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Aims Recently, a genetic variant-specific prediction model for phospholamban (PLN) p.(Arg14del)-positive individuals was devel-
oped to predict individual major ventricular arrhythmia (VA) risk to support decision-making for primary prevention implan-
table cardioverter defibrillator (ICD) implantation. This model predicts major VA risk from baseline data, but iterative 
evaluation of major VA risk may be warranted considering that the risk factors for major VA are progressive. Our aim is 
to evaluate the diagnostic performance of the PLN p.(Arg14del) risk model at 3-year follow-up.

Methods 
and results

We performed a landmark analysis 3 years after presentation and selected only patients with no prior major VA. Data were 
collected of 268 PLN p.(Arg14del)-positive subjects, aged 43.5 ± 16.3 years, 38.9% male. After the 3 years landmark, sub-
jects had a mean follow-up of 4.0 years (± 3.5 years) and 28 (10%) subjects experienced major VA with an annual event rate 
of 2.6% [95% confidence interval (CI) 1.6–3.6], defined as sustained VA, appropriate ICD intervention, or (aborted) sudden 
cardiac death. The PLN p.(Arg14del) risk score yielded good discrimination in the 3 years landmark cohort with a C-statistic 
of 0.83 (95% CI 0.79–0.87) and calibration slope of 0.97.

Conclusion The PLN p.(Arg14del) risk model has sustained good model performance up to 3 years follow-up in PLN p.(Arg14del)- 
positive subjects with no history of major VA. It may therefore be used to support decision-making for primary prevention 
ICD implantation not merely at presentation but also up to at least 3 years of follow-up.
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Graphical Abstract

Longitudinal evaluation of the phospholamban (PLN) p.(arg14del) risk score of major ventricular arrhythmia (VA)
A landmark analysis after three year fol low-up
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What’s new?

• This study evaluates the phospholamban (PLN) p.(Arg14del) risk 
score longitudinally using a landmark analysis.

• The PLN p.(Arg14del) risk score yielded good discrimination in the 3 
years landmark cohort with a C-statistic of 0.83 (95% confidence 
interval 0.79–0.87) and calibration slope of 0.97.

• The PLN p.(Arg14del) risk score may be used to support decision- 
making for primary prevention implantable cardioverter defibrillator 
not merely at presentation but also up to at least 3 years of 
follow-up.

Introduction
Phospholamban (PLN) cardiomyopathy is an inherited cardiomyop-
athy, which is associated with major ventricular arrhythmia (VA) and 
sudden cardiac death (SCD).1 Several disease causing variants in PLN, 
a gene encoding a protein essential for calcium homeostasis, have 
been reported.1–3 The pathogenic founder variant PLN p.(Arg14del) 
leads to the deletion of arginine 14 of the PLN protein resulting in a 
high risk of both dilated and arrhythmogenic cardiomyopathy.4 This 
PLN p.(Arg14del) variant is was first identified in a Greek family in 
20062 and has since been found in the Germany,5 Spain,6 the USA,7

Canada,8 China,9 and Japan.10 The majority of the PLN p.(Arg14del)- 
positive individuals were identified in the northern region of the 
Netherlands. Affected individuals are characterized by low-voltage elec-
trocardiograms (ECGs), abnormal repolarization, development of end- 
stage heart failure, high arrhythmic burden with premature ventricular 
contractions (PVC) and VA, and premature death.4,11,12 To date, there 

are no specific treatment options for PLN p.(Arg14del)-positive indivi-
duals.13 The primary goal of management is to prevent SCD, for which 
an implantable cardioverter defibrillator (ICD) is recommended.14

Recently, a variant-specific prediction model for PLN p.(Arg14del)- 
positive individuals was developed to predict individual major VA risk to 
inform decision-making for primary preventive ICD implantation.11 This 
model predicted a 5-year major VA risk at the time of first presentation. 
However, the baseline risk model has not yet been evaluated for use dur-
ing follow-up. In follow-up of these individuals, risk factors can progress 
and iterative evaluation of major VA risk may be warranted. The objective 
of this study is therefore a longitudinal evaluation of the prediction of VA 
in PLN p.(Arg14del)-positive individuals using the PLN p.(Arg14del) risk 
model during follow-up to assess the performance and applicability of 
the established model in a longitudinal context. Modifying and refining 
the existing prediction model falls outside the scope of this study.

Methods
Study design
The longitudinal evaluation of the PLN p.(Arg14del) risk model was per-
formed with a landmark analysis in a cohort obtained from the PLN registry, 
a retrospective multi-centre cohort study.15 This study was approved by 
the Institutional Committee on Human Research at the authors’ institution. 
This study is reported in accordance with the Transparent Reporting of a 
Multivariable Prediction Model for Individual Prognosis or Diagnosis state-
ment and conformed to the principles of the Helsinki declaration.16

Study population
The study cohort consisted of patients and relatives identified with the 
pathogenic p.(Arg14del) PLN variant in three Dutch and one Spanish 
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University Hospital, between 2009 and 2022. The cohort previously used 
for the development of the PLN p.(Arg14del) risk model at first presenta-
tion is regarded as landmark at time point 0 (LM-0) and the new cohort 
used for the longitudinal evaluation of the PLN p.(Arg14del) risk model is 
regarded as landmark at time point 3 (LM-3).11 The LM-3 cohort consisted 
of 268 (96%) patients from the LM-0 cohort and they were patients 
already in follow-up from the initial registry. Twelve (4%) new patients 
were added to the PLN registry since. Both cohorts consist of adult PLN 
p.(Arg14del)-positive subjects (≥16 years of age) with no history of major 
VA and 3 years after first presentation. Patient selection and visualization of 
the landmark analysis is shown in Figure 1.

Data collection
Data were collected through electronic case report forms in an online se-
cured data platform. All data from first to last clinical contact with a cardi-
ologist or clinical geneticist were collected both in university and peripheral 
hospitals. Data of the LM-3 cohort were collected between 2 and 4 years 
after first clinical contact with a cardiologist or clinical geneticist. The com-
plete design of the registry and definitions of the collected variables has 
been previously described.15

Study outcomes
According to the PLN p.(Arg14del) risk model the primary outcome was a 
composite endpoint of major VA, including sustained VA, ventricular fibril-
lation (VF), appropriate ICD intervention, and (aborted) SCD. Sustained VA 
was defined as ventricular tachycardia (VT) lasting ≥30 s, or <30 s when 
terminated electrically of pharmacologically. Implantable cardioverter defib-
rillator intervention was considered appropriate when VT or VF were trea-
ted with antitachycardia pacing (ATP) or shock. Sudden cardiac death was 
defined as witnessed sudden death (with or without documented VF) or 
death within 1 h of new symptoms or nocturnal deaths in the absence 
of disease. Sudden cardiac death was considered aborted when a stable 
circulation returned after a cardiac arrest due to basic life support. 
Phospholamban p.(Arg14del)-positive subjects were censored if they did 
not develop one of the endpoints until end of their follow-up.

Predictor variables and prediction model
The predictors selected previously for the PLN p.(Arg14del) risk model 
were derived from those identified for major VA in patients diagnosed 
with arrhythmogenic right ventricular cardiomyopathy (ARVC) and dilated 
cardiomyopathy,17,18 both phenocopies of PLN associated disease. 
Additionally, the choice of predictors was informed by insights from a prior 
cohort study examining PLN p.(Arg14del)-positive individuals.1 Our patient 
population did not have sufficient magnetic resonance imaging and biomark-
er data available to identify possible predictors; however, late gadolinium 
enhancement (LGE) was analysed in a sub-analysis. Late gadolinium en-
hancement was a significant predictor for major VA in univariable analysis, 
yet exclusion of LGE from the multivariable model did not result in a de-
crease in model performance.11,19 This is likely attributable to an overlap 
in predictive ability with other predictors, such as low-voltage ECG. The 
specific criteria for predictor selection has been previously described.11

The predictor variables of the PLN risk model, which we evaluate in the 
LM-3 cohort, include left ventricular ejection fraction (LVEF), low-voltage 
ECG, 24 h PVC count and the amount of negative T waves inferior or 
precordial. The prediction model for the individual calculation of the 
5-year major VA risk, derived from the Cox proportional hazards model, 
was published as the following equation (11):

P(VA at 5 year) = 1 − 0.965exp(LP) 

LP = 0.466(centring constant) − 0.0364*LVEF + 0.0906 × amount of nega-
tive T waves + 0.615 × low-voltage ECG (Yes) + 0.309 × Log(amount of 
PVC/24 h)

P(VA at 5 years) is the prognostic index (PI) which represents the sum of 
the regression coefficients multiplied by the product of their predictors, 
0.965 is the exponent of the baseline cumulative hazard at 5 years.

Statistical analysis
All statistical analyses were carried out using SPSS version 26 and RStudio 
version 4.0.3 with the use of packages rms, survival, riskRegression, and 
mice. Continuous variables with normal distribution were presented as 
mean ± standard deviation and non-normal variables as median [interquar-
tile range (IQR)]. Categorical variables were presented as frequencies (%). 
The follow-up time of each subject was calculated from 3 years after the 
date of first presentation to medical attention for cardiomyopathy related 
complaint or family screening to the date of reaching the study endpoint or 
censoring. Patients were censored after heart transplantation, if they died of 
any other cause than major VA, or at most recent contact with a cardiolo-
gist or clinical geneticist. The cumulative incidence was estimated using the 
Kaplan–Meier method.

Missing data
Nowadays, there is a protocol available for diagnostics and follow-up of 
PLN p.(Arg14del)-positive individuals;20 however, this has not always 
been the case resulting in missing values of some predictor variables in 
some patients. To account for this problem, all predictors with missing 
data, together with the outcome, were included in a multiple imputation 
model which generated a total of 25 imputed datasets. Left and right ven-
tricular ejection fraction values were imputed using the qualitative assess-
ment of ejection fraction as described in echocardiography reports. Our 
calibration study was performed with all imputed datasets. Rubin’s rules 
were used to combine the results of the Cox regression analyses.

Model evaluation
The approach for the evaluation of the PLN p.(Arg14del) risk model in the 
LM-3 cohort followed the method described by Royston and Altman for 
the external validation of a Cox prognostic model.21 We studied three 
layers of model performance, namely discrimination, calibration, and a 
more general fit of the model.

First, calibration was evaluated by analysing the calibration slope to assess 
the degree of agreement between the observed and predicted hazards of 
major VA. Accordingly, the calibration slope was plotted for all imputed da-
tasets. Regarding the calibration slope a value of 1 indicates a perfect calibra-
tion (i.e. the PI from the LM-3 cohort is identical to the linear predictor of 
the risk model), a slope <1 indicates poorer discrimination and conversely if 
the slope is >1 this indicates better discrimination. Next, the predictors 
were evaluated for linearity with the martingale residuals (plots illustrated 
in Supplementary material online, Figure S1) and for misspecification by 
comparing the hazard ratios in univariable analysis. In addition, the discrim-
inative ability of the prediction model was evaluated with Harrell’s concord-
ance (C )-statistic and graphically analysed with a cumulative incidence graph 
stratified by predicted risk tertiles during follow-up. A C-index of >0.7 sug-
gest a good discrimination and >0.8 strong discrimination. The number of 
predicted risk groups was chosen based on the spread of the risk values. 
More groups would harm the discriminative power between neighbouring 
groups, and it would make the cumulative incidence curves unstable. For the 
second layer of model performance, calibration was performed with the 
predicted risk of each subject in 25 imputed datasets presented graphically 
with the 5-year predicted risk of major VA probabilities plotted against the 
observed risk predictions. Lastly, in the third layer a more strict calibration 
and model fit assessment was performed by comparing the baseline survival 
function (i.e. covariate-adjusted survival) of the LM-3 dataset with the LM-0 
dataset as shown in Supplementary material online, Table S1.

Results
The final LM-3 cohort included 268 PLN p.(Arg14del)-positive subjects 
with no history of major arrhythmias. The baseline characteristics are 
shown in Table 1. A noticeable difference between baseline character-
istics is disease progression of the LM-3 cohort compared to the LM-0 
cohort. This resulted in a higher frequency of ICD implants, low-voltage 
ECG, T-wave inversion, non-sustained ventricular tachycardia, and right 
ventricular dysfunction.
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Figure 1 Inclusion of study patients. (A) Flowchart summarizing the selection of the study population with the PLN p.(Arg14del) pathogenic variant. 
Type of presentation and history data should be available for exclusion of PLN p.(Arg14del)-positive subjects with major VA at baseline or in history. 
Most subjects with no baseline or follow-up data were only genetically counselled in the participating university hospitals with no cardiologic data avail-
able and treated by their local cardiologists. Events in history and during a 3-year follow-up period consisted spontaneous VT/VF (n = 51), aborted SCD 
(n = 19), appropriate ICD intervention (n = 9), death (n = 7), heart transplantation (n = 7), VT-storm (n = 1) and undefined arrhythmic events (n = 10). 
Tests between 2 and 4 years of follow-up included electrocardiogram, transthoracic echocardiogram, or magnetic resonance imaging and Holter moni-
tor. (B) Landmark at time point 0 (LM-0) represent the cohort for the development of the PLN p.(Arg14del) risk score at time of first presentation, 
landmark at time point 3 (LM-3) represent the new cohort for the longitudinal evaluation. ICD, implantable cardioverter defibrillator; PLN, phospho-
lamban; SCD, sudden cardiac death; VA, ventricular arrhythmia; VF, ventricular fibrillation; VT, ventricular tachycardia.
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Outcomes
During a median follow-up time of 3.1 years (IQR 1.4–5.5), 28 (10%) 
PLN p.(Arg14del)-positive subjects experienced the composite end-
point of major VA, corresponding to a crude annual event rate of 
2.6% and 5-year cumulative incidence of 10.4%. Figure 2 shows the cu-
mulative incidence of major VA, which increases quite consistently 
throughout the follow-up period. Most common event was 
appropriate ICD intervention (n = 20), followed by spontaneous 
VT/VF (n = 4), VT-storm (n = 3), and aborted SCD (n = 1). 
Appropriate ICD intervention included ATP (30%) and shock 
(70%). Of the subjects with data available on the ventricular rate 
and/or ICD settings 83% had an event with >200 beats per minute. 
During follow-up, 53 (20%) of the subjects received an ICD for pri-
mary or secondary prevention, 6 (2%) subjects underwent heart 
transplantation, and 4 (1%) received a left ventricular assist device. 
At last follow-up, 24 (9%) PLN p.(Arg14del)-positive subjects had 
died caused by: witnessed sudden cardiac death (n = 6), unwitnessed 
sudden cardiac death (n = 1), heart failure/cardiogenic shock (n = 11), 
other cardiovascular cause of death (n = 2), non-cardiac cause of 
death (n = 1), and unknown cause of death (n = 3).

Longitudinal evaluation
In order to evaluate the PLN p.(Arg14del) risk model longitudinally in 
the LM-3 cohort, we first assessed the discrimination of the risk model. 
The mean calibration slope in the LM-3 cohort is 0.97. The individual 
predictors were evaluated in univariable analysis between the LM-0 
and LM-3 cohort and showed similar hazard ratios for LVEF, 24 h 
PVC count, and low-voltage ECG, but T-wave inversion was significant-
ly different between cohorts, as shown in Table 2. This did not affect the 
model performance, as the model yielded a C-statistic of 0.83 [95% con-
fidence interval (CI) 0.79–0.87]. Discrimination is graphically shown in 
Figure 3 and presents good discrimination between predicted risk ter-
tiles. Figure 4 shows the calibration of the agreement between pre-
dicted and actual probabilities over a 5-year time period which is 
excellent. Finally, a stricter calibration and model fit assessment are 
shown in Supplementary material online, Table S1 with similar baseline 
survival hazards.

Clinical implications
As we demonstrate that the PLN p.(Arg14del) risk model has good 
model performance in the LM-3 cohort, these results can be used, 
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Table 1 Baseline characteristics

Characteristics LM-0 cohort LM-3 cohort P-value

Total, n 679 268

Demographics

Age (years) 42 (27–55) 46 (30–63) 0.42

Sex, male 294 (43) 103 (38) 0.19

Caucasian ethnicity 679 (100) 268 (100)

Proband 113 (17) 47 (18) 0.70

History

Cardiac syncope  <6 months before inclusion 4 (0.6) 6 (2.2) 0.037

NYHA class ≥ II 62 (9) 20 (7) 0.44

First degree family member with major VA 91 (13) 49 (18) 0.068

Presentation reason: family screening vs. symptomatic or abnormal test result 574 (85) 201 (75) <0.001

ICD implantation before inclusion 10 (1) 42 (16) <0.001

ECG/continuous rhythm monitoring

Atrial fibrillation/flutter 56 (8) 26 (10) 0.44

Low-voltage ECGa 95 (15) (n = 618) 55 (27) (n = 202) <0.001

TWI in ≥ 3 precordial leadsb 77 (14) (n = 559) 44 (23) (n = 191) 0.003

TWI in ≥ 2 inferior leadsb 49 (9) (n = 559) 30 (16) (n = 191) 0.006

NSVTc 67 (10) 39 (15) 0.034

24 h PVC count >500 125 (31) (n = 406) 47 (36) (n = 132) 0.28

Imaging

LVEF <50% 105 (17) (n = 627) 35 (18) (n = 196) 0.66

Median LVEF (%) 54 (48–58) (n = 532) 55 (47–59) (n = 196) 0.45

RV dysfunction 62 (10) (n = 254) 34 (17) (n = 217) 0.022

LGE on MRI 77 (29) (n = 262) 28 (38) (n = 74) 0.036

Categorical data are presented as percentage and continuous data as mean ± standard deviation. Significant P-values are shown in italic. 
ECG, electrocardiogram; ICD, implantable cardioverter defibrillator; LGE, late gadolinium enhancement; LVEF, left ventricular ejection fraction; MRI, magnetic resonance imaging; 
NSVT, non-sustained ventricular tachycardia; NYHA, New York heart Association; RV, right ventricular; TWI, T-wave inversion; VA, ventricular arrhythmia. 
aLow-voltage ECG is defined as peak-to-peak QRS amplitude of <0.5 mV in the limb leads and/or <1 mV in the precordial leads. 
bTWI, T-wave inversion, T-wave is only considered inverted if the voltage shift is ≥ 0.1 mV 
cNSVT is defined as three or more consecutive premature ventricular contractions with a rate >100/min, lasting <30 s.
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for example, when a 5% risk major VA risk threshold is chosen to justify 
an ICD implantation. This resulted in 107 (40%) PLN p.(Arg14del)- 
positive subjects in the LM-3 cohort that are recommended for an 
ICD implantation, with 25 of the subjects experiencing major VA. 
More notably, 161 ICD implantations were avoided with three of these 
subjects experiencing major VA without ICD implantation. These re-
sults are comparable to the LM-0 cohort, see Figure 5.

Discussion
Main findings
In this study, we sought to evaluate the PLN p.(Arg14del) risk model for 
repeated use during follow-up, using a cohort selected 3 years after first 
presentation, without prior major VA. In this cohort, the model accurate-
ly distinguished PLN p.(Arg14del)-positive subjects who were at risk of 
major VA. Furthermore, calibration was good as the predictions of 

survival reflected the observed data. Therefore, the PLN p.(Arg14del) 
risk model can also be used during follow-up.

Model performance
The evaluation of the PLN p.(Arg14del) risk model started with the as-
sessment of the discriminative ability. The mean calibration slope was 
0.97, and comparison of the hazard ratios showed no significant differ-
ence for LVEF, low-voltage ECG, and 24 h PVC count in univariable 
analysis. On the contrary, T-wave inversion did show a significant differ-
ence in hazard ratios with a hazard ratio beneath 1 suggesting that a 
higher amount of T-wave inversion would result in a lower major VA 
risk. A plausible explanation for the misfit of T-wave inversion is the 
fact that T-wave inversion can be a non-pathognomonic finding on 
the ECG, for example in lead V1. This is also shown in the non-linearity 
of T-wave inversion in Supplementary material online, Figure S1.

The discrimination was also assessed by evaluating the C-statistic, 
which yielded a C-index of 0.83 (95% CI 0.79–0.87) in the LM-3 cohort 
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Figure 2 Survival analysis. Kaplan–Meier analysis with time to event from 3-year follow-up to first major VA. The cumulative event rate is plotted with 
a 95% confidence interval. VA, ventricular arrhythmia.
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Table 2 Comparison of individual predictor hazard ratios between the LM-0 and LM-3 cohort

LM-0 cohort LM-3 cohort
Predictors Hazard ratio (95% CI) Hazard ratio (95% CI) P-value

LVEF, per 1% decrease 1.08 (1.05–1.09) 1.09 (1.06–0.12) 0.59

Leads with negative T waves inferior or precordial (per 1 increase) 1.2 (1–1.3) 0.90 (0.74–1.1) 0.007

Low-voltage ECG 3.9 (2.3–6.6) 14.1 (5.2–37.9) 0.15

Logarithm of PVC count/24 h (per 1 log increase) 1.5 (1.3–1.7) 1.4 (1.1–2) 0.85

Significant P-values are shown in italic. 
CI, confidence interval; ECG, electrocardiogram; LVEF, left ventricular ejection fraction; PVC, premature ventricular contractions.
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which equals the C-index of 0.83 (95% CI 0.78–0.88) in the LM-0 co-
hort. The second step in evaluating the PLN p.(Arg14del) risk model 
was to assess the calibration, which we believe is acceptable judging 
the calibration plot in Figure 4. Also a more stricter type of evaluating 
the model performance is comparing the baseline survival hazard, as 
shown in Supplementary material online, Table S1, and this confirmed 
our believes.

Clinical implications
The evaluation of the PLN p.(Arg14del) risk model is clinically relevant 
in daily practice, as clinicians use the risk model during follow-up to 
guide them on implantation of an ICD. Implantation of an ICD is still 
the only intervention to prevent SCD in PLN p.(Arg14del)-positive in-
dividuals. However, over 90% of the subjects remain event free after 5 
years of follow-up and thus, better risk stratification is needed to avoid 
unnecessary ICD implantations, while protecting those at risk for SCD. 
Herein lies the greatest clinical utility of this PLN p.(Arg14del) risk 
model: the individual estimation of the 5-year major VA risk with a 
nomogram or the online calculator,11,22 not only at first clinical presen-
tation, but based upon the presented data also during follow-up. After a 
3-year follow-up, the event rates in the LM-3 cohort were similar to the 
LM-0 cohort, 10.4% vs. 10.6%, respectively. This suggest that PLN 
p.(Arg14del)-positive subjects remain at risk even though they did 
not experience major VA at baseline and in years of follow-up. The 
evenly spread of events during follow-up in Figure 2 also substantiates 
this idea and highlights the importance of the use of this risk model dur-
ing follow-up.

The previously suggested 5-year major VA risk of >5% seems still 
reasonable in the LM-3 cohort to justify implantation of an ICD while 
at all times considering other individual factors than major VA. In the 
published PLN p.(Arg14del) LM-0 cohort, a major VA risk >5% would 
lead to the treatment of 246 subjects with an ICD. Among them, 52 
experienced major VA, resulting in 433 avoided ICD implantations 
compared to treating all patients with four subjects with major VA 
and without ICD implantation. With this threshold in the LM-3 cohort, 
107 subjects were recommended for an ICD implantation. Twenty-five 
of these experienced a major VA and two of these inappropriate shock, 
while 161 ICD implantations were avoided with three subjects experi-
encing major VA later on. A risk threshold of 7.5% in the LM-3 cohort 
will barely increase the number of subjects experiencing major VA 
without ICD implantation (n = 1) and thus a higher threshold can be 
debated. A lower risk threshold will increase the number of ICD im-
plantations without experiencing major VA and will probably cause 
more harm from the ICD implantation (ICD-related complications or 
inappropriate shocks) than benefits.23

The PLN p.(Arg14del) risk model calculates a major VA risk and does 
not recommend a specific type of ICD. Prior to inclusion in the LM-3 
cohort, 42 subjects had an ICD implantation. During follow-up, 53 sub-
jects were treated with an ICD implantation. Most of the ICD implan-
tations were transvenous (TV-) ICDs, only five subcutaneous (S-)ICDs 
and four cardiac resynchronization therapy with defibrillator devices in 
total. Phospholamban p.(Arg14del)-positive individuals can be ineligible 
for an S-ICD due to low-voltages that are not accurately detected by 
the S-ICD.

The choice of the ICD type is made collaboratively between the 
physician and the patient through shared decision-making.

The generalizability of the PLN p.(Arg14del) risk model to other gen-
etic variants remains uncertain; however, it appears unlikely as that the 
predictive efficacy of the model is tied to specific characteristics to the 
PLN p.(Arg14del) variant.

Prior studies
In 2022, the ARVC risk calculator was also evaluated in a longitudinal 
design.24 In this study, the 5-year risk of VA was predicted longitudinally 

using the baseline ARVC risk calculator prediction, with updated risk 
factors and time-varying Cox regression. This study demonstrated 
that using the updated risk factors and time-varying Cox regression re-
sulted in a model with strong discrimination. The predictions of the 
ARVC risk calculator at baseline worsened during follow-up. This un-
derlines the value of iterative risk predictions with updated risk factors.

The power of the ARVC calculator was previously assessed in PLN 
p.(Arg14del)-positive individuals and yielded a C-statistic of 0.74 which 
was significantly lower than the PLN p.(Arg14del) risk model with a 
C-statistic of 0.83. This was not a surprising result as the ARVC risk cal-
culator was used for all patients while only a fraction of patients had 
Task Force-compatible ARVC diagnosis.11

Limitations
The preferred strategy for the evaluation and of a risk prediction model 
is external validation, which means assessing the performance of a risk 
prediction model in an independent dataset. ‘Independent’ is defined as 
collected separate from the derived dataset of the original model, for 
example data collected by different investigators in a different geo-
graphical location.21 This however, is currently not feasible as there 
are not yet other large enough PLN p.(Arg14del) cohorts available, 
but this might change in the future as more PLN p.(Arg14del)-positive 
individuals are found in an increasing number of countries and conti-
nents. To be able to evaluate the PLN risk score and check for its model 
performance during follow-up, we used a new dataset of predictors 
collected after 3 years of follow-up within the same cohort (96% of 
the subjects overlapping).

Another limitation of this study is inherent to its retrospective de-
sign, because not all subjects underwent full evaluation as, for the initial 
years, there was no standardized protocol. This has resulted in missing 
data. Currently, new identified PLN p.(Arg14del)-positive individuals 
will undergo extensive evaluations. The final limitation is the true risk 
for SCD, which is masked by ICD implantation in subjects at high risk 
for major VA. If ICD recipients were removed from the cohort the 
power would be insufficient and this would also lead to selection bias 
and an underestimated true risk for SCD. Other observational datasets 
such as in hypertrophic cardiomyopathy or ARVC, also concern similar 
issues and included ICD recipients as well.

Conclusion
Our findings show that the PLN p.(Arg14del) risk model has a good 
model performance in a longitudinal design and can be used for PLN 
p.(Arg14del)-positive individuals in their follow-up to inform decision- 
making for primary prevention ICD implantation.

Supplementary material
Supplementary material is available at Europace online.
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