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Abstract

Background: Left ventricular ejection fraction (LVEF) remains the basic reference for the prevention of sudden cardiac death (SCD)
patients, while right ventricular (RV) abnormalities have now been associated with SCD risk. A modified benefit assessment tool incor-
porating RV function parameters in consideration of implantable cardioverter defibrillators (ICD) insertion should be taken into account.
Methods: We enrolled 954 chronic heart failure (CHF) patients (age 58.8 ± 13.1 years; 79.0% male) with quantitative measurements
of right ventricular outflow tract diameter (RVOTD) before ICD implantation and then divided them according to the median level of
RVOTD. The predictive value of RVOTD in life-threatening ventricular tachycardia (VT)/ventricular fibrillation (VF) vs. non-arrhythmic
mortality (defined as death without prior sustained VT/VF), was evaluated respectively. Based on RVOTD and other identified risk fac-
tors, a simple risk assessment tool, RVOTD-ICD benefit score, was developed. Results: A higher RVOTD level was significantly
associated with an increased risk of VT/VF (per 1 standard deviation (SD) increase, hazard ratio [HR], 1.22; 95% confidence interval
[CI], 1.11–1.33; p = 0.002) but not non-arrhythmic mortality (per 1 SD increase, hazard ratio, 0.93; 95% CI, 0.66–1.33; p = 0.709) after
multivariable adjustment. Three benefit groups were created based on RVOTD-ICD benefit score, which was calculated from VT/VF
score (younger age, higher RVOTD, diuretic use, prior non-sustainable VT, prior sustainable VT/VF) and non-arrhythmic mortality
scores (older age, renin-angiotensin-aldosterone system inhibitors use, diabetes, higher left ventricular end-diastolic diameter, New York
Heart Association III/IV, higher N-terminal pro-B-type natriuretic peptide levels). In the highest RVOTD-ICD benefit group, the 3-year
risk of VT/VF was nearly 8-fold higher than the corresponding risk of non-arrhythmic mortality (39.2% vs. 4.8%, p < 0.001). On the
contrary, the 3-year risk of VT/VF was similar to the risk of non-arrhythmic mortality (21.9% vs. 21.3%, p = 0.405) in the lowest benefit
group. RVOTD-ICD benefit score system yielded improvement in discrimination for VT/VF, non-arrhythmic mortality, and all-cause
mortality than Multicenter Automatic Defibrillator Implantation Trial (MADIT)-ICD benefit score in this cohort. Conclusions: Higher
RVOTD was associated with significantly increased risk of sustained VT/VF in CHF patients. A simple risk assessment tool incorpo-
rating RVOTD (RVOTD-ICD benefit score) could be generalized to ICD populations, and optimize the decision-making process of ICD
implantation.

Keywords: chronic heart failure; implantable cardioverter-defibrillator; life-threatening ventricular arrhythmia; right ventricular outflow
tract diameter

1. Introduction

Chronic heart failure (CHF) is a common end-stage
heart disease and the leading cause of disability and death
worldwide [1]. Despite improved management of cardio-
vascular diseases, the overall incidence of CHF is increas-
ing in developed countries owing to the aging population
[2]. Although patients with CHF usually die of various car-
diac diseases, the specific causal mechanisms can be di-
vided between sudden cardiac death (SCD) from arrhyth-
mic events and non-SCD (NSCD) due to pump failure [3].
In the prevention of the former, implantable cardioverter-

defibrillator (ICD) is a well-acknowledged treatment that
can effectively monitor and terminate lethal ventricular ar-
rhythmia [4].

Indications for ICD implantation are based mainly on
a decreased left ventricular ejection fraction (LVEF;<35%)
[4], while it may be insufficient as the sole criterion to strat-
ify the risk of sudden arrhythmic death, especially since it
represents only one-third of cases [5]. Furthermore, LVEF
is associated with pump failure death, which cannot be di-
rectly prevented by ICD therapy. Thus, improved selec-
tion of patients at risk of SCD is required to bridge the gap
between clinical evidence, avoidable device complications,
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Fig. 1. Flow chart. ICD, implantable cardioverter defibrillator; RVOTD, right ventricular outflow tract diameter.

and limited healthcare resources. In contrast, right ven-
tricular (RV) dysfunction has shown reliable evidence for
predicting adverse outcomes in different types of heart fail-
ure as well as SCD [6–11]. The nature of this relationship
between RV function parameters and ICD outcomes in pa-
tients with CHF warrants further investigation.

Moreover, previous studies focused on constructing
risk assessment tools to facilitate risk stratification in pri-
mary prevention ICD recipients, while CHF patients with
secondary implantation, many of whom have preserved
(HFpEF) or mid-range (HFmrEF) LVEF, have received lit-
tle attention. Risk stratification in these patients is essential
to understanding the heterogeneity of disease development
and prognosis. Therefore, the present study aimed to deter-
minewhether standard RVoutflow tract diameter (RVOTD)
measures could be easily obtainable predictors of ventric-
ular arrhythmic events in CHF patients with varying func-
tional statuses and be added to an individualized risk assess-
ment tool in a real-world setting.

2. Materials and Methods
We retrospectively enrolled consecutive patients with

stable ambulatory CHF who underwent the implantation of
a single- or dual-chamber ICD between January 1, 2010,
and May 1, 2020. Patients were included if they presented
with typical signs or symptoms of heart failure according to
the latest European Society of Cardiology guidelines for the
diagnosis of CHF [2]. For suspected heart failure patients
with those symptoms/signs, natriuretic peptide measure-
ment with N-terminal pro-B-type natriuretic peptide (NT-

proBNP) ≥125 pg/mL or B-type natriuretic peptide (BNP)
≥35 pg/mL and abnormal findings hinted by electrocardio-
gram and echocardiography were used to confirm the di-
agnosis of CHF. In addition, medical history investigation,
basic biochemical test and chest X-ray were comprehen-
sively evaluated to differentiate CHF from other possible
causes [2]. The exclusion criteria were: (1) without symp-
toms, signs or objective evidence of heart failure (n = 142);
(2) acute heart failure within 1 month (n = 44); (3) ICD
removal within 6 months (n = 3); (4) follow-up for interro-
gation less than 6 months (n = 42); (5) missing echocardio-
graphic findings (n = 13); and (6) presence of pulmonary
embolism (n = 10). Finally, 954 patients were included in
this study (Fig. 1). The study complied with the Declaration
of Helsinki and was approved by the Ethics Committee of
Fuwai Hospital. All participants provided written informed
consent.

2.1 Data Collection
Demographic characteristics, medication history and

laboratory tests were collected from electronic medical
records on admission. Two-dimensional echocardiographic
examination was performed 3 days before ICD insertion by
experienced sonographers and interpreted by well-trained
cardiologists, using commercially available equipment. Se-
quential cardiac cycles were recorded during breath hold-
ing with stable electrocardiography tracing. Chamber di-
mensions and functional parameters were measured ac-
cording to the American Society of Echocardiography and
the European Association of Cardiovascular Imaging [12].
Right ventricular outflow tract diameter wasmeasured from

2

https://www.imrpress.com


the anterior RV wall to the interventricular septal-aortic
junction in a standard parasternal long-axis (PSLAX) end-
diastole view, as depicted in Supplementary Fig. 1 [13].

2.2 Follow-Up and Outcome Definitions

The follow-up period began on the first day after im-
plantation. Device interrogation contained a review of
the stored intracardiac electrograms 3 months later and
every six to twelve months. The primary endpoint was
the first appropriate shock triggered by ICD-monitored
life-threatening ventricular tachycardia (VT)/ventricular
fibrillation (VF) and undertreated SCD adjudicated by
association-certified electrophysiologists. Shocks were de-
termined appropriate if the preceding rhythm was classi-
fied as VT/VF. Inappropriate therapies and antitachycardia
pacing (ATP) were excluded from the initial outcome. The
secondary endpoint was non-arrhythmic mortality, defined
as a composite of death or cardiac transplantation without
exposure to any sustained VT/VF during follow-up. The
survival status was obtained from medical health records
or telephone calls until February 2022. The dates for the
censoring of interrogation and death are not necessarily the
same.

2.3 Model Development

Firstly, to explore an additional value of RVOTD
based on existing VT/VF risk tools, the validated Seattle
Proportional Risk Model (SPRM) was used as one of the
basic models (male sex, younger age, no diabetes, lower left
ventricular ejection fraction, lower systolic blood pressure,
lower creatinine level, lower serum sodium level, better
New York Heart Association functional class, higher body
mass index and digoxin use) [14]. Another basic model is
the Multicenter Automatic Defibrillator Implantation Trial
(MADIT)-ICD benefit score, consisting of VT/VF score
(LVEF ≤25%, atrial arrhythmia, heart rate >75 bpm, sys-
tolic blood pressure <140 mmHg, myocardial infarction,
age <75 years, male, prior non-sustained VT) and non-
arrhythmic mortality score (New York Heart Association
≥II, diabetes, body mass index <23 kg/m2, atrial arrhyth-
mia, LVEF ≤25%, and age ≥75 years) [15]. Cardiac
resynchronization therapy-cardioverter defibrillator (CRT-
D) recipients were not included considering that varying
response rates of cardiac resynchronization therapy would
confound their future effect on outcomes. Variable types
and thresholds for categorization of numeric variables in-
cluded in current analysis were basically the same as the
original ones, and some corrections and explanations are
stated as follows. Serum sodium values were analyzed as
continuous units below 145mEq/L, which is the upper limit
of reference value in our hospital labs. When calculat-
ing MADIT-ICD scores, the points assigned for each vari-
able were consistent with the original ones, too. All prior
VT/VF events were analyzed when measuring MADIT-
ICD VT/VF score.

Secondly, a new risk prediction model for ICD ben-
efits incorporating RVOTD was introduced. We identified
factors associated with increased risk for VT/VF, after ac-
counting for non-arrhythmic mortality as a competing risk,
and created a VT/VF risk score. Then, we used a similar
method to construct the non-arrhythmic mortality risk score
for death without a prior VT/VF as the endpoint. Next, we
allocated each individual into a risk stratum by calculating a
newly developed RVOTD-ICD benefit score that combined
the VT/VF risk score and the non-arrhythmic mortality risk
score for both outcomes. The whole population was sep-
arated into three benefit groups: (i) Highest benefit (high-
est VT/VF risk and lowest non-arrhythmic mortality risk),
(ii) Intermediate benefit (higher VT/VF risk and lower non-
arrhythmic mortality risk), and (iii) Lowest benefit (lowest
risk of VT/VF and highest risk of non-arrhythmic mortal-
ity). Finally, we compared the RVOTD-ICD benefit score
with MADIT-ICD benefit score by evaluating the overall
survival benefit among these populations.

2.4 Statistical Analysis
Continuous data were presented as the median and the

interquartile range (IQR) or mean and standard deviation.
Categorical data were expressed as frequencies with per-
centages. Baseline characteristics of the lower and upper
RVOTD patients were compared using χ2 test for categor-
ical variables, the unpaired t-test for normally distributed
continuous variables, and Kruskal‒Wallis test for continu-
ous variables with nonnormal distribution.

Step 1—selection of RVOTD and other prognostic
factors.

We performed analyses of the unadjusted cumula-
tive incidence rates for VT/VF events and non-arrhythmic
death, illustrated by Kaplan–Meier curves. Then, a multi-
variable Fine-Gray model, using non-arrhythmic mortality
as a competitive risk and VT/VF as the endpoint, was used
to adjust the effect of RVOTD in the final model. Vari-
ables in Seattle Proportional Risk Model, the MADIT-ICD
VT/VF score and Non-arrhythmic Mortality Score, as well
as other potential risk factors available for the entire cohort
were candidate variables, whose p values less than 0.05 in
univariable analysis were then included in the multivariable
model to test for an independent association between out-
comes and RVOTD. Backward selection was used based on
Akaike Information Criterion (AIC) rule. The significance
level for staying in the final model is 0.05. The same step-
wise selective Cox regression for non-arrhythmic mortal-
ity was performed as for VT/VF. The follow-up time was
calculated as the time between ICD implantation and the
outcome events or censoring. Furthermore, RVOTD was
added with all variables in SPRM and MADIT-ICD scores
to assess the incremental value based on existing risk mod-
els. Interaction analysis were performed to examine poten-
tial heterogeneity of RVOTD between subgroups.
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Fig. 2. Incidence of VT/VF (A) and non-arrhythmic mortality (B) in patients with lower or higher right ventricular outflow tract
diameters. RVOTD, right ventricular outflow tract diameter; VT, ventricular tachycardia; VF, ventricular fibrillation.

Step 2—development and validation of RVOTD-ICD
benefit score.

Variables related to either VT/VF or non-arrhythmic
death were selected based on step 1. To create a simple
scoring method, numeric variables were categorized by the
use of cut-off points. The age range was categorized by
ten years. Log NT-proBNP was categorized by the quar-
tile distribution. Thresholds for categorization of echocar-
diographic parameters were cut off by median. Each vari-
able was then assigned a numeric value based on the rela-
tive value of its regression coefficient in the multivariate re-
gression model. The prediction scores for VT/VF and non-
arrhythmic mortality were separately validated by measur-
ing discrimination using time-dependent receiver operating
characteristic curve with 1000 randomly bootstrapped sam-
ples. Calibrations were assessed by comparing observed
risk with the predictive risk of two RVOTD-ICD scores.

Given the VT/VF rate was approximately three times
as non-arrhythmic death rate in the whole population, and
in hope of creating positive scores, RVOTD-ICD benefit
score was calculated as follows: 3 × VT/VF score – non-
arrhythmic death score + 50, in which higher score denotes
a higher long-term benefit from ICD implantation. The co-
hort was trichotomized into three groups based on patient-
specific risk for VT/VF and non-arrhythmic mortality mea-
sured as ICD benefit score. Within each group, we used
cumulative incidence function curves to illustrate both out-
comes.

Step 3—comparison with MADIT-ICD benefit score.
ROC curve analysis using nonparametric estimates of

the area under the curve (AUC) was performed to compare
the predictability of VT/VF score and non-arrhythmic death
score between MADIT-ICD and RVOTD-ICD models. Pa-
tient discrimination and reclassification were also evaluated
using continuous net reclassification improvement (cNRI).
Finally, the clinical usefulness and net benefit of both ben-
efit score systems were estimated with decision curve anal-

ysis to test whether the new model would stratify long-term
risk of whole ICD population in different ranges of thresh-
old probabilities.

SPSS version 26.0 (IBM Corp., Armonk, NY, USA)
and R version 4.1.2 (R Foundation for Statistical Com-
puting, Vienna, Austria) were used for statistical analyses.
Missing data were handled by multiple imputations. A two-
sided p-value< 0.05was considered statistically significant
unless specified otherwise.

3. Results
3.1 Study Population

The 954 total ICD recipients were divided accord-
ing to median RVOTD (23 mm) (Fig. 1). The population
was on average 58.8 years old, and predominantly male
(79.0%). The ICD manufacturers included Medtronic, Ab-
bott, Biotronik, and Boston Scientific. A total of 604 pa-
tients underwent implantation of a single-chamber ICD.
Supplementary Fig. 2 presents the distribution of RVOTD
in the cohort. The baseline characteristics of the patients are
shown in Table 1. Patients with a higher median RVOTD
had a higher body mass index. They were more likely to
suffer from atrial fibrillation and less likely to suffer from
coronary arterial disease. In terms of echocardiographic
parameters, they had higher left atrial diameters, but the
left ventricular end-diastolic diameter and LVEF were sim-
ilar. Additionally, they were more likely to be prescribed
digoxin, and their erythrocyte sedimentation rates and lac-
tic dehydrogenase concentrations were higher.

3.2 Association between RVOTD and Outcomes

During a median interrogation follow-up of 2.83 years
(interquartile range: 1.33–5.27 years) and median death
follow-up of 3.85 years (interquartile range: 2.14–6.37
years), 285 patients experienced appropriate ICD shock
(29.9%) or SCD (0.2%), and 140 patients died with-
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Table 1. Baseline characteristics in patients with lower or higher levels of right ventricular diameters.
All (n = 954) RVOTD <23 mm (n = 465) RVOTD ≥23 mm (n = 489) p value

Age 58.79 (13.08) 59.46 (13.15) 58.15 (13.00) 0.121
Female 200 (21.0) 123 (26.5) 77 (15.7) <0.001
Body mass index (kg/m2) 24.85 (3.56) 24.47 (3.39) 25.21 (3.69) 0.001
Heart rate (bpm) 68.74 (13.91) 68.21 (12.91) 69.25 (14.80) 0.247
NYHA class 0.913

I/II 582 (61.0) 285 (61.3) 297 (60.7)
III/IV 372 (39.0) 180 (38.7) 192 (39.3)

Smoking 439 (46.0) 217 (46.7) 222 (45.4) 0.743
Alcohol use 347 (36.4) 158 (34.0) 189 (38.7) 0.152
Prior VT 796 (83.4) 386 (83.0) 410 (83.8) 0.796
Prior Sustain VT/VF 636 (66.7) 306 (65.8) 330 (67.5) 0.679
Syncope 416 (43.6) 193 (41.5) 223 (45.6) 0.226
Frequent PVCs 419 (43.9) 208 (44.7) 211 (43.1) 0.669
Diabetes mellitus 190 (19.9) 85 (18.3) 105 (21.5) 0.249
Coronary arterial disease 451 (47.3) 242 (52.0) 209 (42.7) 0.005
Atrial fibrillation 285 (29.9) 115 (24.7) 170 (34.8) 0.001
Atrioventricular block 120 (12.6) 52 (11.2) 68 (13.9) 0.242
Stroke 62 (6.5) 29 (6.2) 33 (6.7) 0.85
Hyperlipidemia 473 (49.6) 244 (52.5) 229 (46.8) 0.093
eGFR <60 mL/min/1.73 m2 225 (23.6) 109 (23.4) 116 (23.7) 0.979
Hyperuricemia 96 (10.1) 40 (8.6) 56 (11.5) 0.175
Left ventricular mass index 150.21 (52.13) 153.04 (53.88) 147.51 (50.33) 0.101
LVEDD 60.69 (10.78) 60.22 (10.72) 61.13 (10.83) 0.192
LAD (mean (SD)) 43.51 (7.92) 42.04 (6.52) 44.90 (8.84) <0.001
LVEF (mean (SD)) 41.76 (13.80) 41.73 (13.77) 41.80 (13.84) 0.94
RAAS inhibitors 676 (70.9) 332 (71.4) 344 (70.3) 0.775
β-blocker 865 (90.7) 431 (92.7) 434 (88.8) 0.048
Calcium channel blockers 95 (10.0) 51 (11.0) 44 (9.0) 0.364
Diuretic 691 (72.4) 333 (71.6) 358 (73.2) 0.632
Mineralcorticoid receptor antagonist 627 (65.7) 308 (66.2) 319 (65.2) 0.797
Digoxin 231 (24.2) 99 (21.3) 132 (27.0) 0.048
Antiarrhythmic drugs 574 (60.2) 285 (61.3) 289 (59.1) 0.532
NT-proBNP 1570.83 (2171.68) 1362.14 (1926.87) 1769.27 (2366.20) 0.054
LDH 205.43 (76.14) 202.69 (81.94) 208.02 (70.15) 0.020
ESR 11.10 (12.37) 12.17 (13.46) 10.09 (11.15) 0.006
hs-TnI 0.22 (1.01) 0.25 (1.25) 0.19 (0.70) 0.913
hs-CRP 3.52 (3.98) 3.41 (3.98) 3.62 (3.98) 0.132
Values are themean (SD) or n (%). eGFR, estimated glomerular filtration rate; ESR, erythrocyte sedimentation rate; hs-CRP, high-sensitivity
C-reactive protein; hs-TnI, high-sensitivity troponin I; LAD, left atrial diameter; LDH, lactic dehydrogenase; LVEDD, left ventricular
end-diastolic diameter; LVEF, left ventricular ejection fraction; NSVT, non-sustained ventricular tachycardia; NT-proBNP, N-terminal
pro-B-type natriuretic peptide; NYHA, New York Heart Association; PVCs, premature ventricular complexes; RAAS, renin-angiotensin-
aldosterone system; VF, ventricular fibrillation; VT, ventricular tachycardia; RVOTD, right ventricular outflow tract diameter.

out experiencing any sustained VT/VF since implantation
(14.7%). In the unadjusted time-to-event curves, patients
with a higher median RVOTD had a higher cumulative
incidence of VT/VF events than their lower counterparts
(Fig. 2A, Table 2) (hazard ratio [HR], 1.48; 95% confi-
dence interval [CI], 1.17–1.87; p = 0.001). However, the
non-arrhythmic mortality risk was not significantly differ-
ent between the two groups (Fig. 2B, Table 2; HR, 1.09;
95% CI, 0.78–1.52; p = 0.628). A multivariable model
fully adjusted for all possible confounders in the univari-

ate analysis (Supplementary Table 1) showed consistent
adverse effects of RVOTD in VT/VF events (HR per stan-
dard deviation (SD): 1.22; 95% CI, 1.11–1.33; p = 0.002).
Receiver operating characteristic curve analysis confirmed
the predictive value of RVOTD for VT/VF events (area un-
der the curve [AUC], 0.61; 95% CI, 0.55–0.66; p< 0.001),
with the best cutoff value at 27 mm. The fully adjusted
Seattle Proportional RiskModel andMulticenter Automatic
Defibrillator Implantation Trial–Implantable Cardioverter-
Defibrillator (MADIT-ICD) models also suggested that
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Table 2. Association between right ventricular outflow tract diameter levels and outcomes.

Group
Event rate (per 100

person-year)
Unadjusted HR

(95% CI)
p value

SPRM adjusted*
HR (95% CI)

p value
MADIT-ICD adjusted†

HR (95% CI)
p value

VT/VF events 12.20 (10.82–13.70)
Lower median 9.61 (7.99–11.46) Reference Reference Reference
Higher median 15.39 (13.11–17.96) 1.48 (1.17–1.87) 0.001 1.45 (1.15–1.84) 0.002 1.45 (1.04–1.69) 0.020
Per 1 SD increase 1.23 (1.12–1.35) <0.001 1.20 (1.09–1.32) <0.001 1.19 (1.08–1.31) <0.001

Non-arrhythmic mortality 4.07 (3.43–4.81)
Lower median 3.96 (3.08–4.99) Reference Reference Reference
Higher median 4.20 (3.28–5.31) 1.09 (0.78–1.52) 0.628 1.15 (0.82–1.62) 0.424 1.06 (0.76–1.49) 0.715
Per 1 SD increase 0.97 (0.82–1.14) 0.680 1.08 (0.90–1.30) 0.383 1.00 (0.85–1.19) 0.969

*SPRM adjusted model initially included RVOTD and all the variables in Seattle Proportional Risk Model (male sex, younger age, no diabetes,
lower left ventricular ejection fraction, systolic blood pressure, lower creatinine level, serum sodium level, better NYHA functional class, body
mass index and digoxin use). Final variables were backward selected based on AIC rule for each outcome.
†For VT/VF events, MADIT-ICD adjusted model initially included RVOTD and all the variables in MADIT-ICD VT/VF score (LVEF <25%,
atrial arrhythmia, heart rate >75 bpm, SBP <140 mmHg, myocardial infarction, age <75 years, male, and prior sustained VT/VF), which were
then backward selected based on AIC rule; For non-arrhythmic mortality, MADIT-ICD adjusted model initially included RVOTD and all the
variables in MADIT-ICD non-arrhythmic mortality score (NYHA ≥II, diabetes, BMI <23 kg/m2, atrial arrhythmia, LVEF ≤25%, age ≥75),
which were then backward selected based on AIC rule.
LVEF, left ventricular ejection fraction; NYHA, New York Heart Association; VF, ventricular fibrillation; VT, ventricular tachycardia; RVOTD,
right ventricular outflow tract diameter; SPRM, Seattle Proportional Risk Model; BMI, body mass index; MADIT, Multicenter Automatic Defib-
rillator Implantation Trial; ICD, implantable cardioverter defibrillator; SD, standard deviation; AIC, Akaike Information Criterion; HR, hazard
ratio; SBP, systolic blood pressure.

Table 3. Regression models cooperated with right ventricular outflow tract diameter and other variables and their
corresponding point for newly developed RVOTD-ICD VT/VF and non-arrhythmic mortality risk score.

Variable
VT/VF score Non-arrhythmic mortality score

Coefficient HR p value Score Coefficient HR p value Score

Age per 10 years –0.20 0.82 <0.001 0.22 1.24 0.004
<45 +2 –2
45 ≤ age < 55 +1 –1
55 ≤ age < 65 Reference Reference 0 Reference Reference 0
65 ≤ age < 75 –1 +1
≥75 –2 +2

RVOTD ≥23 0.37 1.45 0.002 +2
Diuretics 0.40 1.49 0.005 +2
Prior NSVT 0.49 1.63 0.041 +2
Prior sustain VT/VF 0.67 1.96 <0.001 +3
RAAS inhibitors –0.46 0.63 0.010 –2
Diabetes 0.47 1.60 0.019 +2
LVEDD ≥68 0.57 1.78 0.003 +3
NYHA III/IV 0.66 1.93 <0.001 +3
NT-proBNP in quartile

<392 Reference Reference 0
392 ≤ NT-proBNP < 910 1.22 3.39 0.014 +6
910 ≤ NT-proBNP < 1887 1.80 6.03 <0.001 +8
≥1887 2.14 8.46 <0.001 +10

LVEDD, left ventricular end-diastolic diameter; NSVT, non-sustained ventricular tachycardia; NT-proBNP, N-terminal pro-B-type
natriuretic peptide; NYHA, New York Heart Association; RAAS, renin-angiotensin-aldosterone system; VF, ventricular fibrilla-
tion; VT, ventricular tachycardia; RVOTD, right ventricular outflow tract diameter; HR, hazard ratio; ICD, implantable cardioverter
defibrillator.

RVOTD was a robust indicator of VT/VT events, both as
categorical and continuous variables (Table 2).

Subgroup analyses demonstrated that the link be-
tween RVOTD and VT/VF was homogenous across vari-
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Fig. 3. Incidence of VT/VF (A) and non-arrhythmic mortality (B) among the three RVOTD-ICD benefit score groups. ICD,
implantable cardioverter defibrillator; RVOTD, right ventricular outflow tract diameter; VT, ventricular tachycardia; VF, ventricular
fibrillation.

Table 4. Predicted VT/VF and non-arrhythmic mortality risk by RVOTD-ICD benefit groups.

RVOTD-benefit group
At 1 year At 2 years At 3 years

VT/VF
Non-arrhythmic

mortality
p value VT/VF

Non-arrhythmic
mortality

p value VT/VF
Non-arrhythmic

mortality
p value

Highest benefit group
Predicted mean rate (%) 19.5 1.4 <0.001 30.4 3.2 <0.001 39.2 4.8 <0.001
Predicted range (%) 19.0–20.1 1.2–1.6 29.6–31.2 2.9–3.6 38.2–40.1 4.2–5.4
Intermediate benefit group
Predicted mean rate (%) 14.1 3.3 <0.001 22.4 7.5 <0.001 29.4 10.9 <0.001
Predicted range (%) 13.7–14.5 3.0–3.6 21.9–23.0 6.9–8.2 28.7–30.2 10.0–11.9
Lowest benefit group
Predicted mean rate (%) 10.2 6.7 <0.001 16.4 15.0 0.007 21.9 21.3 0.405
Predicted range (%) 9.9–10.5 6.2–7.3 16.0–16.9 13.9–16.2 21.2–22.5 19.8–22.8
ICD, implantable cardioverter defibrillator; RVOTD, right ventricular outflow tract diameter; VT, ventricular tachycardia; VF,
ventricular fibrillation.

ous subgroups of patients, particularly among patients with
or without left ventricle hypertrophy or different LVEF
groups (Supplementary Fig. 3). Interestingly, the risk
of RVOTD may be even higher in those who were not
treated with guideline-directed pharmacotherapy, including
renin-angiotensin-aldosterone system (RAAS) inhibitors,
β-blockers, and mineralocorticoid receptor antagonists (p
for interaction <0.05). A sensitivity analysis, including
monitoring ATP as the primary endpoint, revealed a robust
association between RVOTD and ventricular tachyarrhyth-
mia (Supplementary Table 2).

3.3 Development and Validation of RVOTD-ICD Benefit
Score

Together with a higher RVOTD, younger age, diuretic
use, prior non-sustained VT (NSVT), and prior sustained
VT/VF were eventually identified as having an increased
risk of VT/VF in the Fine-Gray regression model (Table 3).
The AUC of the RVOTD-ICD VT/VF score of 1, 2, and

3 years were 0.64 (95% CI, 0.59–0.68), 0.64 (95% CI,
0.59–0.68), and 0.62 (95% CI, 0.57–0.66), respectively
(Supplementary Table 3). On the other hand, six factors
were identified as predictors of non-arrhythmic mortality:
older age, diabetes, higher left ventricular end-diastolic di-
ameter (LVEDD), New York Heart Association (NYHA)
class III/IV and higher NT-proBNP quartile were associated
with increased risk of non-arrhythmic mortality, whereas
RAAS inhibitors use was related to reduced risk (Table 3).
The AUC of the RVOTD-ICD non-mortality score of 1,
2, and 3 years were 0.81 (95% CI, 0.73–0.88), 0.75 (95%
CI, 0.69–0.81), and 0.78 (95% CI, 0.73–0.83), respectively
(Supplementary Table 3). Calibration curves showed that
both the RVOTD-VT/VF score and non-mortality score
fit well with the corresponding risks at 1, 2, and 3 years
(Supplementary Fig. 4). A consistent difference in the
VT/VF rates was also observed between the primary and
secondary prevention populations (Supplementary Table
4).
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The RVOTD-ICD benefit score was then calculated
and displayed a normal distribution (Shapiro–Wilk test, p
= 0.109; Supplementary Fig. 5). According to the bene-
fit score, this population was divided into the high benefit
group (>61), intermediate benefit group (54–61), and low-
est benefit group (<54). Fig. 3A,B illustrates the cumula-
tive incidence curves for the observed risk of VT/VF and
non-arrhythmic mortality in each of the three RVOTD-ICD
benefit groups. The benefit score divided groups well strat-
ified the whole population in both the risk of VT/VF (Fine-
Gray, p < 0.001) and non-arrhythmic mortality (log rank,
p < 0.001). The ATP-included endpoints displayed simi-
lar results (Supplementary Fig. 6). The predicted risks in
the RVOTD-ICD benefit groups are shown in Table 4. In
the highest RVOTD-ICD benefit group, the 3-year VT/VF
risk was approximately 8-fold higher than the correspond-
ing risk of non-arrhythmic mortality (39.2% vs. 4.8%, p <
0.001, respectively). In the intermediate group, the 3-year
VT/VF risk was also higher than the risk of non-arrhythmic
mortality; however, the difference diminished (29.4% vs.
10.9%, p < 0.001). In contrast, the 3-year risk of VT/VF
was similar to the risk of non-arrhythmic mortality (21.9%
vs. 21.3%, p = 0.405) in the lowest RVOTD-ICD benefit
group.

3.4 Comparison with MADIT-ICD Benefit Score
MADIT-ICD VT/VF, non-arrhythmic, and benefit

scores were calculated as in the original research. The time-
dependent receiver operating characteristic curve (Fig. 4)
manifested that RVOTD-ICD VT/VF score yielded a more
accurate prediction of both 1-year VT/VF (0.64 vs. 0.57,
p = 0.029) and non-arrhythmic mortality (0.81 vs. 0.69, p
= 0.006). NRI analysis also revealed that the RVOTD-ICD
VT/VF score and non-arrhythmic mortality score could bet-
ter reclassify 16.1% and 42.4% of patients for 1-year out-
comes, respectively. The improvement was consistent in
the two- and three-year observations shown in Supplemen-
tary Table 3.

Finally, decision curve analysis was applied to facili-
tate the comparison of long-term survival benefits between
the scores (Supplementary Fig. 7). In the 5-year analysis,
the RVOTD-ICD benefit score provided a larger net benefit
across the range of all-causemortality risk than theMADIT-
ICD score. For example, at a threshold of 30% death risk,
the RVOTD-ICD benefit score identified 4.4% additional
all-cause mortality compared with the MADIT-ICD bene-
fit score, without increasing the number of false positives
(Supplementary Table 5).

4. Discussion
As far as we know, this is the first study to confirm

the association between increased right ventricular outflow
tract diameter and the risk of life-threatening ventricular ar-
rhythmia in an ICD population with different causes and
statuses of CHF. In addition, we provide a revised score

Fig. 4. Receiver Operating Characteristic Curve for the
MADIT- and RVOTD-VT/VF score and non-arrhythmic mor-
tality score. RVOTD, right ventricular outflow tract diameter;
VT, ventricular tachycardia; VF, ventricular fibrillation; MADIT,
Multicenter Automatic Defibrillator Implantation Trial.

system that could help identify CHF patients who more
tend to benefit from ICD therapy in both primary and sec-
ondary prevention populations by evaluating individualized
risk for life-threatening VT/VF and the competing risk of
non-arrhythmic mortality. The results showed that RVOTD
was significantly associated with VT/VF in multivariable
analysis, independent of LV dysfunction, and RVOTD-ICD
benefit score could better stratify arrhythmic-specific risk
compared with MADIT-ICD score.

4.1 Current Risk Stratification of SCD
The fact that only 7–30% of ICD recipients for

primary prevention in clinical trials received appropriate
shocks suggests the need for improved SCD risk stratifica-
tion [16]. Among the many clinical variables proposed as
potential predictors of SCD [17], LVEF is a nearly exclu-
sive marker used in the clinical decision of ICD implanta-
tion because of its simplicity and reliability, which has been
substantiated in several randomized control trials [18–20].
However, in many observational studies, most patients with
SCD had normal or mildly reduced LVEF [5]. The sole use
of LVEF may be underqualified for the identification of pa-
tients at risk of SCD in different cardiac conditions, espe-
cially in non-ischemic cardiomyopathy [20,21].

Moreover, previous studies have focused on construct-
ing risk assessment tools to facilitate risk stratification in
primary prevention ICD recipients, while CHF patients
with secondary implantation were rarely taken seriously,
probably based on the myth that these patients would cer-
tainly benefit from ICD. However, in consideration of cost-
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effectiveness, especially in underdeveloped areas, those
with secondary indications are the majority of ICD recip-
ients in real-world settings. Still, prior studies have failed
to identify a specific group that exhibits a higher or lower
risk of recurrence of potentially life-threatening ventric-
ular arrhythmias among this population [22,23]. More
importantly, another thought-provoking basis for study-
ing patients with CHF both with and without prior sus-
tained VT/VF is that other causes of mortality that are not
arrhythmic-related or even noncardiac play an increasing
role in HFpEF [24], which is unavoidably underrepresented
in the primary prevention population. In addition, effica-
cious medications for heart failure with reduced ejection
fraction have been less so at higher LVEF ranges, only
decreasing the risk of HF hospitalization but not cardio-
vascular death in HFpEF. This reflects the burden of non-
cardiac comorbidities as LVEF increases and emphasizes
the complicated cardiac and noncardiac mechanisms un-
derpinning HFpEF. Therefore, weighing between VT/VF
and non-arrhythmic mortality needs to be individually con-
ducted to appropriately evaluate the potential benefit of ICD
in patients with CHF across LVEF. Our study concluded
that LVEF and left atrial diameter were more competitive
in predicting non-arrhythmicmortality than life-threatening
ventricular arrhythmia in patients with CHF. Consequently,
this phenomenon calls for other specific arrhythmogenic
predictors for precise ICD implantation.

4.2 RV Dysfunction and Ventricular Arrhythmia

Recent studies have attached importance to RV func-
tion as a determinant of arrhythmic outcomes, including
SCD and ventricular tachyarrhythmia [11,25–29]. RV dys-
function (usually assessed by RV ejection fraction) is inde-
pendently predictive of sudden cardiac arrest or appropri-
ate ICD therapy, even among those with an LVEF >35%
[11,26,27], which indicates that RV dysfunction has the po-
tential to enhance the current approach to SCD risk strat-
ification beyond left heart function. The possible mecha-
nism by which RV involvement leads to the occurrence of
VA/SCD has not been elucidated. Macro reentry, mainly
due to a conduction delay within the scar zone, is frequently
noted in ischemic cardiomyopathy. RV stretch and volu-
metric load would prolong cardiac repolarization and re-
fractoriness, which may create an unstable electrophysio-
logical substrate, giving rise to an enhanced propensity for
stretch-triggered or stretch-mediated ventricular arrhyth-
mias [30].

Surprisingly, this study showed that RVOTD was su-
perior to LVEDD for arrhythmia risk stratification. The re-
sponse of RV to disease is a consequence of various com-
binations of volume overload and/or pressure, as well as
intrinsic myocardial deficits, where the predominant abnor-
mality may determine the clinical presentation and course.
Because the vast majority of patients had left-sided heart
failure and acute pulmonary arterial hypertension was ex-

cluded in this study, additional RV involvement may be re-
garded as a sensitive barometer of any “downstream pathol-
ogy” affecting RV afterload due to abnormal pulmonary
vasculature, or most likely, increased LV filling pressures
[31], which appears to identify a group with a high risk of
ventricular tachyarrhythmia.

Although RV systolic function is an important predic-
tor of cardiovascular outcomes, the complex morphology
of the RV and the mechanics of motion make it difficult to
obtain accurate and reproducible measurements [32]. Since
the assessment of RV function is not currently routine be-
fore ICD implantation, many echocardiographic measures
related to RV function were not available for every patient
in this study. Nonetheless, we proved that an integrated
record of right ventricular diameter was useful enough to
reflect RV stretch and loaded volume to a huge extent and
undoubtedly had a significant implication on the prognosis
of malignant arrhythmic events.

It should be noted that the long-term effect of the
proarrhythmic action of RVOTD was consistent in most
clinical subgroups, including a history of cardiovascular
disease across LVEF strata, indicating that RVOTD could
serve as an incremental predictor of SCD in patients with
reduced systolic function, whose risk of SCD has already
increased, as well as in patients with preserved LVEF. The
exception lies in the use of three foundational drugs for the
treatment of CHF: RAAS inhibitors, β-blockers, andminer-
alocorticoid receptor antagonists. Although patients with a
higher RVOTD experienced more VT/VF events regardless
of whether they were taking anti-HF medications, the for-
mer were clearly less influenced by a larger RV at the time
of implantation. It could be speculated that these drugs im-
prove cardiac remodeling in both ventricles, and thus, im-
prove arrhythmic outcomes. Additionally, for those who
cannot tolerate anti-HF medications, cardiac pump func-
tion is usually not able to maintain blood pressure. Conse-
quently, capacity-sensitive RV tend to expand, which fur-
ther increases the risk of long-term arrhythmic events.

Several baseline characteristics, such as atrial fibrilla-
tion and digoxin use, were imbalanced between the higher
and lower RVOTD groups, whichmay have confounded the
proarrhythmogenic effect of RVOTD. However, univari-
able and multivariable adjustments of these characteristics
minimized the study bias. Moreover, during every interro-
gation, the preceding rhythm of each previous shock was
examined through an intracavitary electrogram, thus pre-
venting the mistake that inadequate shocks for atrial tach-
yarrhythmia were regarded as endpoints.

4.3 RVOTD-ICD Benefit Score

In light of the MADIT-ICD benefit score, the new
RVOTD-ICD benefit score could be more easily calculated
manually and used for decision-making regarding the need
for SCD prevention. In this population, the benefit of ICD
was obvious in the first two years among all candidates,
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while the efficacy started dividing in the third year. The
highest RVOTD-ICD benefit group comprised patients with
the highest predicted risk for VT/VF and the lowest pre-
dicted risk for non-arrhythmic mortality; hence, the ab-
solute need to receive an ICD. In the intermediate bene-
fit group, the 3-year risk of VT/VF was still nearly three
times higher than the corresponding risk of non-arrhythmic
mortality. Thus, they should also be considered for ICD
prevention, combined with concomitant treatment of asso-
ciated comorbidities, to reduce the risk of non-arrhythmic
death. Although the risk of experiencing three-year VT/VF
is still over 20% to warrant ICD implantation in the low-
est benefit group, the significant difference from the risk of
non-arrhythmic mortality vanishes, suggesting that a per-
sonalized approach to device implantation should be con-
sidered with more focus on the management of comorbidi-
ties to maximize the benefit from ICD. Furthermore, this
score can be extrapolated to patients with previous ventric-
ular tachycardia or fibrillation, who account for a large pro-
portion of patients in real-world situations. Even though
ICD implantation seems inevitable for these patients, the
RVOTD-ICD benefit score could still serve as a reference
for individualized follow-up, including the frequency and
emphasis of interrogation, and for more urgent ICD treat-
ment, prior to the progression of more advanced risk factors
associated with non-arrhythmic mortality.

Apart from the RVOTD identified in this study, one
of the most recognized risk factors associated with ICD ef-
ficacy is age, as younger patients have a higher probabil-
ity of appropriate ICD therapy [14,15,23,33]. Prior NSVT
is another established hazard for VT/VF risk [34]. This
component and prior sustained VT/VF were assigned dif-
ferent points in the RVOTD-ICD VT/VF score. A large
prospective study supported the extension of ICD to a se-
lected population with prior NSVT from underrepresented
geographies [35]. Diuretics have not been shown to reduce
all-cause mortality in patients with CHF. Instead, we indi-
cated that the need for diuretics in patients with CHF im-
plies worse prognosis. It is also worth noting that thiazide
and loop diuretics may cause electrolyte abnormalities and
concomitant drug-induced arrhythmias.

With regard to non-arrhythmicmortality, diabetes [36]
and a higher NYHA class [37] are widely acknowledged to
present a high risk for non-arrhythmic mortality associated
with various comorbidities. A larger left ventricular dimen-
sion, featuring left dysfunction, showed a better determina-
tion of pump failure death owing to its direct pump effect
[38]. RAAS inhibitors, as evidenced by many randomized
clinical trials [39,40], were the only type of medications
that outperformed other candidates in score development,
proving that their clinical application cannot be overempha-
sized. Higher NT-proBNP levels have been shown to be
closely associated with pump failure death [41]. Our pre-
vious investigation also suggested that patients with higher
NT-proBNP levels might derive less benefit from ICD [42].

In this study, log-transformed NT-proBNP showed a linear
relationship with non-arrhythmic mortality; thus, quartiles
of log-transformed values were given as cutoff points to ap-
propriately quantify its hazard ratios.

5. Limitation
Given the retrospective design of this study, an overall

evaluation of RV function was not possible. In addition, the
lack of longitudinal echocardiographic data may have un-
derestimated their prognostic role. However, the protocol
used in the present study ensured that the echoes were com-
parable, and in our opinion, the timing just before implan-
tation was a clinically relevant time for decision-making.
It should be noted that this cohort comprising the Asian
population may have limited generalizability to other ethnic
groups; therefore, further validation should be performed.
Angiotensin receptor neprilysin inhibitors and sodium glu-
cose co-transporter 2 inhibitors are included in the current
guidelines for optimal pharmacotherapy in patients with
CHF. Studies in patients with up-to-date pharmacotherapy
are needed to prove their efficacy in arrhythmic outcomes.
The score developed in this study was determined using ret-
rospectively collected data. Therefore, a prospective eval-
uation of this risk score as well as RV function is critical to
confirm its accuracy and prognostic value.

6. Conclusions
Corresponding with previous studies, our observa-

tions supported the conceptual basis for the predictive value
of RVOTD in a large cohort of CHF patients with hetero-
geneous heart diseases. Given the impact of RVOTD and
other risk factors on VT/VF and non-arrhythmic mortality
outcomes after implantable cardioverter-defibrillator ther-
apy, a simple risk assessment tool incorporating RVOTD
(RVOTD-ICD benefit score) could be generalized to both
SCD primary and secondary prevention populations, thus
optimizing the decision-making process for ICD implanta-
tion and interrogation.

Availability of Data and Materials
The datasets used and/or analyzed during the current

study are available from the corresponding author on rea-
sonable request.

Author Contributions
HH, YD, SC, YY and XL—conception and design;

WH—administrative support; CC,MG,XC,HN andWH—
data acquisition and clinical consultation; SC, YD, YY and
XL—data cleaning; HH, HN, MG, CC and XC—data anal-
ysis and interpretation. HH, YD, SC, YY and XL—draft
the manuscript; CC, MG, XC, HN and WH—manuscript
review. All the authors have given final approval of the
version to be published; Each author have participated suf-
ficiently in the work to take public responsibility for ap-

10

https://www.imrpress.com


propriate portions of the content; All the authors agreed to
be accountable for all aspects of the work in ensuring that
questions related to the accuracy or integrity of any part of
the work are appropriately investigated and resolved.

Ethics Approval and Consent to Participate
The study was conducted in accordance with the Dec-

laration of Helsinki, and approved by the Institutional Re-
viewBoard of Fuwai hospital (protocol code 2012-397; Ap-
proval date: 17 July 2012) for studies involving humans.
Informed consent was obtained from all subjects involved
in the study.

Acknowledgment
The authors thank all patients for their contribution to

this study.

Funding
This research received no external funding.

Conflict of Interest
The authors declare no conflict of interest.

Supplementary Material
Supplementary material associated with this article

can be found, in the online version, at https://doi.org/10.
31083/j.rcm2409269.

References
[1] Pocock SJ, Wang D, Pfeffer MA, Yusuf S, McMurray JJV,

Swedberg KB, et al. Predictors of mortality and morbidity in pa-
tients with chronic heart failure. European Heart Journal. 2006;
27: 65–75.

[2] McDonagh TA,Metra M, AdamoM, Gardner RS, Baumbach A,
BöhmM, et al. 2021 ESCGuidelines for the diagnosis and treat-
ment of acute and chronic heart failure. European Heart Journal.
2021; 42: 3599–3726.

[3] Fallavollita JA, Dare JD, Carter RL, Baldwa S, Canty JM, Jr.
Denervated Myocardium Is Preferentially AssociatedWith Sud-
den Cardiac Arrest in Ischemic Cardiomyopathy: A Pilot Com-
peting Risks Analysis of Cause-Specific Mortality. Circulation:
Cardiovascular Imaging. 2017; 10: e006446.

[4] Al-Khatib SM, Stevenson WG, Ackerman MJ, Bryant WJ,
Callans DJ, Curtis AB, et al. 2017 AHA/ACC/HRS Guideline
for Management of Patients With Ventricular Arrhythmias and
the Prevention of Sudden Cardiac Death: A Report of the Amer-
ican College of Cardiology/American Heart Association Task
Force on Clinical Practice Guidelines and the Heart Rhythm So-
ciety. Journal of the American College of Cardiology. 2018; 72:
e91–e220.

[5] Stecker EC, Vickers C, Waltz J, Socoteanu C, John BT, Mariani
R, et al. Population-based analysis of sudden cardiac death with
and without left ventricular systolic dysfunction: two-year find-
ings from the Oregon Sudden Unexpected Death Study. Journal
of the American College of Cardiology. 2006; 47: 1161–1166.

[6] Bosch L, Lam CSP, Gong L, Chan SP, Sim D, Yeo D, et al. Right
ventricular dysfunction in left-sided heart failure with preserved
versus reduced ejection fraction. European Journal of Heart Fail-
ure. 2017; 19: 1664–1671.

[7] Aymami M, Amsallem M, Adams J, Sallam K, Moneghetti K,
Wheeler M, et al. The Incremental Value of Right Ventricular
Size and Strain in the Risk Assessment of Right Heart Failure
Post - Left Ventricular Assist Device Implantation. Journal of
Cardiac Failure. 2018; 24: 823–832.

[8] Hamada-Harimura Y, Seo Y, Ishizu T, Nishi I, Machino-
Ohtsuka T, Yamamoto M, et al. Incremental Prognostic Value
of Right Ventricular Strain in Patients With Acute Decompen-
sated Heart Failure. Circulation: Cardiovascular Imaging. 2018;
11: e007249.

[9] Obokata M, Reddy YNV, Melenovsky V, Pislaru S, Borlaug
BA.Deterioration in right ventricular structure and function over
time in patients with heart failure and preserved ejection frac-
tion. European Heart Journal. 2019; 40: 689–697.

[10] Parrinello G, Torres D, Buscemi S, Di Chiara T, Cuttitta F,
Cardillo M, et al. Right ventricular diameter predicts all-cause
mortality in heart failure with preserved ejection fraction. Inter-
nal and Emergency Medicine. 2019; 14: 1091–1100.

[11] Pandat S, Nagaura T, Nair SG, Uy-Evanado A, Stecker EC,
Nichols GA, et al. An association between right ventricular dys-
function and sudden cardiac death. Heart Rhythm. 2020; 17:
169–174.

[12] Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, Er-
nande L, et al. Recommendations for cardiac chamber quantifi-
cation by echocardiography in adults: an update from the Amer-
ican Society of Echocardiography and the European Association
of Cardiovascular Imaging. Journal of the American Society of
Echocardiography. 2015; 28: 1–39.e14.

[13] Addetia K, Miyoshi T, Citro R, Daimon M, Gutierrez Fajardo P,
Kasliwal RR, et al. Two-Dimensional Echocardiographic Right
Ventricular Size and Systolic Function Measurements Stratified
by Sex, Age, and Ethnicity: Results of the World Alliance of
Societies of Echocardiography Study. Journal of the American
Society of Echocardiography. 2021; 34: 1148–1157.e1.

[14] Shadman R, Poole JE, Dardas TF, Mozaffarian D, Cleland JGF,
Swedberg K, et al. A novel method to predict the proportional
risk of sudden cardiac death in heart failure: Derivation of
the Seattle Proportional Risk Model. Heart Rhythm. 2015; 12:
2069–2077.

[15] Younis A, Goldberger JJ, Kutyifa V, Zareba W, Polonsky B,
Klein H, et al. Predicted benefit of an implantable cardioverter-
defibrillator: the MADIT-ICD benefit score. European Heart
Journal. 2021; 42: 1676–1684.

[16] Moss AJ, Schuger C, Beck CA, Brown MW, Cannom DS,
Daubert JP, et al. Reduction in inappropriate therapy and mor-
tality through ICD programming. The New England Journal of
Medicine. 2012; 367: 2275–2283.

[17] Deo R, Norby FL, Katz R, Sotoodehnia N, Adabag S, DeFil-
ippi CR, et al. Development and Validation of a Sudden Cardiac
Death Prediction Model for the General Population. Circulation.
2016; 134: 806–816.

[18] Moss AJ, Zareba W, Hall WJ, Klein H, Wilber DJ, Cannom DS,
et al. Prophylactic implantation of a defibrillator in patients with
myocardial infarction and reduced ejection fraction. The New
England Journal of Medicine. 2002; 346: 877–883.

[19] Bardy GH, Lee KL, Mark DB, Poole JE, Packer DL, Boineau R,
et al. Amiodarone or an implantable cardioverter-defibrillator
for congestive heart failure. The New England Journal of
Medicine. 2005; 352: 225–237.

[20] Køber L, Thune JJ, Nielsen JC, Haarbo J, Videbæk L, Korup
E, et al. Defibrillator Implantation in Patients with Nonischemic
Systolic Heart Failure. The New England Journal of Medicine.
2016; 375: 1221–1230.

[21] Naksuk N, Saab A, Li JM, Florea V, Akkaya M, Anand IS, et
al. Incidence of appropriate shock in implantable cardioverter-

11

https://doi.org/10.31083/j.rcm2409269
https://doi.org/10.31083/j.rcm2409269
https://www.imrpress.com


defibrillator patients with improved ejection fraction. Journal of
Cardiac Failure. 2013; 19: 426–430.

[22] Borleffs CJW, van Erven L, Schotman M, Boersma E, Kiès P,
van der Burg AEB, et al. Recurrence of ventricular arrhythmias
in ischaemic secondary prevention implantable cardioverter de-
fibrillator recipients: long-term follow-up of the Leiden out-of-
hospital cardiac arrest study (LOHCAT). European Heart Jour-
nal. 2009; 30: 1621–1626.

[23] Schaer B, Kühne M, Reichlin T, Osswald S, Sticherling C. Inci-
dence of and predictors for appropriate implantable cardioverter-
defibrillator therapy in patients with a secondary preventive im-
plantable cardioverter-defibrillator indication. Europace: Eu-
ropean Pacing, Arrhythmias, and Cardiac Electrophysiology.
2016; 18: 227–231.

[24] Gevaert AB, Kataria R, Zannad F, Sauer AJ, Damman K,
Sharma K, et al. Heart failure with preserved ejection frac-
tion: recent concepts in diagnosis, mechanisms and manage-
ment. Heart. 2022; 108: 1342–1350.

[25] Risum N, Valeur N, Søgaard P, Hassager C, Køber L, Ersbøll M.
Right ventricular function assessed by 2D strain analysis pre-
dicts ventricular arrhythmias and sudden cardiac death in pa-
tients after acute myocardial infarction. European Heart Journal.
Cardiovascular Imaging. 2018; 19: 800–807.

[26] Naksuk N, Tan N, Padmanabhan D, Kancharla K, Makkar N,
Yogeswaran V, et al. Right Ventricular Dysfunction and Long-
Term Risk of Sudden Cardiac Death in Patients With and With-
out Severe Left Ventricular Dysfunction. Circulation: Arrhyth-
mia and Electrophysiology. 2018; 11: e006091.

[27] Mikami Y, Jolly U, Heydari B, Peng M, Almehmadi F, Zahrani
M, et al. Right Ventricular Ejection Fraction Is Incremental
to Left Ventricular Ejection Fraction for the Prediction of Fu-
ture Arrhythmic Events in Patients With Systolic Dysfunc-
tion. Circulation. Arrhythmia and Electrophysiology. 2017; 10:
e004067.

[28] Aktas MK, Kim DD, McNitt S, Huang DT, Rosero SZ, Hall
BW, et al. Right ventricular dysfunction and the incidence of im-
plantable cardioverter-defibrillator therapies. Pacing and Clini-
cal Electrophysiology. 2009; 32: 1501–1508.

[29] Doyle CL, Huang DT, Moss AJ, Solomon SD, Campbell P,
McNitt S, et al. Response of right ventricular size to treatment
with cardiac resynchronization therapy and the risk of ventricu-
lar tachyarrhythmias in MADIT-CRT. Heart Rhythm. 2013; 10:
1471–1477.

[30] Zhu WX, Johnson SB, Brandt R, Burnett J, Packer DL. Impact
of volume loading and load reduction on ventricular refractori-
ness and conduction properties in canine congestive heart fail-
ure. Journal of the American College of Cardiology. 1997; 30:
825–833.

[31] La Gerche A, Roberts TJ. Straining the RV to predict the future.
JACC: Cardiovascular Imaging. 2015; 8: 170–171.

[32] Meyer P, Filippatos GS, Ahmed MI, Iskandrian AE, Bittner V,

Perry GJ, et al. Effects of right ventricular ejection fraction on
outcomes in chronic systolic heart failure. Circulation. 2010;
121: 252–258.

[33] Vazquez R, Bayes-Genis A, Cygankiewicz I, Pascual-Figal D,
Grigorian-Shamagian L, Pavon R, et al. TheMUSIC Risk score:
a simple method for predicting mortality in ambulatory patients
with chronic heart failure. European Heart Journal. 2009; 30:
1088–1096.

[34] de Sousa MR, Morillo CA, Rabelo FT, Nogueira Filho AM,
Ribeiro ALP. Non-sustained ventricular tachycardia as a pre-
dictor of sudden cardiac death in patients with left ventricular
dysfunction: a meta-analysis. European Journal of Heart Fail-
ure. 2008; 10: 1007–1014.

[35] Zhang S, Ching CK, Huang D, Liu YB, Rodriguez-Guerrero
DA, Hussin A, et al. Utilization of implantable cardioverter-
defibrillators for the prevention of sudden cardiac death in
emerging countries: Improve SCA clinical trial. Heart Rhythm.
2020; 17: 468–475.

[36] Zabel M,Willems R, Lubinski A, Bauer A, Brugada J, Conen D,
et al. Clinical effectiveness of primary prevention implantable
cardioverter-defibrillators: results of the EU-CERT-ICD con-
trolled multicentre cohort study. European Heart Journal. 2020;
41: 3437–3447.

[37] Ahmed A, Aronow WS, Fleg JL. Higher New York Heart As-
sociation classes and increased mortality and hospitalization in
patients with heart failure and preserved left ventricular func-
tion. American Heart Journal. 2006; 151: 444–450.

[38] Ito K, Li S, Homma S, Thompson JLP, Buchsbaum R, Mat-
sumoto K, et al. Left ventricular dimensions and cardiovascu-
lar outcomes in systolic heart failure: the WARCEF trial. ESC
Heart Failure. 2021; 8: 4997–5009.

[39] Packer M, Poole-Wilson PA, Armstrong PW, Cleland JG,
Horowitz JD, Massie BM, et al. Comparative effects of low
and high doses of the angiotensin-converting enzyme inhibitor,
lisinopril, on morbidity and mortality in chronic heart failure.
ATLAS Study Group. Circulation. 1999; 100: 2312–2318.

[40] Garg R, Yusuf S. Overview of randomized trials of angiotensin-
converting enzyme inhibitors on mortality and morbidity in pa-
tients with heart failure. Collaborative Group on ACE Inhibitor
Trials. The Journal of the American Medical Association. 1995;
273: 1450–1456.

[41] Mueller C, McDonald K, de Boer RA, Maisel A, Cleland JGF,
Kozhuharov N, et al. Heart Failure Association of the European
Society of Cardiology practical guidance on the use of natriuretic
peptide concentrations. European Journal of Heart Failure. 2019;
21: 715–731.

[42] Deng Y, Cheng SJ, Hua W, Cai MS, Zhang NX, Niu HX, et
al. N-Terminal Pro-B-Type Natriuretic Peptide in Risk Stratifi-
cation of Heart Failure Patients With Implantable Cardioverter-
Defibrillator. Frontiers in Cardiovascular Medicine. 2022; 9:
823076.

12

https://www.imrpress.com

	1. Introduction
	2. Materials and Methods
	2.1 Data Collection
	2.2 Follow-Up and Outcome Definitions
	2.3 Model Development
	2.4 Statistical Analysis

	3. Results
	3.1 Study Population
	3.2 Association between RVOTD and Outcomes
	3.3 Development and Validation of RVOTD-ICD Benefit Score
	3.4 Comparison with MADIT-ICD Benefit Score

	4. Discussion
	4.1 Current Risk Stratification of SCD
	4.2 RV Dysfunction and Ventricular Arrhythmia
	4.3 RVOTD-ICD Benefit Score

	5. Limitation
	6. Conclusions
	Availability of Data and Materials
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest
	Supplementary Material

