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Novel Risk Prediction Model to Determine
Adverse Heart Failure Outcomes in
Arrhythmogenic Right Ventricular
Cardiomyopathy
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BACKGROUND: Patients with arrhythmogenic right ventricular cardiomyopathy are at risk for life-threatening ventricular tachyar-
rhythmias, but progressive heart failure (HF) may occur in later stages of disease. This study aimed to characterize potential
risk predictors and develop a model for individualized assessment of adverse HF outcomes in arrhythmogenic right ventricular
cardiomyopathy.

METHODS AND RESULTS: Longitudinal and observational cohorts with 290 patients with arrhythmogenic right ventricular cardio-
myopathy from the Fuwai Hospital in Beijing, China, and 99 patients from the University Heart Center in Zurich, Switzerland,
with follow-up data were studied. The primary end point of the study was heart transplantation or death attributable to HF.
The model was developed by Cox regression analysis for predicting risk and was internally validated. During 4.92+3.03years
of follow-up, 48 patients reached the primary end point. The determinants of the risk prediction model were left ventricu-
lar ejection fraction, serum creatinine levels, moderate-to-severe tricuspid regurgitation, and atrial fibrillation. Implantable
cardioverter-defibrillators did not reduce the occurrence of adverse HF outcomes.

CONCLUSIONS: A novel risk prediction model for arrhythmogenic right ventricular cardiomyopathy has been developed using 2
large and well-established cohorts, incorporating common clinical parameters such as left ventricular ejection fraction, serum
creatinine levels, tricuspid regurgitation, and atrial fibrillation, which can identify patients who are at risk for terminal HF events,
and may guide physicians to assess individualized HF risk and to optimize management strategies.
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See Editorial by Wang and Calkins.

(ARVC) is a hereditary disease, characterized by
fibrofatty replacement of the right ventricular (RV)
myocardium, and is mainly caused by desmosomal
gene mutations.! Patients are at risk for life-threatening

Arrhythmogenic right ventricular cardiomyopathy

ventricular tachyarrhythmias from early on, but pro-
gressive heart failure (HF) may also occur during later
stages of disease.? Different from common myocar-
dial diseases, such as dilated cardiomyopathy, which
mainly present with left ventricular (LV) dysfunction,
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CLINICAL PERSPECTIVE

What Is New?

e This is the first risk prediction model for end-
stage heart failure events in patients with ar-
rhythmogenic right ventricular cardiomyopathy
(ARVC).

e For the first time, tricuspid regurgitation and
atrial fibrillation are included in the risk predic-
tion model in ARVC.

What Are the Clinical Implications?

e Heart failure is a nonnegligible, but yet still
underrecognized, problem in ARVC disease
progression.

e This prediction model provides relatively ac-
curate risk of adverse heart failure outcomes
in patients with ARVC, evaluates the efficiency
of current treatment strategy, lists patients for
heart transplantation, and counsels patients
about end-of-life issues.

e Physicians may consider early surgical interven-
tion of tricuspid regurgitation or catheter abla-
tion for atrial fibrillation in patients with ARVC
with high scores based on our model.

Nonstandard Abbreviations and Acronyms

ARVC  arrhythmogenic right ventricular
cardiomyopathy

AVB atrioventricular block

HTx heart transplantation

TR tricuspid regurgitation

ARVC often causes RV dysfunction that may later pro-
gress to biventricular HF. In recent years, there have
been major improvements in the prevention, risk strati-
fication, and management of ventricular tachyarrhyth-
mias in ARVC.3-8 These patients are often considered
candidates for implantable cardioverter-defibrillator
therapy to reduce the risk of sudden cardiac death.
As the overall survival in ARVC has improved, it has
become more common to observe biventricular dys-
function along with typical symptoms of HF, such as
shortness of breath, abdominal swelling, and edema.’
In 5% to 20% of probands with ARVC, adverse out-
comes related to HF have been reported.®-?

HF prediction models have been introduced for
ischemic and nonischemic cardiomyopathy, which
serve as useful tools for physicians to determine the
prognosis of their patients.'®"* However, no specific
model is yet available for patients with ARVC to deter-
mine adverse HF outcomes. Previous studies focusing
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on HF in ARVC vyielded several clinical parameters
related to structural remodeling, cardiac dysfunction,
and electrical abnormalities that were associated with
adverse HF outcomes, such as heart transplantation
(HTx) or death attributable to HF, but these studies only
included small numbers of patients and had limited
statistical power.215-19

In this study, we aimed to characterize the natural
history of HF in a large cohort of patients with RV-
dominant ARVC and develop the first prediction model
to assess the risk of end-stage HF outcome in an indi-
vidual patient.

METHODS
Study Design

The risk prediction model was developed in accord-
ance with a previously published method.?® Clinical
data were collected independently in 2 observational
and longitudinal ARVC cohorts (Chinese cohort from
the Fuwai Hospital in Beijing, China and Swiss cohort
from the University Heart Center in Zurich, Switzerland)
were combined for statistical analyses. The data that
support the findings of this study are available from the
corresponding author upon reasonable request.

The study was performed according to the
Declaration of Helsinki and was approved by the in-
stitutional ethical boards of both institutions. Patients
in both cohorts signed informed consent before
enrollment.

Study Inclusion and Exclusion Criteria
Patient registries of the Fuwai Hospital in Beijing and
the University Heart Center in Zurich collected data
about patients with ARVC and their relatives since
1991 and 2001, respectively. Registry patients were
included in this study, if they (1) were probands who
met the 2010 Revised ARVC Task Force Criteria,?" and
(2) had complete clinical evaluations, including imaging
examinations to assess cardiac structure and function.
We excluded patients who (1) reached the terminal
stage of HF or were already considered for HTx at the
time of enroliment, (2) had HTx or death not caused by
HF, (3) had other concomitant cardiac diseases caus-
ing arrhythmia or HF, including (4) experienced noncar-
diac complications during follow-up, and (5) were lost
to follow-up during the study period.

Study Population and Clinical
Characterization

Initially, a total of 348 patients from the Chinese ARVC
cohort were consecutively enrolled for model building
from January 2001 to August 2018, and a total of 115
patients were enrolled from the Swiss ARVC cohort from
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April 1991 to November 2018. After screening for the ex-
clusion criteria, 290 patients in the Chinese cohort and
99 patients in the Swiss cohort were ultimately included
for subsequent risk prediction model development.

The baseline clinical data were obtained from med-
ical records, including symptoms before or at the time
of first hospitalization, 12-lead electrocardiography,
transthoracic echocardiography, 24-hour Holter elec-
trocardiography monitoring, serological results, and
genetic test findings. The characteristics of patients
with missing data were assumed to be random and
were imputed by the k-nearest neighbors approach.??
Missing data were compared with patients with com-
plete information to evaluate potential missing data
bias. The statistician and physician double-checked
the results of the imputation to ensure reliability of the
statistical analyses.

Follow-Up and Clinical Outcomes

Follow-up information was collected during the clinical
visits or through phone calls. The primary end point
of the study was end-stage HF (HTx or death attribut-
able to terminal HF). Moreover, sudden cardiac death,
survived sudden cardiac death, ventricular fibrillation,
sustained ventricular tachycardia, and appropriate im-
plantable cardioverter-defibrillator interventions were
recorded as major arrhythmic cardiac events. Deaths
were assessed through the review of hospital records,
death certificates, and interviews with involved physi-
cians or patient relatives. The maximum follow-up du-
ration was set up at 10years, if the patients did not
meet the primary end point until that point.

Statistical Analysis
Characteristic Comparisons Between Different
Cohorts and Outcomes

Appropriate descriptions were made according to the
type of variables enrolled. Categorical variables were
presented as percentages. Continuous variables were
expressed as the mean+SD or median (interquartile
range) according to the variable distribution. Variables
with normal distributions were analyzed using the t
test, and nonnormal distribution variables were ana-
lyzed by the Mann-Whitney U test, and the classified
variables were compared using the x? test. The ad-
justed Kaplan-Meier estimator was used to describe
the survival condition of the patients. Statistical signifi-
cance was set at 0.05.

Variables Filter and Model Development

The complete sets of clinical data derived from 2 indi-
vidual cohorts were integrally combined to develop the
HF risk prediction model, rather than separating it into
a development and validation cohort to fully use the
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sample size and outcomes. The least absolute shrink-
age and selection operator method was used to filter
the most useful predictive variables from the primary
data set. The univariable and multivariable Cox regres-
sion analyses were used to develop the prediction
model among the variables selected by least absolute
shrinkage and selection operator. This was intended
as a variable screening process and provided a strong
rationale to include them in the following risk predic-
tion analysis.?>2% The interaction effects were also
tested among the potential risk factors in the prediction
model. All statistical analyses were performed by Stata
(version 15.1; StataCorp) and R software (version 3.0.1;
R Foundation for Statistical Computing).

Model Presentation

The risk prediction model was presented as a nomo-
gram by using weighted estimators corresponding to
each predictor obtained from fitted Cox regression
coefficients and estimates of variance. The prognostic
index was calculated by summarizing the number of
risk points corresponding to each weighted covariate
used to develop the nomogram.

Model Validation

Validation of the nomogram was evaluated by dis-
crimination and calibration. Bootstrapping was used
to evaluate the performance of the model, and 200
bootstrap samples were generated for model valida-
tion. Harrell C statistic was used to measure the dis-
crimination of this model.?® A calibration plot was used
to visualize the agreement between predicted and ob-
served risk.?” The proportional hazards assumption of
our model were tested by Schoenfeld residual.

Clinical Implications

There is no prior prediction model available for meas-
uring the risk of HTx or death attributable to HF in
patients with ARVC. Therefore, to evaluate the perfor-
mance of this prediction model, patients with an entire
set of risk predictors were put into the calculation, and
the results were compared with analyses of previous
risk predictors for HTx or death attributable to HF.?®
Decision curve analysis was conducted to measure
the potential net benefit, which reflects the balance be-
tween proper and improper HF treatment.

RESULTS

Baseline Characteristics of the Study
Population

There were 389 unrelated probands with the diagnosis
of definite ARVC according to the 2010 Revised ARVC
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Task Force Criteria who were consecutively enrolled
in our model-building cohorts, including 290 patients
with ARVC followed-up for 4.15+3.20years (interquar-
tile range, 2.20-7.29years) from the Chinese cohort
and 99 patients followed-up for 5.48+4.44 years (inter-
quartile range, 3.00-8.27 years) from the Swiss cohort.
The baseline demographic, clinical characteristics,
and genetic background of the 2 cohorts, collected at
the time of first enrollment, are shown in Table 1 and
Table S1.

Genetic testing was performed in 152 patients in
the 2 cohorts (39.07%). Overall, PKP2 and DSG2 mu-
tations were the most common mutations in these 2
cohorts. The patients in both cohorts shared similar
clinical features despite racial differences because of
Chinese Han and White origins (Table S1).

HF symptoms were present in 32.9% of the study
population. The most commonly reported symptom
was shortness of breath. Approximately half of the
patients had ECG abnormalities, such as T-wave in-
version in multiple precordial leads, reduced QRS am-
plitude, or ventricular extrasystole. LV ejection fraction
(LVEF) was reduced (<45%) in 12.85% of the patients,
and the New York Heart Association class was >3 in
16.7% of the study cohort. The patients in the Chinese
cohort were treated more frequently with p-blockers
(76.21% versus 37.37%, P<0.001) and less frequently
with implantable cardioverter-defibrillators  (28.97%
versus 68.69%, P<0.001), as compared with the pa-
tients in the Swiss cohort (Table S1). The proportion
of end-stage HF outcomes was comparable in both
cohorts.

Adverse Outcomes During Follow-Up

The Kaplan-Meier curve for the overall group of
patients with ARVC during follow-up is shown in
Figure 1. The percentages of patients free from pri-
mary end point at 2, 5, and 10years was 94%, 89%,
and 77% in the Chinese cohort and 95%, 83%, and
78% in the Swiss cohort, respectively (Figure S1A).
Overall, 48 patients reached the primary end point,
including 29 patients with HTx and 19 patients with
death. As expected, the patients treated with or with-
out implantable cardioverter-defibrillators showed
no significant difference with respect to end-stage
HF outcomes (P=0.97) (Figure S1B). The most com-
mon gene mutation in patients who reached the
end points was DSP (18.18%), whereas PKP2 was
rarely seen (3.03%). The prespecified predictors
were selected from clinical variables with statistical
significance between the 2 groups, including first-
degree atrioventricular block (AVB), atrial fibrillation
(AF), LVEF, moderate-to-severe tricuspid regurgita-
tion (TR), moderate-to-severe mitral regurgitation,
RV end-diastolic diameter, LV end-diastolic diameter,
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NT-proBNP (N-terminal pro-B-type natriuretic pep-
tide), and serum creatinine. We excluded first-degree
AVB from analysis, because it was often correlated
with cardiac sarcoidosis and rarely observed in the
2 study cohorts.

Risk Prediction Model Development
Prespecified predictors and demographic variables
such as sex and age were entered into the least ab-
solute shrinkage and selection operator algorithm to
select the essential factors for predicting primary end
point events. To avoid the likelihood of overfitting, the
number of predictors adopted in the final model was
strictly limited. Nine variables with statistical signifi-
cance and 2 demographic variables were involved in
following least absolute shrinkage and selection op-
erator analysis, and 5 of them remained on the basis
of 389 patients in the combined cohort (Figure 2A
and 2B). AF, LVEF, TR, mitral regurgitation, and serum
creatinine were fitted into the backward stepwise
multivariable Cox regression, and mitral regurgitation
was removed from the final model because of non-
significance in the Cox model. The definition of the
selected predictors in the final model is described in
Table S2. The patients with each individual predictor
had a significantly higher risk (P<0.05) of primary end
point (Figure S2). The results of the univariable and
multivariable Cox regression models are presented in
Table 2 and Table S3. The model for individualized
risk prediction for HTx or death attributable to HF in
patients with  ARVC with the predictors described
above was developed and presented as the nomo-
gram (Figure 3). The results of proportional hazards
assumption of the Cox regression model are avail-
able in Table S4. The potential interactions between
the risk variables in our model are listed in Table Sb5.
An online HF risk calculator for patients with ARVC
is available at: https://xiaoxiang.shinyapps.io/ARVCH
FRisk/.

Model Validation

The Harrell C index of our model was 0.92, and the
calibration of internal bootstrap validation at 5years
is presented in Figure 4. The agreement between
predicted and observed risk at 5years showed good
consistency, with a slight underoptimism in patients
with the risk <80% but matching perfectly with the
risk higher than that. Similar good agreements in
the shorter (1 year, 3years) and longer (10years) fol-
low-up periods are presented as calibration plots in
Figure S3.

In this study, we focused on the occurrence of the
primary end point in patients with ARVC and devel-
oped a risk prediction model to individually assess
end-stage HF outcomes. We compared our model
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Table 1. Baseline Characteristics of Patients With/Without Primary End Point
Clinical parameters Patients without HTx/death, n=341 Patients with HTx/death, n=48 P value
Demographics
Men 255 (65.55) 32 (66.67) 0.226
Age at diagnosis, y 38.36+14.70 38.37+£13.83 0.994
BMI 24.02+3.69 22.61+4.52 0.060
Pathogenic mutation, n=152 77 (64.71) 16 (48.49) 0.001
PKP2 30 (25.21) 1(3.03)
DSP 3(2.52) 6(18.18)
DSG2 20 (16.81) 2 (6.06)
DSC2 4 (3.36) 0 (0.00)
Multiple mutation 7 (5.88) 2 (6.06)
Other 13 (10.92) 5 (15.16)
History
Shortness of breath 84 (24.63) 35 (72.92) <0.001
Abdominal swelling 13 (3.81) 9 (18.75) <0.001
Edema 18 (5.28) 13 (27.08) <0.001
Cardiac syncope 94 (27.57) 12 (25.00) 0.726
NYHA >3 31 (9.09) 34 (70.83) <0.001
ECG/continuous ECG monitoring
TWI in >3 precordial leads, n=326 167 (58.60) 23 (56.10) 0.200
First-degree AVB, n=389 21 (6.16) 8 (16.67) <0.001
QRSamp <1, n=326 178 (62.46) 31 (75.61) 0.612
Epsilon wave, n=326 14 (49.12) 11 (26.83) 0.066
AF, n=389 33 (9.68) 18 (38.30) 0.001
24-h PVC >500, n=376 178 (53.45) 21 (48.84) 1.000
Imaging
LVEF, % 59.05+9.30 39.69+13.30 <0.001
MR (%) 9 (2.64) 16 (33.33) <0.001
TR (%) 54 (15.84) 30 (62.5) <0.001
RVEDD, mm 31.47+9.91 36.46+11.36 0.003
LVEDD, mm 48.14+6.90 53.76+11.81 0.003
Serological test
NT-proBNP, pg/mL, n=314 374.40 (130.50-685.25) 2289.5 (1142.08-3548.75) 0.008
Creatinine, pmol/L, n=361 80.23 (68.00-91.34) 92.09 (71.84-117.38) 0.010
Treatment at baseline
ICD 132 (38.71) 20 (41.67) 0.874
B-Blockers 235 (68.91) 23 (47.92) 0.01
Amiodarone 50 (12.85) 11 (22.91) 0125

Variables are expressed as frequency (percent), mean+SD, or median (interquartile range). The total number of patients for a given variable mentioned if
missing data. AF indicates atrial fibrillation; AVB, atrioventricular block; BMI, body mass index; DSC2, Desmocollin 2; DSG2, Desmoglein 2; DSP, Desmoplakin;
HTx/death, heart transplantation or death; ICD, implantable cardioverter-defibrillator; LVEDD, left ventricular end-diastolic diameter; LVEF, left ventricular
ejection fraction; MR, mitral regurgitation moderate or greater; NT-proBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New York Heart Association;
PKP2, plakophilin 2; PVC, premature ventricular complex; QRSamp, QRS amplitude; RVEDD, right ventricular end-diastolic diameter; TR, tricuspid regurgitation

moderate or greater; and TWI, T-wave inversion.

with previously reported risk predictors (ventricular
dysfunction, significant TR, and amiodarone) of termi-
nal HF events. However, the use of amiodarone was
not continuous in most patients with ARVC, given the
dynamic nature of disease. Therefore, we used only
objective clinical variables and laboratory test results in
our prediction model. As shown in the decision curve
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analysis (Figure 5), our model showed better perfor-
mance across the entire range of parameters than the
previously reported predictors. As a result, the physi-
cians will be able assess the individual risk of the pa-
tients with ARVC for adverse HF outcomes based on
our novel nomogram and separate the patients into
different risk subgroups (Figure 6).
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Figure 1. Cumulative survival free from HTx or death
attributable to heart failure (HF) over 10years.

The cumulative event-free survival for HTx or death attributable
to heart failure with 95% ClIs (shaded area) are plotted. The
dotted line represents the cumulative 5-year survival. HTx/Death
indicates heart transplantation or death attributable to heart
failure.

DISCUSSION

Major Findings

To our knowledge, this is the first reported prediction
model to quantitatively assess the risk of end-stage HF
outcomes in patients with ARVC. In contrast to classi-
cal HF prediction models that focus solely on LV dys-
function, this model is suitable for patients with ARVC
who also experience RV involvement. The model has
been developed based on a large, well-characterized
population of patients, and provides an individualized
assessment of the risk for HTx or death attributable
to HF, and has been internally validated. The selection
of broad inclusion criteria and easily available clinical
parameters may contribute to its wide applicability for
a wide range of patients with ARVC. Moreover, the
favorable discrimination and calibration of this model
represent its reliable performance in the clinical setting.

Prior Studies on Risk Prediction

The incidence of adverse HF outcomes in patients
with ARVC varies across previously published reports,
particularly because of different study designs and in-
clusion criteria.?®3% Nevertheless, terminal HF event-
free survival rates in probands have been reported to
be similar in many studies. The incidence of HTx or
death attributable to HF in ARVC probands was ~5%
to 20% across various cohorts and races, which was
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Figure 2. Texture feature selection using the least absolute
shrinkage and selection operator (LASSO) binary logistic
regression model.

A, Tuning parameter (1) selection in the LASSO model. B, LASSO
coefficient profiles of the 11 texture features. A coefficient profile
plot was produced against the log (1) sequence. Dotted vertical
line is set at the non-0 coefficients, where 5 non-0 coefficients
are included.

consistent with our observations.®='? There is agree-
ment that patients with ARVC have considerable risk of
disease progression into end-stage HF during the long
term, and therefore, these patients require close fol-
low-up and adequate and timely management for HF.
Previous studies demonstrated that LVEF reduc-
tion,'® atrial arrhythmias,®' and presence of moderate
to severe TR®? had an adverse impact on HF progres-
sion. In our study, first-degree AVB showed a signifi-
cant relation with HF outcomes, which was consistent
with another study." On the other hand, AVB is a find-
ing that is commonly observed in patients with cardiac
sarcoidosis and rarely reported in ARVC cohorts.®®
Only 7.46% of patients with ARVC from our cohorts
experienced first-degree AVB. Differential diagnosis of
ARVC from cardiac sarcoidosis can be difficult, espe-
cially without definite histopathological tests.®* Thus,
we excluded first-degree AVB from the selected pre-
specified predictors. The previous ARVC HF studies
focused on abnormal findings on electrocardiography
and echocardiography, but ignored the impercep-
tible changes in serological biomarkers to some de-
gree.?'%'8 However, HF is not only a cardiovascular
disorder but also often affects multiple organs. For
this reason, NT-proBNP, albumin, creatinine, and other
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Table 2. Risk Prediction Model for Heart Transplantation
or Death Attributable to Heart Failure

Predictor Univariable model Multivariable model
HR (95% CI) Pvalue | HR (95% Cl) P value

LVEF 0.927 <0.001 0.947 <0.001
(0.914-0.940) (0.930-0.964)

AF 5.418 <0.001 2.540 0.007
(2.839-10.342) (1.290-5.001)

TR 8.993 <0.001 3.374 0.002
(5.002-16.167) (1.5680-7.206)

Creatinine | 1.014 <0.001 1.008 0.004
(1.009-1.018) (1.002-1.013)

MR 10.068 <0.001
(5.509-18.399)

Center 1.348 0.325
(0.744-2.40)

AF indicates atrial fibrillation; HR, hazard ratio; LVEF, left ventricular
ejection fraction; MR, mitral regurgitation moderate or greater; and TR,
tricuspid regurgitation moderate or greater.

serum factors may also play a role in reflecting the clin-
ical HF status, and therefore need to be taken into con-
sideration, as we did in our study.

The underlying genotype is a well-recognized risk
factor for HF in ARVC.2° Mutations like DSG2, DSP,
and PLN often lead to biventricular involvement and
accelerate HF course in this disease.®® In accordance
with these studies, our findings also reflected the spe-
cific role of gene mutations in predicting adverse HF

Heart Failure Risk Prediction in ARVC

outcomes. However, to provide a more applicable and
easy-to-use tool for physicians, we opted not to include
the genotype as a risk factor in our model. This follows
the practice of other risk prediction models, such as
ventricular arrhythmia risk model in ARVC and some
HF prediction models.5436

Need for Accurate Risk Prediction for
Terminal HF Events in ARVC

Because life-threatening ventricular tachycardia/ven-
tricular fibrillation are feared complications of ARVC,
prevention and risk stratification for major arrhythmic
cardiac events had traditionally been the primary focus
of previous research.® Comprehensive management
strategies to prevent sudden cardiac death, including
liberal use of implantable cardioverter-defibrillators,
inadvertently has resulted over time in another crucial
threat to patients with ARVC who now have a longer
expected lifespan. Especially with LV involvement, pro-
gressive cardiac remodeling and HF have become in-
creasingly common in patients with ARVC.

In previously reported ARVC studies, the prevalence
of HF varied and tended to be higher in probands, and
increased over time with longer follow-ups, from 4%
to 11% up to 50%.%%%7 The proportion of patients with
ARVC with clinical symptoms and signs of HF in our
study was in accordance with previous reports. A sig-
nificant proportion of the patients in our study cohorts
had at least 1 HF-related symptom. Moreover, HTx or
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Figure 3. Nomogram predicting 3-, 5-, and 10-year risk of HTx/Death attributable to HF in ARVC.

The nomogram was developed in 2 cohorts, with LVEF, AF, moderate or severe TR, and serum creatinine levels.
The nomogram is used by adding up the points identified on the points scale for each variable. The total points
projected on the bottom scales indicate the probability of 3-, 5-, and 10-year risk. AF indicates atrial fibrillation; ARVC,
arrhythmogenic right ventricular cardiomyopathy; CREA, creatinine; HF, heart failure; HTx, heart transplantation;
LVEF, left ventricular ejection fraction; and TR, moderate or severe tricuspid regurgitation.
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Figure 4. Calibration plot showing the agreement between
predicted (x axis) and observed (y axis) 5-year risk of the
primary outcome.

The straight line is the continuous calibration hazard regression.
The dotted line represents perfect calibration. The x axis
represents the nomogram-predicted risk of HTx/Death, and
the y axis represents actual survival and 95% Cls measured by
Kaplan-Meier analysis. Avg, indicates average; and HTx/Death,
heart transplant or death attributable to heart failure.

death attributable to terminal HF occurred in >10% of
the study population. Despite the relatively common
occurrence of HF in ARVC, no prediction model for
evaluating the risk of HF-related adverse outcomes
had been reported to date.

Clinical Usefulness

This model does not simply categorize patients into
high- or low-risk categories, but comprehensively
manages the risk for adverse HF outcomes as a con-
tinuum. The purpose for developing this prediction
model was to provide relatively accurate risk of ad-
verse HF outcomes in patients with ARVC along the
treatment course, and evaluate the efficiency of cur-
rent treatment strategy. The physicians can maintain
the medication plan and prolong the revisit duration
if the HF scores are reduced continuously during the
long-term follow-up. Otherwise, a more suitable treat-
ment plan may need to be considered.

We initially enrolled TR and AF as risk factors in the
ARVC HF risk prediction model. As reported in other
studies, patients with advanced TR and RV dysfunc-
tion tend to undergo tricuspid valve repair or replace-
ment.®® Moreover, catheter ablation has been proved
to be effective in managing AF in patients with ARVC.*°
Combined with our findings, it may be suggested that
timely surgical TR intervention and/or catheter ablation
of AF in patients with ARVC with higher scores may be
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Figure 5. Decision curve analysis for the clinical usefulness
of our model and previous predictors.

The y axis measures the net benefit. The x axis presents the
threshold probability of HTx or death attributable to heart
failure. Compared with the reference heart failure model in
arrhythmogenic right ventricular cardiomyopathy, our novel risk
prediction model was larger over the range of clinical threshold.
HTx/Death indicates heart transplant or death attributable to
heart failure.

beneficial for decreasing the HF scores and lowering
the risk of adverse HF outcomes.

This novel HF prediction model also provides evi-
dence for enrolling high-risk patients with ARVC to the
waiting list for HTx, which may shorten the waiting time
for the patients and further improve the donor heart
distribution principle. In addition, physicians can coun-
sel patients about end-of-life issues and take terminal
care.

Overall, our model may assist physicians to evalu-
ate HF severity, adjust treatment strategy, and provide
adequate medical care in the clinical practice. The risk
of HTx or death attributable to HF is derived from a
series of readily available clinical variables, each with a
distinctive contribution to risk prediction. The result of
univariable Cox regression analysis shows that there is
no significant difference between the adverse HF out-
comes among the 2 participating cohorts. This sug-
gests that our risk prediction model is likely to apply to
the patient profile of other ARVC centers.

Limitations

Because both participating centers had dedicated
ARVC programs, patients with HF were adequately
managed and closely followed up even in early stages
of HF, and therefore, the risk of progression to end-
stage HF in the natural course of disease may have
been underestimated. The clinical usefulness of this
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Figure 6. Prediction of HTx or death attributable to heart failure (HF) in ARVC.

A, The overall survival free from HTx or death attributable to HF over 10years. B, The 3-, 5-, and 10-year risk prediction nomogram for
HTx or death attributable to HF. C, The survival free from HTx or death in different risk subgroups. The overall patients with ARVC could
be separated into various risk subgroups based on our HF prediction model. AF indicates atrial fibrillation; ARVC, arrhythmogenic right
ventricular dysplasia; CREA, creatinine; HTx/Death, heart transplantation or death attributable to heart failure; LVEF, left ventricular
ejection fraction; and TR, moderate or severe tricuspid regurgitation.

risk prediction model needs to be assessed and vali-
dated in other large patient cohorts to improve its cali-
bration. Because our prediction model was based on
the clinical characteristics from symptomatic patients
with ARVC who already had advanced HF, a more
generic model for asymptomatic patients could be
worth establishing in the future. The genotype is well-
recognized as a risk factor for HF in ARVC. However,
restricted by the limited genetic testing rate and lim-
ited number of patients who reached the primary end
point in our study, we could not include the genotype
as a risk factor. We hope that a more specific genetic-
based HF risk prediction model can be established
with the cooperation among multiple heart centers in
the future.

CONCLUSIONS

Patients with ARVC are at risk for life-threatening ven-
tricular tachyarrhythmias and progressive HF. HTx and
death attributable to HF may occur in terminal stages
of disease. A novel risk prediction model for ARVC has
been developed using 2 large and well-established co-
horts, incorporating common clinical parameters such
as LVEF, creatining, TR, and AF, which can identify pa-
tients who are at risk for terminal HF events, and may
guide physicians to assess individualized risk and to
optimize management strategies.

ARTICLE INFORMATION
Received November 11, 2021; accepted April 25, 2022.
Affiliations

State Key Laboratory of Cardiovascular Disease, Fuwai Hospital,
National Center for Cardiovascular Diseases, Chinese Academy of

Medical Sciences and Peking Union Medical College, Beijing, China
(8.C, L.C., KC., HT, G.G., M.R,, J.S., S.H)); University Heart Center
Zurich, Zurich, Switzerland (A.M.S., D.A., A.G., C.B., F.D.); Center for
Integrative Human Physiology, University of Zurich, Zurich, Switzerland
(F.D.); and School of Statistics and Data Science, Nankai University,
Tianjin, China (X.L.).

Acknowledgments

The authors appreciate the understanding and support of the patients with
ARVC and families who have made this work possible.

Sources of Funding

This work was supported by the Shanghai Municipal Science and
Technology Major Project (grant number 2017SHZDZX01), National Natural
Science Foundation of China (grant number 82100377), and Beijing Nova
Program (grant number Z211100002121046). The Zurich ARVC Program
was supported by grants from the Schwyzer Foundation, Baugarten
Foundation, USZ Foundation (Dr Hans-Peter Wild grant), Swiss Heart
Foundation, as well as by research grants from the Swiss National Science
Foundation.

Disclosures

Dr Saguner received educational grants through his institution from Abbott,
Bayer Healthcare, Biosense Webster, Biotronik, Boston Scientific, BMS/
Pfizer, and Medtronic; and speaker fees from Bayer Healthcare, Daiichi-
Sankyo, and Novartis.

Supplemental Material
Tables S1-S5

Figures S1-S3

References*04!

REFERENCES

1. Basso C, Corrado D, Marcus Fl, Nava A, Thiene G. Arrhythmogenic
right ventricular cardiomyopathy. Lancet. 2009;373:1289-1300. doi:
10.1016/50140-6736(09)60256-7

2. DeWitt ES, Chandler SF, Hylind RJ, Beausejour Ladouceur V, Blume ED,
VanderPluym C, Powell AJ, Fynn-Thompson F, Roberts AE, Sanders
SP, et al. Phenotypic manifestations of arrhythmogenic cardiomyopathy
in children and adolescents. J Am Coll Cardiol. 2019;74:346-358. doi:
10.1016/j.jacc.2019.05.022

3. Calkins H, Corrado D, Marcus F. Risk stratification in arrhythmogenic
right ventricular cardiomyopathy. Circulation. 2017;136:2068-2082. doi:
10.1161/CIRCULATIONAHA.117.030792

J Am Heart Assoc. 2022;11:e024634. DOI: 10.1161/JAHA.121.024634 9


https://doi.org/10.1016/S0140-6736(09)60256-7
https://doi.org/10.1016/j.jacc.2019.05.022
https://doi.org/10.1161/CIRCULATIONAHA.117.030792

Chen et al

14.

17.

J Am Heart Assoc. 2022;11:e024634. DOI: 10.1161/JAHA.121.024634

Bosman LP, Sammani A, James CA, Cadrin-Tourigny J, Calkins H, van
Tintelen JP, Hauer RNW, Asselbergs FW, Te Riele A. Predicting arrhyth-
mic risk in arrhythmogenic right ventricular cardiomyopathy: a system-
atic review and meta-analysis. Heart Rhythm. 2018;15:1097-1107. doi:
10.1016/j.hrthm.2018.01.031

Cadrin-Tourigny J, Bosman LP, Nozza A, Wang W, Tadros R, Bhonsale
A, Bourfiss M, Fortier A, Lie OH, Saguner AM, et al. A new prediction
model for ventricular arrhythmias in arrhythmogenic right ventricular
cardiomyopathy. Eur Heart J. 2019;40:1850-1858. doi: 10.1093/eurhe
artj/ehz103

Bosman LP, Te Riele A. Arrhythmogenic right ventricular cardiomy-
opathy: a focused update on diagnosis and risk stratification. Heart.
2022;108:90-97. doi: 10.1136/heartjnl-2021-319113

Hylind RJ, Abrams DJ. Predicting heart failure in arrhythmogenic right
ventricular cardiomyopathy. J Am Heart Assoc. 2020;9:¢015702. doi:
10.1161/JAHA.119.015702

Watkins DA, Hendricks N, Shaboodien G, Mbele M, Parker M, Vezi
Bz, Latib A, Chin A, Little F, Badri M, et al. Clinical features, sur-
vival experience, and profile of plakophylin-2 gene mutations in par-
ticipants of the arrhythmogenic right ventricular cardiomyopathy
registry of South Africa. Heart Rhythm. 2009;6:5S10-S17. doi: 10.1016/j.
hrthm.2009.08.018

Pinamonti B, Dragos AM, Pyxaras SA, Merlo M, Pivetta A, Barbati G,
Di Lenarda A, Morgera T, Mestroni L, Sinagra G. Prognostic predictors
in arrhythmogenic right ventricular cardiomyopathy: results from a 10-
year registry. Eur Heart J. 2011;32:1105-1113. doi: 10.1093/eurheartj/
ehr040

Groeneweg JA, Bhonsale A, James CA, te Riele AS, Dooijes D, Tichnell
C, Murray B, Wiesfeld AC, Sawant AC, Kassamali B, et al. Clinical pre-
sentation, long-term follow-up, and outcomes of 1001 arrhythmogenic
right ventricular dysplasia/cardiomyopathy patients and family mem-
bers. Circ Cardiovasc Genet. 2015;8:437-446. doi: 10.1161/CIRCG
ENETICS.114.001003

Kimura Y, Noda T, Matsuyama TA, Otsuka Y, Kamakura T, Wada M,
Ishibashi K, Inoue Y, Miyamoto K, Okamura H, et al. Heart failure in
patients with arrhythmogenic right ventricular cardiomyopathy: what
are the risk factors? Int J Cardiol. 2017;241:288-294. doi: 10.1016/j.
jjcard.2017.04.061

Gilliam T, Haugaa KH, Jensen HK, Svensson A, Bundgaard H, Hansen
J, Dellgren G, Gustafsson F, Eiskjaer H, Andreassen AK, et al. Heart
transplantation in arrhythmogenic right ventricular cardiomyopathy —
experience from the Nordic ARVC registry. Int J Cardiol. 2018;250:201—
206. doi: 10.1016/j.ijicard.2017.10.076

Voors AA, Ouwerkerk W, Zannad F, van Veldhuisen DJ, Samani
NJ, Ponikowski P, Ng LL, Metra M, Ter Maaten JM, Lang CC, et al.
Development and validation of multivariable models to predict mortal-
ity and hospitalization in patients with heart failure. Eur J Heart Fail.
2017;19:627-634. doi: 10.1002/ejhf.785

Levy WC, Mozaffarian D, Linker DT, Sutradhar SC, Anker SD,
Cropp AB, Anand |, Maggioni A, Burton P, Sullivan MD, et al. The
Seattle heart failure model: prediction of survival in heart fail-
ure. Circulation. 2006;113:1424-1433. doi: 10.1161/CIRCULATIO
NAHA.105.584102

Hulot JS, Jouven X, Empana JP, Frank R, Fontaine G. Natural history
and risk stratification of arrhythmogenic right ventricular dysplasia/
cardiomyopathy. Circulation. 2004;110:1879-1884. doi: 10.1161/01.
CIR.0000143375.93288.82

Lemola K, Brunckhorst C, Helfenstein U, Oechslin E, Jenni R, Duru
F. Predictors of adverse outcome in patients with arrhythmogenic
right ventricular dysplasia/cardiomyopathy: long term experience
of a tertiary care Centre. Heart. 2005;91:1167-1172. doi: 10.1136/
hrt.2004.038620

Tedford RJ, James C, Judge DP, Tichnell C, Murray B, Bhonsale A,
Philips B, Abraham T, Dalal D, Halushka MK, et al. Cardiac trans-
plantation in arrhythmogenic right ventricular dysplasia/cardio-
myopathy. J Am Coll Cardiol. 2012;59:289-290. doi: 10.1016/].
jacc.2011.09.051

Mast TP, James CA, Calkins H, Teske AJ, Tichnell C, Murray B, Loh
P, Russell SD, Velthuis BK, Judge DP, et al. Evaluation of structural
progression in arrhythmogenic right ventricular dysplasia/cardio-
myopathy. JAMA Cardiol. 2017;2:293-302. doi: 10.1001/jamac
ardio.2016.5034

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Heart Failure Risk Prediction in ARVC

Elliott PM, Anastasakis A, Asimaki A, Basso C, Bauce B, Brooke MA,
Calkins H, Corrado D, Duru F, Green KJ, et al. Definition and treatment
of arrhythmogenic cardiomyopathy: an updated expert panel report.
Eur J Heart Fail. 2019;21:955-964. doi: 10.1002/ejhf.1534

Steyerberg EW, Vergouwe Y. Towards better clinical prediction models:
seven steps for development and an ABCD for validation. Eur Heart J.
2014;35:1925-1931. doi: 10.1093/eurheartj/ehu207

Marcus Fl, McKenna WJ, Sherrill D, Basso C, Bauce B, Bluemke DA,
Calkins H, Corrado D, Cox MG, Daubert JP, et al. Diagnosis of arrhyth-
mogenic right ventricular cardiomyopathy/dysplasia: proposed modi-
fication of the task force criteria. Eur Heart J. 2010;31:806-814. doi:
10.1093/eurheartj/ehq025

Cover T, Hart P. Nearest neighbor pattern classification. IEEE
Transactions on Information Theory. 1967;13:21-27. doi: 10.1109/
TIT1967.1053964

Sauerbrei W, Royston P, Binder H. Selection of important variables
and determination of functional form for continuous predictors in mul-
tivariable model building. Stat Med. 2007;26:5512-5528. doi: 10.1002/
sim.3148

Sauerbrei W, Boulesteix AL, Binder H. Stability investigations of mul-
tivariable regression models derived from low- and high-dimensional
data. J Biopharm Stat. 2011;21:1206-1231. doi: 10.1080/10543
406.2011.629890

Moons KG, Altman DG, Reitsma JB, loannidis JP, Macaskill P,
Steyerberg EW, Vickers AJ, Ransohoff DF, Collins GS. Transparent
reporting of a multivariable prediction model for individual prognosis
or diagnosis (TRIPOD): explanation and elaboration. Ann Intern Med.
2015;162:W1-W73. doi: 10.7326/M14-0698

Kramer AA, Zimmerman JE. Assessing the calibration of mortality
benchmarks in critical care: the Hosmer-Lemeshow test revisited.
Crit Care Med. 2007;35:2052-2056. doi: 10.1097/01.CCM.00002
75267.64078.B0

Royston P, Sauerbrei W. A new measure of prognostic separa-
tion in survival data. Stat Med. 2004;23:723-748. doi: 10.1002/
sim.1621

Vickers AJ, Cronin AM, Elkin EB, Gonen M. Extensions to decision
curve analysis, a novel method for evaluating diagnostic tests, pre-
diction models and molecular markers. BMC Med Inform Decis Mak.
2008;8:53. doi: 10.1186/1472-6947-8-53

Protonotarios N, Anastasakis A, Antoniades L, Chlouverakis G, Syrris
P, Basso C, Asimaki A, Theopistou A, Stefanadis C, Thiene G, et al.
Arrhythmogenic right ventricular cardiomyopathy/dysplasia on the
basis of the revised diagnostic criteria in affected families with desmo-
somal mutations. Eur Heart J. 2011;32:1097-1104. doi: 10.1093/eurhe
artj/ehr043

Bhonsale A, Groeneweg JA, James CA, Dooijes D, Tichnell C,
Jongbloed JD, Murray B, te Riele AS, van den Berg MP, Bikker
H, et al. Impact of genotype on clinical course in arrhythmogenic
right ventricular dysplasia/cardiomyopathy-associated mutation
carriers. Eur Heart J. 2015;36:847-855. doi: 10.1093/eurheartj/
ehu509

Baturova MA, Haugaa KH, Jensen HK, Svensson A, Gilljam T,
Bundgaard H, Madsen T, Hansen J, Chivulescu M, Christiansen
MK, et al. Atrial fibrillation as a clinical characteristic of arrhyth-
mogenic right ventricular cardiomyopathy: experience from the
Nordic ARVC registry. Int J Cardiol. 2019;298:39-43. doi: 10.1016/j.
jjcard.2019.07.086

Jeong H, Song S, Seo J, Cho I, Hong GR, Ha JW, Shim CY.
Characteristics and prognostic implications of tricuspid regurgita-
tion in patients with arrhythmogenic cardiomyopathy. ESC Heart Fail.
2020;7:2933-2940. doi: 10.1002/ehf2.12906

Gasperetti A, Rossi VA, Chiodini A, Casella M, Costa S, Akdis D,
Buchel R, Deliniere A, Pruvot E, Gruner C, et al. Differentiating
hereditary arrhythmogenic right ventricular cardiomyopathy
from cardiac sarcoidosis fulfiling 2010 ARVC task force crite-
ria. Heart Rhythm. 2021;18:231-238. doi: 10.1016/j.hrthm.2020.
09.015

Crouser ED, Maier LA, Wilson KC, Bonham CA, Morgenthau AS,
Patterson KC, Abston E, Bernstein RC, Blankstein R, Chen ES, et al.
Diagnosis and detection of sarcoidosis. An official American Thoracic
Society clinical practice guideline. Am J Respir Crit Care Med.
2020;201:e26-e51. doi: 10.1164/rccm.202002-0251ST

10


https://doi.org/10.1016/j.hrthm.2018.01.031
https://doi.org/10.1093/eurheartj/ehz103
https://doi.org/10.1093/eurheartj/ehz103
https://doi.org/10.1136/heartjnl-2021-319113
https://doi.org/10.1161/JAHA.119.015702
https://doi.org/10.1016/j.hrthm.2009.08.018
https://doi.org/10.1016/j.hrthm.2009.08.018
https://doi.org/10.1093/eurheartj/ehr040
https://doi.org/10.1093/eurheartj/ehr040
https://doi.org/10.1161/CIRCGENETICS.114.001003
https://doi.org/10.1161/CIRCGENETICS.114.001003
https://doi.org/10.1016/j.ijcard.2017.04.061
https://doi.org/10.1016/j.ijcard.2017.04.061
https://doi.org/10.1016/j.ijcard.2017.10.076
https://doi.org/10.1002/ejhf.785
https://doi.org/10.1161/CIRCULATIONAHA.105.584102
https://doi.org/10.1161/CIRCULATIONAHA.105.584102
https://doi.org/10.1161/01.CIR.0000143375.93288.82
https://doi.org/10.1161/01.CIR.0000143375.93288.82
https://doi.org/10.1136/hrt.2004.038620
https://doi.org/10.1136/hrt.2004.038620
https://doi.org/10.1016/j.jacc.2011.09.051
https://doi.org/10.1016/j.jacc.2011.09.051
https://doi.org/10.1001/jamacardio.2016.5034
https://doi.org/10.1001/jamacardio.2016.5034
https://doi.org/10.1002/ejhf.1534
https://doi.org/10.1093/eurheartj/ehu207
https://doi.org/10.1093/eurheartj/ehq025
https://doi.org/10.1109/TIT.1967.1053964
https://doi.org/10.1109/TIT.1967.1053964
https://doi.org/10.1002/sim.3148
https://doi.org/10.1002/sim.3148
https://doi.org/10.1080/10543406.2011.629890
https://doi.org/10.1080/10543406.2011.629890
https://doi.org/10.7326/M14-0698
https://doi.org/10.1097/01.CCM.0000275267.64078.B0
https://doi.org/10.1097/01.CCM.0000275267.64078.B0
https://doi.org/10.1002/sim.1621
https://doi.org/10.1002/sim.1621
https://doi.org/10.1186/1472-6947-8-53
https://doi.org/10.1093/eurheartj/ehr043
https://doi.org/10.1093/eurheartj/ehr043
https://doi.org/10.1093/eurheartj/ehu509
https://doi.org/10.1093/eurheartj/ehu509
https://doi.org/10.1016/j.ijcard.2019.07.086
https://doi.org/10.1016/j.ijcard.2019.07.086
https://doi.org/10.1002/ehf2.12906
https://doi.org/10.1016/j.hrthm.2020.09.015
https://doi.org/10.1016/j.hrthm.2020.09.015
https://doi.org/10.1164/rccm.202002-0251ST

Chen et al

35.

36.

37.

J Am Heart Assoc. 2022;11:e024634. DOI: 10.1161/JAHA.121.024634

Chen S, Chen L, Duru F, Hu S. Heart failure in patients with arrhyth-
mogenic cardiomyopathy. Journal of clinical medicine. 2021;10. doi:
10.3390/jcm10204782

Cadrin-Tourigny J, Bosman LP, Wang W, Tadros R, Bhonsale
A, Bourfiss M, Lie OH, Saguner AM, Svensson A, Andorin A,
et al. Sudden cardiac death prediction in arrhythmogenic right
ventricular cardiomyopathy: a multinational collaboration. Circ
Arrhythm Electrophysiol. 2021;14:e008509. doi: 10.1161/CIRCEP.
120.008509

Gilotra NA, Bhonsale A, James CA, Te Riele ASJ, Murray B, Tichnell C,
Sawant A, Ong CS, Judge DP, Russell SD, et al. Heart failure is com-
mon and under-recognized in patients with arrhythmogenic right ven-
tricular cardiomyopathy/dysplasia. Circ Heart Fail. 2017;10:e003819.
doi: 10.1161/CIRCHEARTFAILURE.116.003819

38.

39.

40.

41,

Heart Failure Risk Prediction in ARVC

Ingraham BS, Pislaru SV, Nkomo VT, Nishimura RA, Stulak JM, Dearani
JA, Rihal CS, Eleid MF. Characteristics and treatment strategies for severe
tricuspid regurgitation. Heart. 2019;105:1244-1250. doi: 10.1136/heart
jnl-2019-314741

Gasperetti A, James CA, Chen L, Schenker N, Casella M, Kany S,
Mathew S, Compagnucci P, Mussigbrodt A, Jensen HK, et al. Efficacy
of catheter ablation for atrial arrhythmias in patients with arrhythmo-
genic right ventricular cardiomyopathy-a multicenter study. J Clin Med.
2021;10. doi: 10.3390/jcm10214962

Zimetbaum P. Atrial Fibrillation. Ann Intern Med. 2017;166:/TC33-1TC48.
doi: 10.7326/AITC201703070

Arsalan M, Walther T, Smith RL Il, Grayburn PA. Tricuspid regurgitation
diagnosis and treatment. Eur Heart J. 2017;38:634-638. doi: 10.1093/
eurheartj/ehv487

11


https://doi.org/10.3390/jcm10204782
https://doi.org/10.1161/CIRCEP.120.008509
https://doi.org/10.1161/CIRCEP.120.008509
https://doi.org/10.1161/CIRCHEARTFAILURE.116.003819
https://doi.org/10.1136/heartjnl-2019-314741
https://doi.org/10.1136/heartjnl-2019-314741
https://doi.org/10.3390/jcm10214962
https://doi.org/10.7326/AITC201703070
https://doi.org/10.1093/eurheartj/ehv487
https://doi.org/10.1093/eurheartj/ehv487

SUPPLEMENTAL MATERIAL



Table S1. Cohort characteristics according to registry/country

Clinical parameters Fuwai Zurich
Baseline
Total 290 (74.55) 99 (25.45)
Demographics
Male 219 (75.52) 68 (68.69)
Age at diagnosis (years) 3723 £14.36 41.23 +14.86
BMI 23.61 +3.89 24.86 +3.34
Pathogenic mutation 44 (50.00) 49 (76.56)
(n=149)
PKP2 16 (18.18) 15 (23.44)
DSP 3(3.41) 6 (9.38)
DSG2 12 (13.64) 10 (15.63)
DSC2 2 (2.27) 2 (3.13)
Multiple mutations 5(5.68) 4 (6.25)
Other 5(5.68) 9 (14.06)
History
Shortness of breath 98 (33.79) 21 (21.21)
Abdominal swelling 20 (6.90) 2 (2.02)
Edema 29 (10.00) 1(1.01)
Cardiac syncope 97 (33.45) 9 (9.09)
NYHA >3 53 (18.28) 12 (18.75)
ECG / continuous ECG monitoring
TWI in > 3 precordial leads (n=326) 145 (60.42) 45 (52.33)
First degree AVB (n=389) 25 (8.62) 4 (4.04)
QRSamp < 1 (n=326) 143 (49.31) 59 (68.60)
Epsilon wave (n=326) 19 (7.92) 6 (6.98)
AF (n=389) 43 (14.83) 8(8.33)
24 h PVC >500 (n=376) 163 (56.21) 36 (41.86)
Imaging
LVEF (%) 57.27 +12.01 54.67 +11.52
Mitral regurgitation > moderate (%) 17 (5.86) 8 (8.08)
Tricuspid regurgitation > moderate (%) 70 (24.14) 12 (12.12)

Serological test
NT-proBNP 935.47 155.00
(n=314, pg/ml) (203.38-915.33) (73.00-483.00)



CREA (n=361, pmol/l)

Treatment at baseline

80.00 (66.16-91.90)

84.00 (74.00-95.00)

ICD 84 (28.97) 68 (68.69)
Beta blockers 221 (76.21) 37(37.37)
Amiodarone 51(17.59) 10 (10.10)
Follow-up
Enrollment period 2001-2018 1991-2018
End of follow-up period 2019 2019
Median follow-up (years) 4.15 (2.20-7.29) 5.48 (3.00-8.27)
HTx 19 (6.55) 10 (10.10)
Death 12 (4.14) 7(7.07)

Variables are expressed as frequency (%), mean + standard deviation, or median (IQR). The total
number of patients for a given variable mentioned if missing data.

BMI, body mass index; TWI, T wave inversion; AVB, atrioventricular block; QRSamp, QRS
amplitude; AF, atrial fibrillation; PVC, premature ventricular complex; LVEF, left ventricular
ejection fraction; MR, mitral regurgitation > moderate; TR, tricuspid regurgitation > moderate;
CREA, creatinine; ICD, implantable cardioverter defibrillator, HTx/Death, heart transplantation or

death.



Table S2. Model predictors and definition

Predictor Definition

LVEF' %

AF Atrial fibrillation recorded in ECG or Holter*

TR Grading of tricuspid regurgitation > moderate in echocardiographic
assessment*!

CREA Serum creatinine level (umol/I)

* All predictors were determined at the enrollment.
T Cardiac magnetic resonance-derived value preferred.
Abbreviations: LVEF, left ventricular ejection fraction; AF, atrial fibrillation; TR, tricuspid

regurgitation; CREA, creatinine.



Table S3. Univariable Cox regression analysis of predictors in each center

Fuwai Hospital University Hospital Zurich
HR (95%CI) P-value HR (95%CI) P-value
LVEF 0.934 (0.918 - 0.950) <0.001 0.886 (0.854 - 0.920) <0.001
AF 7.664 (3.746 - 15.679) <0.001 3.803 (1.082 - 13.372) 0.037
TR 8.706 (4.142 - 18.300) <0.001 11.070 (4.187-29.268)  <0.001
CREA 1.013 (1.001 - 1.026) 0.038 1.014 (1.008 - 1.019) <0.001
MR 12.639 (5.993 - 26.652)  <0.001 6.877 (2.400 - 19.711) <0.001

LVEF, left ventricular ejection fraction; AF, atrial fibrillation; TR, tricuspid regurgitation > moderate

(%); CREA, creatinine; MR, mitral regurgitation > moderate (%)



Table S4. The proportional hazards assumption of the Cox regression model.

Schoenfeld Residual Rank of Time
TR Pearson correlation 0.056
P value 0.706
AF Pearson correlation 0.016
P value 0.917

CREA Pearson correlation 0.098

P value 0.507
LVEF Pearson correlation 0.211
P value 0.149

TR, tricuspid regurgitation > moderate (%); AF, atrial fibrillation; CREA, creatinine; LVEF, left

ventricular ejection fraction.



Table S5. The potential interactions between the risk variables in our model.

Variables P for interaction
TR*AF 0.512
TR*LVEF 0.338
TR*CREA 0.192
AF*LVEF 0.296
AF*CREA 0.241
LVEF*CREA 0.313

TR, tricuspid regurgitation > moderate (%); AF, atrial fibrillation; CREA, creatinine; LVEF, left

ventricular ejection fraction.



Figure S1. Cumulative survival free from HTx/Death.
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HTx/Death, heart transplantation or death due to heart failure; ICD, implantable cardioverter

defibrillator.




Figure S2. Cumulative survival free from HTx/Death with or without different

risk predictors.
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HTx/Death, heart transplantation or death due to heart failure; LVEF, left ventricular ejection

fraction; AF, atrial fibrillation; TR, tricuspid regurgitation; CREA, creatinine.



Figure S3. Calibration plots showing the agreement between predicted (x-axes)

and observed (y-axes) 1-, 3-, and 10-year risk of the primary outcome.
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