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replacement of the myocardium.1 The prevalence 
of ARVC in the general population is estimated 
at 1:2000 to 1:5000, and approximately 50% of 

INTROduCTION Arrhythmogenic right ventric‑
ular cardiomyopathy (ARVC) is a heart muscle 
disease characterized by progressive fibrofatty 
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INTROduCTION Arrhythmogenic right ventricular cardiomyopathy (ARVC) is a progressive disease lead‑
ing to ventricular arrhythmias and heart failure. Determining optimal time for heart transplantation (HTx) 
is challenging; therefore, it is necessary to identify risk factors for disease progression.
ObjECTIvEs The study aimed to identify predictors of end ‑stage heart failure and to evaluate the role 
of biomarkers in predicting adverse outcomes in ARVC.
PATIENTs ANd mEThOds A total of 91 individuals with ARVC (59 men; mean [SD] age, 47 [16] years) 
were included. In all patients, information on medical history was collected, electrocardiography and 
echocardiography were performed, and serum levels of selected biomarkers (soluble form of the ST2 
protein [sST2], galectin ‑3 [Gal ‑3], extracellular matrix metalloproteinases [MMP ‑2 and MMP ‑9], N ‑terminal 
pro–B ‑type natriuretic peptide [NT ‑proBNP], and high ‑sensitivity troponin T [hs ‑TnT]) were measured. 
Thereafter, the participants were followed for the primary end point of death or HTx, as well as the sec‑
ondary end point of major arrhythmic events (MAEs), defined as sudden cardiac death, ventricular fibril‑
lation, sustained ventricular tachycardia, or appropriate implantable cardioverter ‑defibrillator intervention.
REsuLTs During the median (interquartile range) follow ‑up of 36.4 (29.8–41.2) months, 13 patients 
(14%) reached the primary end point of death or HTx, and 27 (30%) experienced MAEs. The patients 
who achieved the primary end point had higher levels of sST2, MMP ‑2, NT ‑proBNP, and hs ‑TnT, but 
not of Gal‑3 and MMP‑9. Three factors turned out to be independent predictors of death or HTx: higher 
NT ‑proBNP concentration (≥890.3 pg/ml), greater right ventricular end ‑diastolic area (≥39 cm2), and 
a history of atrial tachycardia. None of the biomarkers predicted MAEs.
CONCLusIONs An NT ‑proBNP concentration greater than or equal to 890.3 pg/ml, right ventricular 
end‑diastolic area of 39 cm2 or greater, and a history of atrial tachycardia were identified as risk factors 
for death or HTx in ARVC. Higher levels of sST2, MMP ‑2, NT ‑proBNP, and hs ‑TnT were associated with 
reaching the primary end point of death or HTx. The biomarkers had no value in predicting ventricular 
arrhythmias.
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All patients had a definite diagnosis of ARVC ac‑
cording to the 2010 Task Force criteria,7 and no 
specific exclusion criteria were applied. Clinical 
evaluation was performed, and serum levels of 
the selected biomarkers were assessed. Thereaf‑
ter, the participants were followed for the pri‑
mary end point of cardiac death or HTx, and the 
secondary end point of major arrhythmic events 
(MAEs), defined as SCD, ventricular fibrillation 
(VF), sustained ventricular tachycardia (sVT), or 
appropriate ICD intervention.

The study conformed with the principles out‑
lined in the Declaration of Helsinki and was ap‑
proved by the institutional ethics committee 
(1703). All patients gave their written informed 
consent to participate in the study.

Patient population and clinical evaluation The study 
population consisted of 91 adults with a definite 
diagnosis of ARVC. The patients were interviewed 
for their medical history, including a history of 
ventricular and atrial arrhythmias, ICD interven‑
tions, and symptoms of HF. Atrial arrhythmias 
were defined as at least 1 episode of atrial fibril‑
lation (AF), atrial flutter (AFl), or atrial tachycar‑
dia (AT) lasting at least 30 seconds. Symptoms 
of fluid retention or liver congestion were classi‑
fied as a RV failure. The results of 12 ‑lead electro‑
cardiography and 24 ‑hour Holter echocardiogra‑
phy were analyzed. Standard transthoracic echo‑
cardiography was performed by experienced op‑
erators using M ‑mode, 2 ‑dimensional, and Dop‑
pler techniques.

biochemical analyses Serum was isolated from 
blood samples and stored at –80 °C. The levels of 
sST2, Gal ‑3, MMP ‑2, and MMP ‑9 were measured 
using the Quantikine enzyme ‑linked immunosor‑
bent assay (R&D Systems, Minneapolis, Minne‑
sota, United States). Levels of NT ‑proBNP and 
hs ‑TnT were assessed with Elecsys pro ‑BNP II 
STAT and Elecsys troponin T ‑high sensitive STAT 
tests, respectively (Roche Diagnostics, Mannheim, 
Germany). All tests were performed according to 
the manufacturer’s protocols.

statistical analysis Continuous variables were 
presented as medians with interquartile rang‑
es (IQRs), and the comparison of these vari‑
ables between 2 groups was performed using 
the Mann–Whitney test (the Shapiro–Wilk test 
showed that most of the studied variables did 
not follow a normal distribution). Categorical 
variables were expressed as frequencies and per‑
centages and were compared using the Fisher ex‑
act test. In ‑depth analysis was performed using 
the Cox proportional hazards model (univariable 
and multivariable). A receiver ‑operating charac‑
teristic (ROC) analysis was performed to establish 
the cutoff points for continuous variables includ‑
ed in the multivariable model. The Kaplan–Meier 
survival curves were used to represent the differ‑
ences in survival probability. The statistical sig‑
nificance of the abovementioned differences was 

patients have a positive family history.2 The dis‑
ease predominantly affects the right ventricle 
(RV), but biventricular and left ‑dominant forms 
are also observed.3 In most cases, ARVC is caused 
by pathogenic variants of genes encoding desmo‑
somal proteins, with plakophilin ‑2 gene (PKP2) 
mutations being the most common.4 Defects in 
the structure of desmosomes result in cardiac 
myocyte detachment, death, and subsequent re‑
placement with fibrous and fatty tissues.5 These 
changes lead to electrical instability and ventric‑
ular arrhythmias, as well as heart failure (HF) at 
later stages of the disease.6 The diagnosis of ARVC 
is based on a set of clinical criteria proposed and 
then revised by the International Task Force.7

Currently, due to widespread use of implant‑
able cardioverter ‑defibrillators (ICDs) to prevent 
sudden cardiac death (SCD), an increasing number 
of patients with ARVC develop HF.8 At advanced 
stages of the disease, heart transplantation (HTx) 
should be considered; however, selecting opti‑
mal time for this treatment remains challenging 
due to the predominant RV pathophysiology.9,10 
Numerous novel biomarkers have been recent‑
ly studied in cardiology, and the results suggest 
that some of them can be introduced into routine 
clinical practice. Among these novel biomarkers 
are those of myocardial fibrosis, such as the sol‑
uble form of the ST2 protein (sST2), galectin ‑3 
(Gal ‑3), and extracellular matrix metalloprotein‑
ases (MMPs).11 According to current knowledge, 
it seems that cardiac biomarkers could play a po‑
tential role in predicting the course of ARVC and 
may help identify HTx candidates.

PATIENTs ANd mEThOds study design The pur‑
pose of the study was to identify risk factors for 
end ‑stage HF in ARVC and to evaluate the prog‑
nostic value of markers of myocardial fibrosis 
(sST2, Gal ‑3, MMP ‑2, and MMP ‑9), as well as 
of N ‑terminal pro–B ‑type natriuretic peptide 
(NT ‑proBNP) and high ‑sensitivity troponin T 
(hs ‑TnT). A cohort of ARVC patients treated at the 
National Institute of Cardiology, Warsaw, Po‑
land was included into this single ‑center study. 

whAT’s NEw?

The study aimed to identify predictors for developing end ‑stage heart failure 
and to evaluate the role of biomarkers in predicting adverse outcomes in 
arrhythmogenic right ventricular cardiomyopathy (ARVC). We showed that 
some of the analyzed biomarkers (soluble form of the ST2 protein, extracel‑
lular matrix metalloproteinase [MMP]‑2, N ‑terminal pro–B ‑type natriuretic 
peptide, and high ‑sensitivity troponin T, but not galectin ‑3 and MMP ‑9) had 
a prognostic value for death or heart transplantation in ARVC, but none of 
them were useful for predicting ventricular arrhythmia. Moreover, we proposed 
a prognostic model for end ‑stage heart failure including 3 independent predic‑
tors: an NT ‑proBNP concentration greater than or equal to 890.3 pg/ml, right 
ventricular end ‑diastolic area greater than or equal to 39 cm2, and a history 
of atrial tachycardia. Such a model may be helpful for clinicians in the day‑
‑to ‑day management of patients with ARVC.
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regression were performed, and the results are 
shown in TAbLE 4. Three factors turned out to be 
independent predictors of death or HTx, name‑
ly, higher NT ‑proBNP concentration, greater RV 
end ‑diastolic area, and a history of AT. Based on 
the ROC analysis, the following cutoff points were 
obtained: NT ‑proBNP concentration greater than 
or equal to 890.3 pg/ml and RV end ‑diastolic area 
greater than or equal to 39 cm2. The Kaplan–Meier 
analysis of survival free from death or HTx de‑
pending on the number of predictors is shown 
in FIGuRE 2.

dIsCussION The incidence of end ‑stage HF lead‑
ing to death or HTx in ARVC is estimated at 2% 
to 22%.12 In the study population, the primary 
end point was reached by 14% of the patients. 
Many previous studies8,13-16 analyzed the risk fac‑
tors for poor prognosis in ARVC, but in the vast 
majority of them, the composite end point was 
defined as death from cardiological causes, with 
arrhythmia ‑related SCD being the most com‑
mon. In these studies, the prognostic factors in‑
cluded, for example, a history of sustained ven‑
tricular arrhythmia, RV dysfunction, LV involve‑
ment, or symptoms of RV failure. However, lit‑
tle is known about the factors associated with 
developing HF in ARVC, including end ‑stage HF.

According to the published research, younger 
age at diagnosis of ARVC (<35 years) is a risk fac‑
tor for death and HTx.17,18 In our study, the pa‑
tients who reached the primary end point were 
younger at the time of the diagnosis, but the dif‑
ference was not significant. Of note, the medi‑
an age at diagnosis in the subgroup that devel‑
oped end ‑stage HF was below 35 years, which is 
consistent with the results of a Nordic registry.17 
There is no strong evidence in the literature of 
a relationship between a positive family history 
of ARVC or proband status and the risk of devel‑
oping HF,14,17,19 which is confirmed by our results. 
However, genotype is known to influence prog‑
nosis, and certain mutations (DSG ‑2, DSP, PLN) 
are associated with a higher risk of HF and LV in‑
volvement.20-22 Moreover, the presence of more 
than 1 pathogenic variant is a risk factor for HTx 
due to HF.20,21 Unfortunately, in our study, ge‑
netic testing was not performed in all patients.

Arrhythmia is a common manifestation of 
ARVC. An association between ventricular ar‑
rhythmia and HF has not been reported.12 In this 
study, a history of VF or unstable sVT was more 
frequent in the patients who reached the end 
point, with borderline statistical significance. On 
the other hand, atrial arrhythmias turned out to 
be a strong predictor of death or HTx. In the study 
population, atrial arrhythmias were present in 
36% of all patients and 77% of those who achieved 
the primary end point. AF was the most com‑
mon, but only AFl or AT predicted the end point. 
Among the considered types of atrial arrhyth‑
mia, only AT was an independent risk factor for 
death or HTx. Previous research showed that atri‑
al arrhythmia is more common in ARVC patients 

established using the log ‑rank test. P values be‑
low 0.05 were considered significant. Statistical 
calculations were performed using JASP and Sta‑
tistica 12 software (Kraków, Poland).

REsuLTs Patient characteristics and clinical out-
comes A total of 91 patients with ARVC were 
enrolled in the study. The majority of them were 
men (65%), and the median (IQR) age was 50 
(36–60) years. Most of the patients experienced 
ventricular arrhythmia in the past, and 62 (68%) 
needed an ICD implantation. More than one‑
‑third had a history of atrial arrhythmia (AF, AFl, 
or AT). Symptoms of RV failure were present in 
16 individuals (18%), and the median (IQR) New 
York Heart Association class was 1 (1–2). Base‑
line characteristics of the study population, along 
with the echocardiographic parameters and bio‑
marker levels, are presented in TAbLE 1.

During the median (IQR) follow ‑up of 36.4 
(29.8–41.2) months, 13 patients (14%) reached 
the composite end point of death or HTx, with 
HTx being more common (10 patients). Among 
the 3 deaths, 2 were due to end ‑stage HF, and 
there was 1 case of SCD in a patient with severe 
RV damage who had an ICD implanted. All HTxs 
were performed due to HF. At the same time, 27 
participants (30%) experienced MAEs. Specific 
data about adverse outcomes during the follow‑
‑up are shown in TAbLE 2.

biomarkers in predicting adverse outcomes Among 
the studied biomarkers, significantly higher lev‑
els of sST2, MMP ‑2, NT ‑proBNP, and hs ‑TnT were 
found in the patients who achieved the composite 
end point of death or HTx (P <0.001 for all cas‑
es; TAbLE 1). No such relationship was observed 
for Gal ‑3 or MMP ‑9. The median concentrations 
of the studied biomarkers, along with their dis‑
tribution in the patients with and without death 
or HTx during the follow ‑up, are presented in 
FIGuRE 1. None of the biomarkers predicted MAEs 
(TAbLE 3).

Prognostic factors for death or heart transplanta-
tion A comparison of subpopulations that did or 
did not reach the primary end point is presented 
in TAbLE 1. The patients who reached the end point 
of death or HTx more often had a history of atri‑
al arrhythmia (AFl and AT, but not AF), symp‑
toms of HF, wider QRS complexes, and presence 
of the epsilon wave on ECG. Moreover, they pre‑
sented with more advanced RV impairment (re‑
garding its dimensions and systolic function, as 
well as moderate / severe tricuspid regurgitation), 
lower left ventricular (LV) ejection fraction, and 
greater right (but not left) atrial enlargement. 
Finally, as mentioned before, significantly high‑
er levels of sST2, MMP ‑2, NT ‑proBNP, and hs‑
‑TnT were found in the patients who died or un‑
derwent HTx during the follow ‑up.

Univariable and multivariable analyses of 
clinical variables associated with the primary 
end point using the Cox proportional hazards 
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TAbLE 1 Baseline characteristics of the study population

Variable All patients (n = 91) No death / HTx 
(n = 78)

Death / HTx (n = 13) P value

Male sex 59 (65) 51 (65) 8 (62) 0.79

Age, y 50 (35–60) 51 (35–60) 39 (30–56) 0.32

Total TFC score, points 6 (5–7) 6 (5–7) 7 (7–9) 0.03

History of sports activity 31 (34) 28 (36) 3 (23) 0.37

Family history of ARVC 22 (24) 16 (21) 6 (46) 0.048

Age at diagnosis, y 35 (24–49) 36 (26–51) 28 (20–38) 0.08

History of ventricular 
arrhythmia

SCD 13 (14) 9 (12) 4 (31) 0.07

Syncope 48 (53) 38 (49) 10 (77) 0.06

VF 11 (12) 8 (10) 3 (23) 0.20

sVT 61 (67) 49 (63) 12 (92) 0.04

nsVT 71 (78) 60 (77) 11 (85) 0.54

>500 PVBs/24 h 82 (90) 69 (88) 13 (100) –

PVBs/24 h, count 1342 (495–3467) 1256 (484–3679) 1805 (978–3312) 0.57

Catheter ablation of VT 40 (44) 34 (44) 6 (46) 0.87

ICD 62 (68) 49 (63) 13 (100) –

Appropriate ICD interventions (n = 62) 37 (60) 28 (36) 9 (69) 0.44

Inappropriate ICD interventions (n = 62) 18 (29) 10 (13) 8 (62) 0.004

Atrial arrhythmia Any type 33 (36) 23 (29) 10 (77) 0.001

AF 24 (26) 18 (23) 6 (46) 0.08

AFl 8 (9) 3 (4) 5 (38) <0.001

AT 12 (13) 6 (8) 6 (46) <0.001

Symptoms Symptoms of RV failure 16 (18) 8 (10) 8 (62) <0.001

NYHA class 1 (1–2) 1 (1–1) 3 (2–3) <0.001

NYHA class III/IV 11 (12) 4 (5) 7 (54) <0.001

Electrocardiography 
(n = 89)

QRS duration in V1–V3, ms 120 (110–140) 120 (110–130) 150 (130–160) 0.01

Epsilon wave 28 (31) 20 (26) 8 (62) 0.01

TWI in precordial and 
inferior leads

5 (4–7) 5 (4–7) 5 (2–6) 0.2

Echocardiography RVOT diameter, m 40 (35–50) 39 (34–45) 52 (50–57) <0.001

RVIT diameter, mm 48 (43–57) 47 (41–55) 60 (57–66) <0.001

RVED area, cm2 (n = 90) 33.6 (25.9–41.2) 31.4 (25.3–38.4) 44.3 (40.8–46.2) <0.001

RV FAC, % (n = 90) 30 (25–37) 32 (26–37) 19 (14–26) <0.001

LVEF, % 60 (45–65) 60 (55–65) 40 (27–45) <0.001

LV involvement (LVEF ≤50%) 29 (32) 17 (22) 12 (92) <0.001

Severe LV damage 
(LVEF <35%)

10 (11) 5 (6) 5 (38) <0.001

Moderate / severe TR 26 (29) 14 (18) 12 (92) <0.001

RAA, cm2 (n = 90) 22.5 (18–30) 21.4 (17.7–26.7) 38.0 (29.1–48.1) <0.001

LAA, cm2 (n = 90) 20.8 (17–25.1) 20.8 (17.1–24.3) 25.2 (15.2–30) 0.63

Biomarkers sST2, ng/ml 20.0 (16.1–25.8) 18.4 (15.4–24.2) 31.9 (22.5–49) <0.001

Gal ‑3, ng/ml 8.2 (7.0–9.9) 8.2 (7.0–9.9) 8.2 (7.3–9.9) 0.66

MMP ‑2, ng/ml 227.3 (191.4–260.7) 220.4 (188.4–241.6) 313.3 (258.0–416.9) <0.001

MMP ‑9, ng/ml 473.9 (322.7–773) 483.1 (341.8–781.9) 369.9 (257.5–594.4) 0.22

NT ‑proBNP, pg/ml 272.1 (90.1–914) 224.8 (80.3–582.3) 2521 (1290.0–3569) <0.001

hs ‑TnT, ng/l 8.7 (6–14) 8.2 (5.9–12) 21.8 (11.2–30) <0.001

Follow ‑up duration, mo 36.4 (29.8–41.2) 37.2 (32.2–43.4) 18.2 (10–24.3) <0.001

Data are presented as number (percentage) of patients or median (interquartile range).

Abbreviations: AF, atrial fibrillation; AFl, atrial flutter; ARVC, arrhythmogenic right ventricular cardiomyopathy; AT, atrial tachycardia; FAC, fractional 
area change; Gal‑3, galectin‑3; hs‑TnT, high‑sensitivity troponin T; ICD, implantable cardioverter ‑defibrillator; LAA, left atrial area; LV, left ventricle; 
LVEF, LV ejection fraction; MMP, extracellular matrix metalloproteinase; nsVT, nonsustained ventricular tachycardia; NT‑proBNP, N‑terminal pro–B‑type 
natriuretic peptide; NYHA, New York Heart Association; PVBs, premature ventricular beats; RAA, right atrial area; RV, right ventricle; RVED area, RV 
end ‑diastolic area; RVIT, RV inflow tract; RVOT, RV outflow tract; SCD, sudden cardiac death; sST2, soluble form of the ST2 protein; sVT, sustained 
ventricular tachycardia; TFC, Task Force Criteria; TR, tricuspid regurgitation; TWI, T ‑wave inversion; VF, ventricular fibrillation
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with end ‑stage HF and is a risk factor for death 
and HTx.23,24 However, in these studies, atrial ar‑
rhythmia was not categorized into different types. 
The occurrence of AT (most often right ‑sided AT) 
may result from right atrial impairment, second‑
ary to RV dilatation and systolic dysfunction, and 
is associated with more advanced stages of ARVC.

According to current knowledge, changes on 
ECG also have a prognostic value in ARVC. First‑
‑degree atrioventricular block, low voltage of 
the QRS complexes, inversion of T waves in leads 
V4–V6, and the presence of epsilon wave were 
previously associated with HF progression.12,21,25 

TAbLE 2 Adverse outcomes during the follow ‑up

Outcome All patients (n = 91)

Death All ‑cause 3 (3)

Death due to HF 2 (2)

SCD 1 (1)

HTx due to HF 10 (11)

HF hospitalization 12 (13)

MAE (SCD/VF/sVT/appropriate ICD intervention) 27 (30)

Data are presented as number (percentage) of patients.

Abbreviations: HF, heart failure; HTx, heart transplantation; MAE, major arrhythmic 
event; others, see TAbLE 1

FIGuRE 1  Concentrations of the analyzed biomarkers (A – sST2; b – Gal‑3; C – MMP‑2; d – MMP‑9; E – NT‑proBNP; F – hs‑TNT) in the patients who 
did or did not reach the composite end point of death or heart transplantation (HTx) during the follow ‑up. Lines within boxes represent median values, 
boxes represent interquartile ranges, whiskers represent minimum and maximum values, and circles represent outliers. 
Abbreviations: see TAbLE 1
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of death or HTx during the follow ‑up. Similar obser‑
vations have already been published,17,25 but these 
studies did not assess atrial size.

To date, only a single study evaluated the role 
of biomarkers in predicting end ‑stage HF in 
ARVC. Akdis et al26 in 2022 showed that sST2 
and growth differentiation factor ‑15 (GDF‑15), 

We found a higher incidence of epsilon wave and 
a longer QRS duration in leads V1–V3 in the pa‑
tients who reached the primary end point.

In our study, we proved a very strong relation‑
ship between RV dilatation, right and LV systolic 
dysfunction, tricuspid regurgitation as well as right 
(but not left) atrial enlargement, and the occurrence 

TAbLE 3 Biomarker levels in the patients with and without major arrhythmic events during the follow ‑up

Biomarker No MAEs (n = 64) MAEs (n = 27) P value

sST2, ng/ml 18.6 (15.9–24.5) 22.5 (16.9–26.6) 0.27

Gal ‑3, ng/ml 8.3 (7.3–9.8) 8.0 (6.1–11.2) 0.71

MMP ‑2, ng/ml 224.1 (189–256.2) 233.6 (192.6–285.7) 0.48

MMP ‑9, ng/ml 474.7 (323.5–722.7) 469.7 (338.1–833.2) 0.78

NT ‑proBNP, pg/ml 264.3 (107.1–691.5) 585.1 (83–1231) 0.25

hs ‑TnT, ng/l 9.2 (6–12.9) 8.5 (6.5–20.5) 0.39

Data are presented as median (interquartile range).

Abbreviations: see TAbLEs 1 and 2

TAbLE 4 Cox proportional hazards regression analysis of clinical variables associated with death or heart 
transplantation

Predictor Cox proportional hazards model

Univariable analysis Multivariable analysis

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

Total TFC score 1.56 (1.06–2.30) 0.03 – –

Medical history

Family history of ARVC 3.00 (1.00–8.93) 0.049 – –

VF or unstable sVT 3.76 (1.03–13.66) 0.04 – –

AFl 8.79 (2.87–26.99) <0.001 – –

AT 7.65 (2.56–22.88) <0.001 7.52 (1.95–28.90) 0.003

Permanent atrial arrhythmia 13.86 (4.18–45.97) <0.001 – –

Symptoms

Symptoms of RV failure 10.03 (3.26–30.83) <0.001 – –

NYHA class 11.87 (3.95–35.67) <0.001 – –

Electrocardiography

Epsilon wave 4.10 (1.33–12.69) 0.01 – –

QRS duration in V1–V3 1.02 (1.01–1.03) 0.004 – –

Echocardiography

RVOT diameter 1.12 (1.07–1.18) <0.001 – –

RVIT diameter 1.15 (1.08–1.24) <0.001 – –

RVED area 1.11 (1.06–1.17) <0.001 1.12 (1.02–1.22) 0.01

RV FAC 0.83 (0.77–0.90) <0.001 – –

LVEF 0.91 (0.88–0.95) <0.001 – –

LV involvement (LVEF ≤50%) 30.80 (4.00–236.95) <0.001 – –

Severe LV damage (LVEF <35%) 7.31 (2.38–22.45) <0.001 – –

Moderate / severe TR 39.02 (5.07–300.42) <0.001 – –

RAA 1.10 (1.06–1.14) <0.001 – –

Biomarkers

sST2 (ln) 31.61 (8.32–120.16) <0.001 – –

MMP ‑2 (ln) 89.01 (14.58–543.41) <0.001 – –

NT ‑proBNP (ln) 6.07 (2.69–13.72) <0.001 5.13 (2.06–12.8) <0.001

hs ‑TnT (ln) 2.40 (1.42–4.04) 0.001 – –

Abbreviations: HR, hazard ratio; others, see TAbLE 1
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identifying the optimal time to place the patient 
on the HTx waiting list. In addition, it has been 
shown that elevated levels of biomarkers, includ‑
ing NT ‑proBNP but also high ‑sensitivity C ‑reactive 
protein and procalcitonin, could indicate increased 
risk of death during 1 ‑year follow ‑up in ambula‑
tory patients with advanced HF awaiting HTx.28

Regarding the prediction of ventricular ar‑
rhythmias, we did not observe any relationship 
between biomarker levels and the occurrence of 
MAEs during the follow ‑up. A similar observation 
for sST2 and Gal ‑3 was made by Akdis et al.26 Pre‑
viously, in small groups of ARVC patients, an as‑
sociation was found between ventricular arrhyth‑
mia during the follow ‑up and the concentration 
of Gal ‑329 as well as of NT ‑proBNP and hs ‑TnT.30

study limitations This was a single ‑center study 
performed in a limited number of ARVC patients 
recruited at an ARVS referral center in Poland. 
For this reason, there could be a selection bias 
and the study population consisted of patients 
with more advanced disease (eg, the rate of atri‑
al arrhythmias was very high: 36%, as compared 
with 18% reported in a meta ‑analysis).31 However, 
the results are still valuable and apply to the ARVC 
patients with a more severe manifestation of 
the disease, in whom the risk of HF progression 
should be assessed and referral for HTx should 
be considered. Certainly, the obtained results re‑
quire validation in a larger cohort. Unfortunately, 

but not Gal ‑3, predicted the composite end point 
of HTx or death from HF, and the combination 
of these biomarkers with NT ‑proBNP yielded 
an even better outcome prediction. Our results 
are generally consistent with those reported by 
Akdis et al26. We showed that higher concentra‑
tions of sST2, MMP ‑2, NT ‑proBNP, and hs ‑TnT, 
but not of Gal ‑3 and MMP ‑9, predicted the pri‑
mary end point. Among these biomarkers, only 
NT ‑proBNP (cutoff value ≥890.3 pg/ml; refer‑
ence range <125 pg/ml for adults younger than 75 
years old and <450 pg/ml for adults aged 75 years 
or older) was an independent predictor of death 
or HTx. In addition to NT ‑proBNP, also RV end‑
‑diastolic area (cutoff value ≥39 cm2) and the his‑
tory of AT were identified in the multivariable 
model predicting death or HTx. Until recently, 
no specific models determining the predictors 
of adverse HF outcomes in ARVC were available. 
The first such model assessing the risk of end‑
‑stage HF was published by Chen et al27 in 2022. 
It incorporated 4 clinical parameters: LV ejection 
fraction, serum creatinine levels, moderate ‑to‑
‑severe tricuspid regurgitation, and AF. However, 
no biomarkers except for NT ‑proBNP were ana‑
lyzed in that study, and no types of atrial arrhyth‑
mia other than AF were assessed. Undoubtedly, 
development of such models and their validation 
in large cohorts of ARVC patients are needed from 
the clinical point of view, since they can assist cli‑
nicians in evaluating the risk of end ‑stage HF and 

FIGuRE 2  Kaplan–Meier analysis of survival free from death or heart transplantation according to RVED area (A), NT‑proBNP concentration (b), 
history of AT (C), and the number of predictors included in the model (d) 
Abbreviations: see TAbLE 1
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try. Eur Heart J. 2011; 32: 1105‑1113. 
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associated with desmoglein ‑2 mutations compared to plakophilin ‑2 muta‑
tions in arrhythmogenic right ventricular cardiomyopathy / dysplasia. Eur J 
Heart Fail. 2019; 21: 792‑800. 

23 Camm CF, James CA, Tichnell C, et al. Prevalence of atrial arrhyth‑
mias in arrhythmogenic right ventricular dysplasia / cardiomyopathy. Heart 
Rhythm. 2013; 10: 1661‑1668. 

24 Saguner AM, Ganahl S, Kraus A, et al. Clinical role of atrial arrhythmias 
in patients with arrhythmogenic right ventricular dysplasia. Circ J. 2014; 
78: 2854‑2861. 

25 Kimura Y, Noda T, Matsuyama TA, et al. Heart failure in patients with 
arrhythmogenic right ventricular cardiomyopathy: what are the risk factors? 
Int J Cardiol. 2017; 241: 288‑294. 

26 Akdis D, Chen L, Saguner AM, et al. Novel plasma biomarkers predict‑
ing biventricular involvement in arrhythmogenic right ventricular cardiomy‑
opathy. Am Heart J. 2022; 244: 66‑76. 

27 Chen S, Chen L, Saguner AM, et al. Novel risk prediction model to de‑
termine adverse heart failure outcomes in arrhythmogenic right ventricular 
cardiomyopathy. J Am Heart Assoc. 2022; 11: e024634. 

28 Szczurek‑WasilewiczW,GąsiorM,SkrzypekM,etal.Predictorsof
1‑year mortality in ambulatory patients with advanced heart failure awaiting 
heart transplant. Pol Arch Intern Med. 2022; 132: 16151. 

29 Oz F, Onur I, Elitok A, et al. Galectin ‑3 correlates with arrhythmogen‑
ic right ventricular cardiomyopathy and predicts the risk of ventricular ar‑
rhythmias in patients with implantable defibrillators. Acta Cardiol. 2017; 72: 
453‑459. 

30 Akdis D, Saguner AM, Shah K, et al. Sex hormones affect outcome 
in arrhythmogenic right ventricular cardiomyopathy / dysplasia: from a stem 
cell derived cardiomyocyte ‑based model to clinical biomarkers of disease 
outcome. Eur Heart J. 2017; 38: 1498‑1508. 

31 Rujirachun P, Wattanachayakul P, Charoenngam N, et al. Prevalence of 
atrial arrhythmia in patients with arrhythmogenic right ventricular cardiomy‑
opathy: a systematic review and meta ‑analysis. J Cardiovasc Med (Hager‑
stown). 2020; 21: 368‑376. 

genotype was not included as a risk factor due to 
the restricted number of genetic tests in the study 
population. Magnetic resonance imaging results 
were also not considered, as nearly half of the pa‑
tients did not have a valid imaging scan due to 
an ICD. Moreover, some patients had symptoms 
of HF at the time of enrollment into the study. 
Models assessing the long ‑term risk of devel‑
oping end ‑stage HF in asymptomatic patients 
would be needed.

Conclusions HF is a significant clinical problem in 
ARVC. Assessment of the risk for developing end‑
‑stage HF and choosing the optimal time for HTx 
remain challenging. We showed that certain bio‑
markers (sST2, MMP ‑2, NT ‑proBNP, and hs ‑TnT, 
but not Gal ‑3 and MMP ‑9) were prognostic factors 
for death or HTx in ARVC, while none of the an‑
alyzed biomarkers predicted ventricular arrhyth‑
mia. Moreover, we proposed a prognostic model 
for end ‑stage HF including 3 independent predic‑
tors: an NT ‑proBNP concentration greater than or 
equal to 890.3 pg/ml, RV end ‑diastolic area greater 
than or equal to 39 cm2, and a history of AT. Such 
a model may be helpful for clinicians in day ‑to ‑day 
management of patients with ARVC.
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