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Despite arrhythmogenic right ventricular cardiomyopathy (ARVC) being predominantly a right ventricular
(RV) disease, concomitant left ventricular (LV) involvement has been recognized. ARVC is diagnosed by the
RV-centric 2010 Task Force Criteria(TFC) using routine echocardiography, but previous studies have sug-
gested that strain imaging may be more sensitive to detect RV and LV dysfunction. No data however are
available regarding the additional value of combining biventricular strain for risk stratification. This study
aims to assess the prognostic value of both LV global longitudinal strain (GLS) and RV free wall strain (FWLS)
in patients with ARVC. To accomplish this, 204 patients who met the TFC for the ARVC spectrum were
included. Patients (age 41 + 17 years,55% men) were divided into impaired(n = 33), discordant (RV or LV
impaired, n = 70), and normal (n = 101) strain groups based on a value of >18% for both ventricles. During a
follow-up of 87 [24—136] months, 57 (28%) experienced the composite outcome of all-cause mortality,
arrhythmic events, implantable cardioverter defibrillator therapy and heart failure events, and a significant
difference in event-free survival was observed (p <0.001) between the 3 groups. In the multivariable analy-
sis, the strain groups remained associated with outcomes (p = 0.014) after adjusting for age, sex, history of
syncope and definite ARVC diagnosis. A subanalysis including only definite and borderline diagnosed ARVC
confirmed that the strain groups were independently predictive of the endpoint (p = 0.023). In conclusion,
biventricular involvement by strain analysis may help risk stratification in ARVC patients, with the worst out-
comes of patients with both RV and LV impaired strain.

© 2025 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/)

Introduction

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is an
inherited cardiomyopathy characterized by progressive myocardial
atrophy and replacement with fibrous and fatty tissue, causing a pre-
disposition for ventricular arrhythmias, sudden cardiac death, and
ventricular dysfunction.'” While it is predominantly a right ventricu-
lar (RV) disease, involvement of the left ventricle (LV) has frequently

Abbreviations: ARVC, Arrhythmogenic right ventricular cardiomyopathy; EDV, End-
diastolic volume; EF, Ejection fraction; ESV, End-systolic volume; FAC, Fractional area
change; FH, Family history; FWLS, Free wall longitudinal strain; GLS, Global longitudi-
nal strain; ICD, Implantable cardioverter defibrillator; LV, Left ventricle; LVMI, Left ven-
tricular mass index; MR, Mitral regurgitation; PLAX, Parasternal long-axis; PSAX,
Parasternal short-axis; RV, Right ventricle; RVOT, Right ventricular outflow tract;
TAPSE, Tricuspid annular plane systolic excursion; TFC, Task Force Criteria; TR, Tricus-
pid regurgitation
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been observed;'* accordingly, the inclusion of LV abnormalities has
been considered in a more encompassing diagnosis of Arrhythmo-
genic Cardiomyopathy.

Currently however, the diagnosis of ARVC is still based on the
2010 revised Task Force Criteria (TFC). This system incorporates 6
components (structural, depolarization, repolarization, arrhythmia,
tissue and family history), with a combination of major and minor
criteria leading to the diagnosis of either definite, borderline or possi-
ble ARVC.? The structural component is mainly determined by imag-
ing (echocardiography or cardiac magnetic resonance imaging, CMR),
which includes the presence of RV dilation or RV dysfunction (using
fractional area change or ejection fraction to assess RV dysfunction),
and RV wall motion abnormalities. However, these criteria are mostly
present when structural damage is already severe. Since the intro-
duction and wide application of echocardiographic strain imaging,
various studies’>? have explored the value of 2D longitudinal strain
in patients with ARVC to detect ventricular involvement earlier or

0002-9149/© 2025 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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more accurately before regional wall motion abnormalities or myo-
cardial aneurysms occur. These studies demonstrated that reduced
RV free wall longitudinal strain (FWLS) was associated with worse
clinical outcomes or structural disease progression, with cut-off val-
ues of FWLS varying from 18% to 23%."°~° The recognition that the
LV may be involved in these patients (despite a normal LVEF), has
also promoted assessment of LV global longitudinal strain (GLS). Pre-
vious studies demonstrated that reduced LV GLS (<18%) in patients
with ARVC was associated with worse prognosis.”~'' The growing
evidence of the prognostic value of GLS is also reflected in the pro-
posed Padua criteria, and in recent recommendations advocating the
use of RV FWLS and LV GLS to assess ventricular involvement in
patients with suspected and diagnosed ARVC.!"'?

However, the prognostic value of concomitant biventricular
involvement (assessed by RV and LV strain) has not been studied
extensively. Accordingly, the aim of the current study is to assess the
frequency of biventricular involvement in patients with ARVC using
LV GLS and RV FWLS, as well as to assess the long-term prognostic
value of these parameters.

Material and Methods

Patients examined at the Leiden University Medical Center
(LUMC), The Netherlands, for ARVC either due to symptoms, struc-
tural findings or family history were screened for inclusion in this ret-
rospective study. Only individuals aged >16 years, who met the
revised 2010 TFC for at least possible ARVC diagnosis, were included.*
Patients without adequate echocardiographic images for strain analy-
sis were excluded. Of the initial 256 patients, 52 patients were
excluded (17 with inadequate image quality and 35 with insufficient
ARVC criteria). The final study population consisted of 204 patients.

Data on clinical characteristics, 12-lead electrocardiograms (ECG),
24-hour Holter monitoring, signal-averaged ECG, exercise stress test,
CMR, endocardial biopsy, and genetic testing were obtained
(when available) through the departmental Cardiology Information
system (EPD-Vision; Leiden University Medical Center, Leiden, The
Netherlands) and the Hospital Information System (Hix 6.3; Leiden
University Medical Center, Leiden, The Netherlands). The first echo-
cardiographic study available served as baseline, and the diagnosis
was assessed based on the available data at that time. The institu-
tional review board of the LUMC approved the retrospective analysis
of the clinically acquired data, and the need for written informed con-
sent was waived.

Transthoracic echocardiography was performed using commer-
cially available ultrasound systems (Vivid 7, Vivid E9 and E95; Gen-
eral Electric Healthcare, Horten, Norway) equipped with 3.5 MHz or
M5S-D transducers. Parasternal, apical, subcostal and suprasternal
views were obtained following current recommendations.”® Data
were digitally stored in DICOM cine-loop format for analysis using
commercially available software (Caas Qardia 2.0, Pie Medical Imag-
ing, Maastricht, the Netherlands), and were retrospectively analyzed.

Measurement of RV outflow tract dimensions involved assess-
ment of the parasternal long-axis and short-axis at the level of the
aortic valve views, which were then indexed to body surface area cal-
culated with the Dubois method. RV dimensions were assessed from
the RV focused view: the basal diameter was measured as the maxi-
mal transverse dimension of the basal one third of the RV at end-
diastole, and the mid-cavity diameter as the transverse diameter of
the middle third of the RV, halfway between the maximal basal diam-
eter and apex, at end-diastole. Fractional area change (FAC) was cal-
culated as the difference in percentage between the end-diastolic
and end-systolic areas, and tricuspid annular plane systolic excursion
(TAPSE) from M-mode recordings of the lateral tricuspid annulus.'?

LV dimensions were obtained from the parasternal long-axis
view, and used to calculate LV mass index using Devereux’s formula

and relative wall thickness. LV end-systolic and end-diastolic vol-
umes were measured from the apical four- and two-chamber views,
and LV ejection fraction was derived using the Simpson’s biplane
method.”®> The presence of significant valvular regurgitation was
determined through a multiparametric approach, in accordance with
current guidelines.'* Systolic pulmonary artery pressure was deter-
mined by the application of the Bernoulli equation on the TR jet peak
velocity and adding RA pressure. RA pressure was estimated based
on the inferior vena cava diameter and respiratory collapsibility.'>

RV and LV strain were assessed using speckle-tracking (Caas Qar-
dia 2.0) from the apical RV focused or four-chamber, and the apical
two-, three- and four-chamber views, respectively (Figure 1), in
accordance with current recommendations.’® The region of interest
was automatically determined but manually adjusted when neces-
sary. For RV function, FWLS was calculated from the average peak
longitudinal strain of the 3 free-wall segments. LV GLS was calculated
as the average peak longitudinal strain of 16 LV segments. All strain
results were reported as absolute (i.e. positive) values. Patients were
classified as having impaired RV or LV strain based on a previously
proposed cut-off value of 18%.%"!

The study endpoint comprised a composite of all-cause mortality,
ventricular arrhythmic events, appropriate Implantable cardioverter
defibrillator (ICD) therapy, and heart failure events. Mortality data
were obtained through the departmental Cardiology Information
System, which is linked to the governmental death registry database.
Ventricular arrhythmic events included aborted cardiac arrest or
documented sustained ventricular arrhythmias. Appropriate ICD
therapy was defined as either shocks or antitachycardia pacing for
ventricular tachycardia or fibrillation, as documented by device inter-
rogation records in the department information system. Lastly, heart
failure events were recorded as either consultation, emergency room
visit or hospitalization for symptoms and/or signs of heart failure,
supported by objective evidence of cardiogenic pulmonary or sys-
temic congestion and/or elevated natriuretic peptides.'®

For the statistical analysis, continuous variables were reported as
mean and standard deviation or median and interquartile range,
while categorical variables were presented as frequencies and per-
centages. Group comparisons were done using the ANOVA test or
chi-square test, as appropriate. For parameters with significant differ-
ences, a Bonferroni test was conducted to identify which groups were
different.

The correlation between LV GLS and RV FWLS was assessed using
the Pearson correlation test. To define impaired ventricular strain,
the previously proposed cut-off value of 18% was applied for both the
LV and RV.%!! However, to validate the applicability of the cut-off val-
ues to the study population, spline curve and ROC analyses were per-
formed to confirm which strain cut-off values were associated with
increased risk of adverse outcomes. Subsequently, patients were cat-
egorized into three groups: (1) Patients with impaired strain, com-
prising patients with both RV and LV strain <18%; (2) Patients with
discordant strain, consisting of patients with either RV or LV strain
<18%; and (3) Patients with normal strain, including patients with
biventricular strain >18%.

Survival curves were plotted using the Kaplan-Meier analysis,
stratified according to the strain groups, and were compared for sig-
nificant differences through the log-rank test. To determine the asso-
ciation between clinical and echocardiographic factors with
outcomes, Cox proportional hazards regression univariable analysis
was initially performed. Variables with a p-value <0.05, and which
were clinically relevant and not collinear with other factors, were
selected for inclusion into a multivariable model. The proportional
hazard assumption was verified based on Schoenfeld residuals. Sev-
eral clinical and diagnostic parameters were excluded because they
are already part of the TFC for ARVC diagnosis. To ascertain if the
strain groups remain to be significantly associated with outcomes, a
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Figure 1. Measurements for RV FWLS and LV GLS for a patient diagnosed with definitive ARVC. ARVC = arrhythmogenic right ventricular cardiomyopathy; FWLS = free wall longitudinal
strain; GLS = global longitudinal strain; LV = left ventricle; RV = right ventricle. Images obtained from Caas Qardia 2.0 (Pie Medical Imaging, Maastricht, the Netherlands).

sub-analysis on definite and borderline ARVC patients was also per-
formed.

Furthermore, to determine the value of adding biventricular strain
to ARVC diagnosis for risk stratification, likelihood ratios were calcu-
lated for a baseline model of age, sex and the ARVC diagnosis catego-
ries, then adding either RV FWLS, LV GLS or the strain groups. Both
strain measures were treated as categorical variables based on a
threshold of 18%.

Intraclass correlation coefficients (ICC) were calculated to assess
intra- and inter-observer variability of the RV FWLS and LV GLS in a
subset of 30 patients, of which 20 randomly selected, and 10 from
the discordant strain group. Mean bias and mean absolute error were
likewise determined. Analyses were done using SPSS for windows,
version 25 (SPSS, Armonk, NY) and RStudio version 2022.02.3 (R
Foundation for Statistical Computing, Vienna, Austria). A p-value
<0.05 was considered statistically significant.

Results

A total of 204 patients were included in the study, with a mean
age of 41 years, and a slight male predominance (55%). The most

frequently reported symptoms were palpitations and syncope or
near-syncope (Table 1). At the time of first echocardiography at
LUMC, 19 patients (9%) already had an ICD. Genetic test results were
available for only 126 patients (62%). Among these, (likely) patho-
genic variants in PKP2 gene were the most common, followed by
those in the DSP gene and the PLN founder variant, in accordance
with the list of genes with definitive or moderate evidence of patho-
genicity for ARVC.'® Diagnosis of definite, borderline and possible
ARVC was based on the TFC criteria, applied at the time of the initial
analyzable echocardiographic study. Figure S1 illustrates the distribu-
tion and breakdown of these parameters.

The ICC for RV FWLS and LV GLS showed excellent correlation for
both intra-observer and inter-observer reliability. Mean bias and
mean absolute error were also negligible, making reclassification
between the groups non-significant. Values are listed in Supplemen-
tal Table 1.

The correlation between RV FWLS and LV GLS revealed a modest
positive correlation between RV and LV strain (r = 0.674, p <0.001;
Figure S1). To confirm whether the cut-off values proposed in previ-
ous literature®'" were also associated with an increased hazard ratio
in this study cohort, spline curves were generated for both



64 A.P. Chua et al. / The American Journal of Cardiology 241 (2025) 6168

Table 1 parameters, confirming an increase in risk for values <18% (Figure 2).
Clinical characteristics of the study population The optimal cut-off value by Youden index was also 18% based on
ROC analysis (AUC of 0.702).

According to the abovementioned cut-off values, the 204 patients
Age, years 4a1£17 included were stratified as follows: impaired strain (n = 33), discor-

Total population (N = 204)

gﬂl\ille‘kn(%)z 112 (55) dant strain (n = 70), and normal strain (n = 101) groups. Table 2 lists
. kg/m 212+36 o _ . . .
History of palpitations, n (%) 44(22) the clinical characteristics based on this strain grouping, and Table 3
History of syncope/ near-syncope, n (%) 17(8) shows a comparison of their echocardiographic parameters. Signifi-
1CD, n (%) 19(9) cant differences were observed in RV dimensions (mid-cavity and
Ge;‘}(ep";m“ts' n (%) 7135) basal diameter) and measures of function (FAC, TAPSE, and FWLS) for
DSP 12(6) the impaired and discordant groups compared to the normal group.
PLN 12(6) Similarly, LV ejection fraction and GLS were both lower in the
DsC2 7(3) impaired and discordant groups.
DsG2 6(3) Over a median follow-up of 87 (IQR 32—138) months, 57 (28%)
TMEM43 2(1) . . d th . d-point. Durine foll 7
DES 201) patients experienced the composite end-point. During follow-up, 7:
Genes not associated with ARVC/ No variant 20(15) patients (35%) had an ICD. The most common outcome was appropri-
found ate ICD therapy (56%), followed by heart failure (21%), ventricular
Values are mean =+ SD, median (IQR), or n(%). ARVC= Arrhythmogenic Right Ventricu- arrhythmias (18%) and death (5%). Kaplan-Meier s_ur\(ival ana_lysis
lar Cardiomyopathy; BMI = Body mass index; DSC2 = desmocollin-2; DSG2 = (Central illustration—lower left panel) showed a significant differ-
desmoglein-2; DSP = desmoplakin; ICD = Implantable cardiac defibrillator; ence in the combined event-free survival when the patients were
DES = desmin; ~PKPZ ~ = plakophilin-2; PN = phospholamban; stratified according to the strain group (log-rank 2 = 51.17, p
TMEM43 = transmembrane protein 43.
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Figure 2. Spline curves for right ventricular free wall longitudinal strain (FWLS) (panel A) and left ventricular global longitudinal strain (GLS) (panel B), showing the applicability of
the cut-off values published in literature.®!' FWLS = free wall longitudinal strain; GLS = global longitudinal strain; LV = Left ventricle; RV = Right ventricle.

Table 2
Baseline clinical characteristics according to the strain groups

Impaired strain (n = 33) Discordant strain (n=70)  Normal strain (n=101)  P-value

Males (n,%) 23(70) 49 (70) 40 (40) 8 <0.001
Age, years 49 +17 43416 38+17% 0.004

BMI (kg/m?) 2344 2244 20 + 3%F <0.001
History of palpitations, n (%) 2(6) 20(29)« 22 (22)~ 0.035

History of syncope, n (%) 8(24) 7(10) 2(2) <0.001
ICD, n(%) 6(26) 10(31) 3(18) 0.589

Diagnosis by TFC criteria, n (%) <0.001
Definite 26(79) 35(50) 17 (17)

Borderline 6(18) 14 (20) 19(19)

Possible 1(3) 21(30) 65 (64)

Clinical and ECG parameters, n (%)

T wave inversion V1-V3 16 (48) 20(29) 9(9)*F <0.001
Any T wave inversion 22(67) 28 (41)“ 12 (12)*# <0.001
Epsilon waves in V1-V3 6(18) 0« 0« <0.001
NSVT or VT of LBBB morphology with superior axis 7(21) 14(20) 8(8)F 0.038

NSVT or VT of any morphology 26(79) 40(57) 23(23)%F <0.001
>500 Ventricular extrasystoles in 24 hours 15(68) 31(48) 25 (26)*# <0.001
ARVC in first degree relative 5(15) 26 (37)¢ 64 (63) %P <0.001
ARVC in first degree relative or presence of pathogenic variant 22(67) 48 (69) 86 (85)%# 0.015

Values are mean =+ SD, median (IQR), or n(%). P-values <0.05 were considered statistically significant and are shown in bold.

o p<0.05 on Bonferroni correction vs. impaired strain group; B p<0.05 on Bonferroni correction vs. discordant strain group.

ARVC = arrhythmogenic right ventricular cardiomyopathy; BMI = body mass index; ECG = electrocardiogram; LBBB = left bundle branch block; NSVT = non-sustained ven-
tricular tachycardia; TFC = task force criteria; VT = ventricular tachycardia.
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Table 3
Echocardiographic characteristics according to strain groups

Impaired strain (n =33)  Discordant strain (n=70)  Normal strain (n=101)  P-value

ECHOCARDIOGRAPHY: RV

RVOTprox PLAX indexed (mm/m?) 20+5 17 +£3¢ 17 +£3¢ <0.001
RVOTprox PSAX indexed (mm/m?) 20+5 17+£3¢ 17+3¢ 0.001

Basal diameter (mm) 47+9 40+ 7% 38+ 6% <0.001
Mid-cavity diameter (mm) 38+9 32+7% 29459 <0.001
FAC (%) 31+8 40+ 7% 47 +£7%F <0.001
TAPSE (mm) 17+£5 22 45 24+ 4% <0.001
FWLS (%) 13.1+£3.2 21.6 + 3.6 256+3.4% <0.001
Significant TR, n (%) 10(30) 4(6)“ 1(1)* <0.001
SPAP (mmHg) 29+ 10 25+9 25+7 0.065

ECHOCARDIOGRAPHY: LV

LVMI (g/m?) 88 423 84 + 26% 74 +19F 0.001

RWT 037 +£0.12 0.35+£0.08 0.35+0.08 0.448

EDV (ml) 129 + 46 136 + 31 131+31 0.476

ESV (ml) 64 + 37 56 &+ 14% 48 +13 %P <0.001
EF (%) 5249 58 + 4% 64+ 4P <0.001
EF< 50%, n(%) 10(30) 2(3)“ 0(0)«? <0.001
GLS (%) 123 +£3.1 16.0 £2.2¢ 207 £1.7%F <0.001

Significant MR, n(%) 1(3) 1(1) 2(2) 0.861

Values are mean + SD, median (IQR), or n(%). P-values <0.05 were considered statistically significant and are shown in bold.

o p<0.05 on Bonferroni correction vs. impaired strain group; B p<0.05 on Bonferroni correction vs. discordant strain group.

EDV = end diastolic volume; ESV = end-systolic volume; EF = ejection fraction; FAC = fractional area change; FWLS = free-wall longitudinal
strain; GLS = global longitudinal strain; LV = left ventricle; LVMI = left ventricular mass index; MR = Mitral regurgitation; PLAX = parasternal
long-axis; PSAX = parasternal short-axis; RV = right ventricle; RVOT = right ventricular outflow tract; RWT = relative wall thickness;
SPAP = systolic pulmonary artery pressure; TAPSE = tricuspid annular plane systolic excursion; TR = Tricuspid regurgitation.

Table 4 presents the univariable and multivariable Cox regression
analyses for the composite outcome. In the univariable analysis, the
discordant and normal groups had significantly better outcomes as

<0.001), indicating worse outcomes when either one or both ven-
tricles are involved. Event-free survival at 10 years was 36%, 67% and
84% for the impaired, discordant and normal strain groups, respec-

tively. compared to the impaired strain group. Correcting for age, sex,

Table 4

Univariable and multivariable cox regression analysis for the combined study endpoint

Univariable Analysis

Multivariable Analysis

Hazard Ratio (95% CI)  P- Value

Hazard Ratio (95% CI)  P-Value

Age

Male sex

History of Palpitations

History of Syncope

Definite ARVC diagnosis

Strain groups

Impaired

Discordant

Normal

T wave inversion in V1-V3

T wave inversion (any)

NSVT or VT of LBBB superior axis
NSVT or VT of any morphology
FH first degree relative or pathogenic mutation
RVOTprox PLAX/BSA
RVOTprox PSAX/BSA

RV basal diameter

RV mid-cavity diameter

RV FAC

RV FWLS

Significant TR

SPAP

LVMI

LVEDV

LV ESV

LVEF

LV GLS

Significant MR

1.023 (1.007- 1.039) 0.004
2.446 (1.372- 4.363) 0.002
0.573(0.271- 1.210) 0.144
4.555 (2.444- 8.492) <0.001
5.508 (3.085- 9.832) <0.001

Reference <0.001
0.311(0.171- 0.563) <0.001
0.116 (0.058- 0.232) <0.001
3.386 (2.004- 5.719) <0.001
4.361 (2.565- 7.417) <0.001
2.209 (1.208-4.039) 0.010
9.040 (4.430- 18.448) <0.001
0.593 (0.339- 1.038) 0.067

1.192(1.115- 1.274) <0.001
1.190(1.112- 1.274) <0.001
1.117(1.082- 1.152) <0.001
1.098 (1.065- 1.131) <0.001
0.920 (0.896- 0.944) <0.001
0.879(0.841- 0.919) <0.001
6.479 (3.461- 12.128) <0.001

1.039 (1.006- 1.073) 0.019
1.021 (1.012- 1.029) <0.001
1.003 (0.995- 1.011) 0.510
1.020 (1.011- 1.030) <0.001
0.911 (0.887- 0.936) <0.001

0.831(0.783-0.883) <0.001
2.691 (0.653- 11.085) 0.171

1.006 (0.990- 1.023) 0.464
1.721 (0.908- 3.262) 0.096

1.547 (0.759- 3.154) 0.230
3.526(1.849- 6.723) <0.001

Reference 0.014
0.436 (0.221- 0.858) 0.016
0.316 (0.135- 0.741) 0.008

ARVC = Arrhythmogenic Right Ventricular Cardiomyopathy; BSA = Body Surface Area; EDV = end diastolic volume; ESV; end-systolic
volume; EF = ejection fraction; FAC = fractional area change; FH = family history; FWLS = free-wall longitudinal strain; GLS = global
longitudinal strain; LV = left ventricle; LVMI = left ventricular mass index; MR = Mitral regurgitation; PLAX = parasternal long-axis;
PSAX = parasternal short-axis; RV = right ventricle; RVOT = right ventricular outflow tract; SPAP = systolic pulmonary artery pressure;
TAPSE = tricuspid annular plane systolic excursion; TR = Tricuspid regurgitation.
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symptoms and definite ARVC diagnosis on multivariable analysis, the
strain groups remained independently associated with the composite
outcome (p = 0.014), together with ARVC diagnosis by TFC criteria.

To confirm these findings in a population with more definitive
ARVC diagnosis, a sub-analysis on definite and borderline ARVC
patients (n = 117) was performed. These patients were stratified into
impaired (n = 32), discordant (n = 49), and normal (n = 36) strain
groups. During a median follow-up period of 56 months (IQR 9-124
months), 45% (n = 53) patients experienced events. Univariable cox
regression analysis showed that along with male sex, indexed proxi-
mal RVOT diameter, and the presence of T wave inversion and ven-
tricular tachycardia of any morphology, the strain groups were
associated with the combined outcome. After including these varia-
bles in a multivariable cox regression analysis, the strain groups
remained independently associated with adverse outcomes (Table
S2).

To evaluate the additional utility of measuring biventricular strain
when the ARVC diagnosis is already known, likelihood ratios were
obtained (Central illustration—lower right panel) ad showed the sig-
nificant additional value (chi-square change of 21.41, p = 0.012) of
the strain groups in establishing prognosis for these patients.

Discussion

This study was able to demonstrate the value of analyzing both RV
and LV strain in patients with ARVC, since the involvement defined
through strain of either one or both ventricles was significantly asso-
ciated with outcomes. Since the ARVC diagnosis based on the TFC is a
strong prognosticator, the additional prognostic value of this biven-
tricular strain grouping demonstrated across the spectrum of ARVC
diagnosis (from borderline to definite ARVC) further suggests that
this approach may help improve risk stratification in these patients.

Assessment of myocardial involvement and dysfunction is crucial
in ARVC patients both for diagnosis and risk-stratification purposes.
For the RV, conventional echocardiographic and CMR parameters
are currently applied; however, several echocardiographic strain
measures have been proposed, including longitudinal strain, but
also mechanical dispersion, deformation patterns, and post-systolic
shortening.!” Although all these parameters were associated with
outcomes in these patients, we opted to use specifically FWLS as the
simplest and most standardized parameter for clinical application.’
The choice of cut-off value for the definition of RV involvement was
made at 18% based on a previous study assessing the association of
this parameter with outcomes,® which was confirmed by the spline
curve analysis in the current cohort.

As for LV involvement, our approach using LV GLS (with a cut-off
value of 18% as well) is in line with the specific recommendations for
ARVC patients, which propose this measure as more sensitive than
LVEF; the choice is also in line with previous studies exploring the
association of this parameter with outcomes.!'!! However, the use of
longitudinal strain to define both RV and LV involvement has not
been explored extensively in ARVC patients. Pinamonti et al. intro-
duced the concept of “ordinal dysfunction” when both ventricles
were affected in these patients, but used only conventional echocar-
diographic parameters (LVEF <50% and FAC <33%), which are known
to have low sensitivity.'® Conversely, the work of Mast et al. also con-
sidered the concept of biventricular involvement in ARVC patients,
but only in terms of LV involvement according to GLS on top of iso-
lated RV involvement defined by the TFC structural criteria, but the
study included a limited number of patients (38 definite and 16 pos-
sible ARVC patients).'® They also performed a subanalysis in 27
patients with CMR, and showed that regional deformation abnormal-
ities in the LV corresponded to the areas with late gadolinium
enhancement; however, subtle myocardial dysfunction was detected
by strain also in patients without enhancement, suggesting other

possible myocardial abnormalities such as interstitial fibrosis or fatty
replacement. A recent study by Navasivayam et al.” examined the
diagnostic and prognostic utility of LV and RV strain in 109 patients
with suspected ARVC, but considered RV GLS, FWLS and LV GLS as
separate measures, to compare their accuracy for diagnosis and prog-
nosis. Their analysis was able to show that RV strain, both as global
strain and FWLS, had more diagnostic value, while LV GLS showed
superior prognostic value.” However, the effect of the interplay of
both strains was not considered, and the sample size was rather
small. In the current study, using both strain measures for LV and RV
involvement, we aimed at identifying (in the most sensitive but easily
applicable manner) patients at risk for adverse events, and including
a large cohort of patients across the spectrum of ARVC diagnosis
(from borderline to definite ARVC). In addition, we chose to catego-
rize patients into groups based on the impairment of one (discordant)
or both (impaired) ventricles, with the recognition that it may be pos-
sible to exhibit worse LV than RV involvement. This study in fact
identified a significant number of discordant patients, some of whom
only met the cut-off value for LV involvement, highlighting the need
for assessing both ventricular strains once a patient meets the criteria
for at least possible ARVC. Further studies are advocated to monitor
progression of biventricular involvement and to further characterize
these discordant patients.

Similar to other cardiomyopathies, initial studies have
shown the prognostic value of a combined biventricular
impairment in ARVC patients, although using only conventional
echocardiographic parameters and therefore possibly being late in
the disease stage when performing risk-stratification. Our current
study confirmed these findings, but using strain measures as a
more advanced and possibly more sensitive approach, and there-
fore reinforcing the concept of systematically assessing both ven-
tricular functions (RV and LV) in these patients. In addition, the
current study uniquely showed that the discordant strain group
was characterized by a different event-rate than those with nor-
mal strain or biventricular impairment. This may suggest different
patterns of involvement in these patients, which could be related
to specific clinical (or genetic) characteristics or to the disease
stage, but nevertheless underlines the importance of monitoring
this discordant group to potentially adjust management in a
timely manner.

Diagnosis and risk stratification of ARVC poses significant chal-
lenges. While advances in imaging (e.g. CMR) have provided novel
and possibly more accurate measures to define ventricular involve-
ment, these parameters are more difficult to implement in clinical
practice, often requiring advanced imaging techniques not widely
accessible, and specific expertise not always available. ARVC risk
scores have been proposed and were proven to be useful, although
these risk scores are still not systematically implemented, mainly due
to the number and complexity of variables included. The relatively
simple approach of measuring both LV and RV strain (on top of
parameters such as age, sex and ARVC diagnosis) proposed in the cur-
rent study may be considered a screening tool especially in centers
which do not have the diagnostic capabilities that other risk stratifi-
cation criteria necessitate. This study also demonstrates that classify-
ing patients into these strain groups is useful since outcomes may
differ if one or both ventricles are involved, even among patients
with borderline and definite ARVC, further helping in risk stratifying
these patients and selecting follow-up and management strategies.

This study has several limitations. First, the analyses were per-
formed in a relatively small population from a single tertiary center.
Although studies on ARVC are often small in size, larger studies are
needed to validate the reported findings. Given the variability of cut-
offs used in current literature, further research in larger cohorts of
patients are needed to make more definitive conclusions, especially
to establish standardized thresholds. In addition, agreement between
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echocardiography and other imaging modalities will be of value, par-
ticularly the difference in RV or LV involvement when conventional
echocardiography, strain, and CMR findings are examined. This will
greatly help in decision-making in terms of the diagnostics needed,
and for patient prognostication.

Second, clinical and diagnostic data were analyzed at the time of
the first echocardiogram. Since the true onset of the disease in a
patient is unknown, the evaluation may have been performed at dif-
ferent stages of the disease for each patient. Future studies should
therefore consider examining patients from a specific stage to assess
whether the current findings can be confirmed. Third, as a retrospec-
tive study, the available information is constrained by the diagnostic
tests conducted at the time and the data recorded in medical records.
Some patients were diagnosed before the 2010 TFC criteria, poten-
tially leading to incomplete diagnostic evaluations based on this cri-
terion. CMR, for example, was not systematically performed. Lastly,
although inter- and intra-observer agreement was excellent for the
RV and LV strain measurements and bias was minimal, patients with
borderline values may be reclassified into different strain groups
even with the acceptable variation of <2% for strain measurements.””
This is a limitation inherent to dichotomization of continuous meas-
ures.

In conclusion, strain imaging is a useful parameter to detect
biventricular involvement in patients within the whole spectrum of
ARVC diagnosis. A significant impairment of either one or both ven-
tricles in strain, is independently associated with worse outcomes
and may therefore help improve patient management and risk
stratification.
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