014;100:1673–80.

5. Vigneault DM, Te Riele ASJM, James CA, Zimmerman SL, Selwaness M, Murray B
et al. Right ventricular strain by MR quantitatively identifies regional dysfunction
in patients with arrhythmogenic right ventricular cardiomyopathy. J Magn Reson
Imaging 2016;43:1132–9.
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