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Aims In catecholaminergic polymorphic ventricular tachycardia (CPVT), the exercise-stress test (EST) is the cornerstone for the 
diagnosis, risk stratification, and assessment of therapeutic efficacy, but its repeatability is unknown. We aimed to test the 
repeatability of ventricular arrhythmia characteristics on the EST in patients with CPVT.

Methods 
and results

EST-pairs (ESTs performed within 18 months between 2005 and 2021, on the same protocol, and without or on the exact 
same treatment) of patients with RYR2-mediated CPVT from two specialized centres were included. The primary endpoint 
was the repeatability of the maximum ventricular arrhythmia score [VAS: 0 for the absence of premature ventricular con-
tractions (PVCs); 1 for isolated PVCs; 2 for bigeminal PVCs; 3 for couplets; and 4 for non-sustained ventricular tachycardia]. 
Secondary outcomes were the repeatability of the heart rate at the first PVC and the ΔVAS (the absolute difference in VAS 
between the EST-pairs). A total of 104 patients with 349 EST-pairs were included. The median duration between ESTs was 
343 (interquartile range, 189–378) days. Sixty (17.2%) EST-pairs were off therapy. The repeatability of the VAS was mod-
erate {Krippendorf α, 0.56 [95% confidence interval (CI), 0.48–0.64]}, and the repeatability of the heart rate at the first PVC 
was substantial [intra-class correlation coefficient, 0.78 (95% CI, 0.71–0.84)]. The use of medication was associated with a 
higher odds for a ΔVAS > 1 (odds ratio = 3.52; 95% CI, 2.46–4.57; P = 0.020).

Conclusion The repeatability of ventricular arrhythmia characteristics was moderate to substantial. This underlines the need for multiple 
ESTs in CPVT patients and CPVT suspicious patients and it provides the framework for assessing the therapeutic efficacy of 
novel CPVT therapies.
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What’s new?

• A single exercise-stress test to diagnose catecholaminergic poly-
morphic ventricular tachycardia (CPVT) in a suspected patient 
may be insufficient, because the repeatability of the ventricular ar-
rhythmia score is moderate.

• In a CPVT patient, an increase in ventricular arrhythmia score of at 
least two categories on a subsequent exercise-stress test under simi-
lar circumstances is likely due to progression of a disease or thera-
peutic inefficacy and should be addressed accordingly. Conversely, 
a decrease in ventricular arrhythmia score of at least two categories 
after a therapeutic modification suggests a positive effect.

• A higher degree of difference in ventricular arrhythmia score on sub-
sequent exercise-stress tests in CPVT patients using medication sug-
gests the potential effect of unsatisfactory adherence to medication.

Introduction
Catecholaminergic polymorphic ventricular tachycardia (CPVT)—a 
rare but potentially life-threatening genetic heart rhythm disorder asso-
ciated with variants in the RYR2 gene—is typically diagnosed with an 
exercise-stress test (EST).1 In patients with CPVT, ventricular arrhyth-
mia, typically bidirectional ventricular tachycardia (VT) and polymorph-
ic VT, can occur particularly during physical exercise or emotional 
stress. This could result in syncope, sudden cardiac arrest, or sudden 
cardiac death.

The EST was designed originally in 1949 as a tool to assess the pres-
ence of obstructive coronary artery disease.2 Subsequently, EST proto-
cols were developed and improved and the EST is used in a wider 

spectrum of diseases,3 including the diagnosis of CPVT and the evalu-
ation of its therapeutic interventions.1,4,5,6 In a typical CPVT patient 
undergoing an EST, there are no ventricular arrhythmias at rest, but 
premature ventricular contractions (PVCs) appear during mild exercise 
and the ventricular arrhythmia burden and severity increase during sub-
sequent stages.7 Complex ventricular arrhythmias, defined as couplets 
or (non-)sustained VT, have been associated with future arrhythmic 
events8 and generally compels treatment intensification.1 In addition, 
studies addressing therapeutic efficacy use EST-specific endpoints, 
namely the occurrence and severity of ventricular arrhythmias9,10,11

Finally, EST heart rate measurements have been studied to develop po-
tential new tools for risk stratification in patients with CPVT.12,13

Apart from our personal clinical observations that the occurrence 
and severity of ventricular arrhythmia on consecutive ESTs in a CPVT 
patient might be variable over time, a higher incidence of VT or ventricu-
lar fibrillation in the afternoon and evening hours compared with morn-
ing hours in children with CPVT has been described.14 In addition, 
performing follow-up ESTs in genotype-positive family members with 
initially negative EST results increases the likelihood of finding ventricular 
arrhythmias.5,15 Finally, different EST protocols may affect variability, for 
example, a newly published ‘burst’ EST protocol—with a sudden onset 
of a high workload—significantly increased the likelihood of diagnosing 
CPVT.16

Clearly, the EST is a very important tool for establishing the diagno-
sis, prognosis, and evaluation of treatment in patients with CPVT.1,6

However, the intra-patient variability—the repeatability—of the pres-
ence and severity of ventricular arrhythmias on the EST in CPVT is un-
known. Here, we aimed to test the repeatability of ventricular 
arrhythmia characteristics on the EST in two large cohorts of patients 
with RYR2-mediated CPVT.
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Methods
Study population
This was a retrospective cohort study including data from two tertiary re-
ferral centres for patients with CPVT: the Amsterdam UMC, location AMC, 
Amsterdam, the Netherlands and the Mayo Clinic, Rochester, MN, USA. 
Institutional review board approval and informed consent were obtained 
if necessary for this type of research in both centres. All ESTs from 2005 
until 15 June 2021 for Amsterdam UMC CPVT patients and until 21 
April 2021 for Mayo Clinic CPVT patients were checked for eligibility.

In this study, we included patients diagnosed with CPVT and with a 
RYR2 variant of uncertain significance or a RYR2 (likely) pathogenic variant 
according to ACMG criteria.17 Patients with an RYR2 variant of uncertain 
significance were excluded in the absence of a definite CPVT pheno-
type.7,18 A CPVT phenotype was defined as bigeminal ventricular prema-
ture beats or more complex VAs in index patients, and isolated 
ventricular premature beats or more complex VAs in family members 
on the EST, epinephrine challenge test, or Holter monitoring. 
Furthermore, patients with significant cardiac comorbidities—defined as 
an LVEF <40%, a (history of) significant coronary artery stenosis, or a (his-
tory of) moderate or severe mitral-, pulmonic-, or aortic valve stenosis or 
regurgitation—were excluded. Eligible patients had to have at least two 
ESTs fulfilling the following criteria: (i) performed within 18 months of 
each other, (ii) on exactly the same treatment on both occasions (i.e. 
no drugs or on exactly the same drug(s) and dosage(s) and no left cardiac 
sympathetic denervation performed in between subsequent ESTs), (iii) 
performed with the same EST protocol on both occasions. All ESTs 
were analyzed by either S.N.J.P. (Amsterdam UMC) or K.E.T. (Mayo 
Clinic) and prespecified EST baseline and outcome variables were col-
lected using Castor EDC.19

Outcomes
The primary outcome was the occurrence and severity of ventricular ar-
rhythmias, defined as the maximum ventricular arrhythmia score (VAS), 

an ordinal score with 0 for the absence of PVCs, 1 for isolated PVCs, 2 
for bigeminal PVCs, 3 for couplets, and 4 for non-sustained VT, defined 
as at least three consecutive monomorphic or polymorphic PVCs. The 
secondary outcomes were the heart rate at the first PVC (HR-PVC) and 
the heart rate at 1 minute in the recovery phase (HR-recovery). 
Furthermore, we calculated the delta-VAS (ΔVAS), defined as the absolute 
difference in VAS between the paired ESTs. Baseline EST variables and pa-
tient demographics were also collected. The EST protocols are described in 
Supplemental Material online.

Statistical analyses
ESTs were paired according to the aforementioned inclusion criteria. 
Multiple EST-pairs per patient were allowed. Continuous variables are 
presented as mean ± standard deviation (SD) or median (interquartile 
range), as appropriate. Categorical variables are presented as numbers 
and percentages. The repeatability of nominal and ordinal variables was 
assessed using the Krippendorf α. The 95% confidence interval (CI) of 
Krippendorf α was calculated using non-parametric bootstrapping of 
1000 samples. A value of Krippendorf α<0 reflects poor repeatability, 
0–0.20 reflects slight repeatability, 0.21–0.4 reflects fair repeatability, 
0.41–0.60 reflects moderate repeatability, 0.61–0.8 reflects substantial 
repeatability, and >0.81 reflects almost perfect repeatability.20,21 To as-
sess the repeatability of the continuous variables we calculated the intra- 
class correlation coefficient (ICC) with the corresponding 95% CI. The 
ICC varies from 0 to 1 reflecting a degree of repeatability similar as for 
Krippendorf α. Furthermore, Bland–Altman plots were used to visualize 
whether the SD of the error was independent of the measurement value 
and to calculate the mean error and its 95% CI. The analyses of the asso-
ciation between potential risk factors and a high ΔVAS and more detailed 
information on the statistical analyses, including the sensitivity analyses, 
are described in Supplemental Material online. The data underlying this 
article cannot be shared publicly due to the privacy of individuals that par-
ticipated in the study. The data will be shared on reasonable request to 
the corresponding author.

AmsterdamUMC location
AMC

242 CPVT patients with RYR
LP/P/VUS

Mayo clinic
128 CPVT patients with

RYR LP/P/VUS

Final study cohort
104 patients

349 EST-pairs

2. On same therapy (either no
therapy or same medical

treatment)

EST-eligibility criteria: ³2 ESTs
1. Within 18 months

3. Performed according to
same EST protocol

35 patients
140 ESTs

69 patients
391 ESTs

Figure 1 Flowchart of included patients with RYR2-mediated CPVT. CPVT, catecholaminergic polymorphic ventricular tachycardia; EST, 
exercise-stress test; LP, likely pathogenic; P, pathogenic; VUS, variant of uncertain significance.

http://academic.oup.com/europace/article-lookup/doi/10.1093/europace/euac177#supplementary-data
http://academic.oup.com/europace/article-lookup/doi/10.1093/europace/euac177#supplementary-data
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Results
Description of the study population
From a total of 104 eligible patients, 349 EST-pairs were included and 
analysed (Figure 1). The median number of EST-pairs per patient was 2 
(1–3), and in 45 patients (43.3%) a single EST-pair was included. The 
median age at diagnosis was 18 (12–39) years, 25 patients (24.0%) 
were probands, and 5 (4.8%) experienced a sudden cardiac arrest be-
fore diagnosis (Table 1). Sixty EST-pairs (17.2%) were off therapy. Most 
EST-pairs on therapy were on combination therapy with beta-blocker 
and flecainide. The median age at the time of the first EST was 20 (14– 
38) years and the median time between the paired ESTs was 343 [189– 
378] days (Table 2). Most ventricular arrhythmia-unrelated characteris-
tics of the paired ESTs were substantially repeatable to almost perfectly 
repeatable (Table 3). Approximately half of the ESTs were performed in 
the morning [190 (54.4%) of EST1 and 197 (56.4%) of EST2; 
Krippendorf α, 0.240 (95% CI, 0.138–0.343)]. Within the EST-pairs, 
131 (37.5%) changed from morning to afternoon recording or the 
reverse.

Primary outcome and secondary 
outcomes
A significant number of ESTs did not show any ventricular ectopy, cor-
responding to a VAS of 0 [148 (42.4%) of EST1 and 136 (39.0%) of 
EST2], and the number of ESTs with non-sustained VT, corresponding 
to a VAS of 4, was relatively low [15 (4.3%) of EST1 and 13 (3.7%) of 
EST2; Figure 2A]. The majority of patients with a VAS of 0 were under 

adequate treatment (n = 71.6% for EST1 and 72.8% for EST2). The 
overall repeatability of the VAS between EST-pairs was moderate 
[Krippendorf α, 0.57 (95% CI, 0.48–0.64)]. Of the EST-pairs with a 
VAS above 0, the HR-PVC was 123 ± 27 beats per minute (b.p.m.) 
at EST1 vs. 124 ± 28 b.p.m. at EST2, reflecting substantial repeatabil-
ity [ICC, 0.78 (95% CI, 0.71–0.84); mean difference, −2 (95% CI, 
−37.4 to 33.4) b.p.m.]. The repeatability of the HR-recovery was al-
most perfect [116 (102–141) b.p.m. vs. 117 (102–142) b.p.m.; ICC, 
0.819 (95% CI, 0.774–0.856); mean difference, 1.0 (95% CI, −29 to 
31) b.p.m.].

ΔVAS
Most EST-pairs [n = 178 (51.0%)] had a ΔVAS of 0, reflecting the same 
VAS on both ESTs, and 109 (31.2%) had a ΔVAS of 1, reflecting a 
change of 1 VAS category between the paired ESTs. Only 62 
EST-pairs (17.8%) had a ΔVAS > 1 (Figure 2B). Treatment at the time 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Patient characteristics

Characteristic Complete patient 
cohort (n = 104)

Age at diagnosis in years, median (IQR) 18 (12–39)

Female, No. (%) 58 (55.8)

Probands, No. (%) 25 (24.0)

Family members with SCD <40 years of age, No. 
(%)

19 (18.3)

Worst symptom before diagnosis, No. (%)

Asymptomatic 69 (66.3)

Syncope with or without seizures 30 (28.8)

SCA 5 (4.8)

Reason of first presentation, No. (%)

Cardiac symptoms 27 (26.0)

Family screening 74 (71.1)

Other 3 (2.9)

RYR2 variant classification, No. (%)

Pathogenic 53 (51.0)

Likely pathogenic 26 (25.0)

Uncertain significance 25 (24.0)

Beta-blockera, No. (%) 95 (91.3)

Flecainidea, No. (%) 62 (59.6)

LCSDa, No. (%) 23 (22.1)

IQR, interquartile range; LCSD, left cardiac sympathetic denervation; No, number. 
aNumber and proportion of patients who ever received this treatment during 
follow-up.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2 Baseline information for exercise-stress test-pairs

Characteristic Complete cohort of  
EST-pairs (n = 349)

Time between ESTs in days, median (IQR) 343 (189–378)

Age at first EST in years, median (IQR) 20 (14–38)

EST protocola, No. (%)

Bruce protocol 52 (14.9)

Super Bruce protocol 142 (40.7)

50 linear 34 (9.7)

50/25-2 linear 25 (7.2)

50/25-1 linear 17 (4.9)

O2 protocol 67 (19.2)

Other 12 (3.4)

Treatment at the time of EST, No. (%)

None 60 (17.2)

Beta-blocker monotherapy 101 (28.9)

Flecainide monotherapy 17 (4.9)

Beta-blocker and flecainide combination 

therapy

118 (33.8)

Beta-blocker and LCSD 7 (2.0)

Flecainide and LCSD 5 (1.4)

Beta-blocker, flecainide, and LCSD 41 (11.7)

Beta-blocker type at the time of EST, No. (%) (n = 267)

Metoprolol 115 (43.1)

Atenolol 26 (9.7)

Bisoprolol 23 (8.6)

Propranolol 43 (16.1)

Sotalol 4 (1.5)

Nadolol 56 (21.0)

Body weight difference in kilograms, median 

(IQR)

0 (0–4)

EST, exercise-stress test; IQR, interquartile range; LCSD, left cardiac sympathetic 
denervation. 
aDescriptions of the different exercise-stress test protocols are provided in 
Supplemental Material online.

http://academic.oup.com/europace/article-lookup/doi/10.1093/europace/euac177#supplementary-data
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Table 3 Exercise-stress tests characteristics

EST 1 EST 2 Measure of  
repeatabilitya

Mean difference  
(95% CI)

Time of dayb, No. (%)

Morning 190 (54.4) 197 (56.4) 0.24 (0.14–0.34) NA

Afternoon 159 (45.5) 152 (43.6)

Duration of EST in minutes, median (IQR) 8.0 (6.7–10) 8.2 (6.9–10.1) 0.89 (0.85–0.90) 0.1 (−2.3–2.5)

Maximum workload attained in METS, mean (SD) 13.0 (4.1) 13.1 (4.1) 0.92 (0.90–0.93) 0.1 (−3.1–3.4)

Reason for discontinuation exercise, No. (%)

Fatigue, pain, or discomfort 301 (86.2) 326 (93.4) 0.32 (0.15–0.48) NA

Ventricular arrhythmias 41 (11.7) 17 (4.9)

EST protocol completed 7 (2.0) 6 (1.7)

Baseline heartrate in b.p.m., mean (SD) 70.8 (16.4) 70.0 (15.9) 0.74 (0.67–0.78) −0.7 (−23.7–22.2)

Maximum heartrate in b.p.m., median (IQR) 150 (130–176) 153 (130–176) 0.88 (0.85–0.90) 0.7 (−25.3–26.7)

Body weight in kg, mean (SD) 64.0 ± 19.3 65.9 ± 18.3 0.965 (0.945–0.977) 1.9 (−7.2–10.9)

b.p.m., beats per minute; CI, confidence interval; EST, exercise-stress test; IQR, interquartile range; METS, metabolic equivalents; SD, standard deviation. 
aFor continuous variables, the intra-class correlation coefficient and its corresponding 95% confidence interval is reported. For categorical or ordinal variables, the Krippendorf α and its 
95% confidence interval, obtained with 1000 bootstrap samples, is reported. 
bMorning was defined as the start of the recording before noon, 12:00PM, afternoon was defined as at or after 12:00PM.
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Figure 2 Ventricular arrhythmia score and ΔVAS on paired exercise-stress tests. (A) Ventricular arrhythmia score (VAS) on Y-axis. Number of 
exercise-stress tests (ESTs) with this score on the left for EST 1 and on the right for EST 2. Horizontal lines and corresponding numbers represent 
EST sets with similar VAS (±1 class) on paired ESTs. Diagonal lines and corresponding numbers represent EST-pairs with changing VAS (>1 class) be-
tween paired ESTs. (B) Proportion of patients with a ΔVAS ranging from 0 to 4. ΔVAS was defined as the absolute difference in VAS between the paired 
ESTs. NSVT, non-sustained ventricular tachycardia; PVC, premature ventricular contraction.
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of the ESTs was associated with higher odds of a ΔVAS > 1 compared 
with no treatment [odds ratio (OR), 3.52 (95% CI, 2.46–4.57); P = 
0.020; Table 4]. Accordingly, the distribution of ΔVAS in the 
EST-pairs without treatment differs from those with treatment, and 
the proportion ΔVAS < 2 was highest in the EST-pairs performed with-
out treatment (Figure 3). Furthermore, an increase in the difference in 
maximum heart rate between the EST-pairs in b.p.m. was associated 
with a higher odds of a ΔVAS > 1 [OR, 1.04, (95%CI, 1.01–1.06); P = 
0.003; Table 4]. The repeatability of the maximum heart rate in the dif-
ferent ΔVAS groups is described in Supplemental Material online.

Discussion
This is the first study assessing the repeatability of the occurrence and 
severity of ventricular arrhythmias on the EST in patients with CPVT. In 
half of the EST-pairs the VAS was identical, and in only 17.8% the VAS 
changed two categories or more, corresponding to a moderate repeat-
ability. The repeatability of HR-PVC and HR-recovery was substantial. 
Thus, the intra-patient variability in heart rate measurements during the 

EST is low, whereas ventricular arrhythmia severity is more variable, al-
though the degree of difference was low in the vast majority. These re-
sults will likely contribute to improvements in the use and 
interpretation of the EST in CPVT, both in patient care and in research.

A reliable read-out parameter is essential to demonstrate robust evi-
dence of treatment efficacy. In CPVT, the efficacy of beta-blockers and 
flecainide is mainly evaluated with the ventricular arrhythmia burden on 
the EST, such as the VAS.9,10,11 Attempts at a trial with clinical end-
points involving symptoms have been made,10 but small cohorts and 
a low burden of symptoms, pertinent to rare diseases like CPVT, pre-
clude randomized intervention studies with these more relevant, but 
remote, endpoints. As new drugs with a significant potential in CPVT 
are on the horizon22, it is of great importance to study in detail the re-
peatability of the VA characteristics on EST in CPVT. Our results pro-
vide a framework for using ventricular arrhythmia characteristics on the 
EST as a reliable read-out parameter to assess potential therapeutic ef-
ficacy for novel CPVT therapies.

Factors possibly influencing repeatability
There are several external and internal factors potentially influencing the 
repeatability of ventricular arrhythmia characteristics on the EST in 
CPVT. The substantial to almost perfect repeatability of the baseline 
and maximum heart rate, EST duration, and maximally attained work-
load underline the identical circumstances of the paired ESTs. Our ana-
lyses showed that the odds for an increased ΔVAS were higher in the 
EST-pairs performed under medical therapy compared with those with-
out. This may reflect the lower penetrance in the subset of patients 
without therapy, of whom most ESTs had a VAS of 0. Alternatively, 
this might be due to fluctuations in the drug serum levels and its corre-
sponding antiarrhythmic effect on the EST. Non-adherence—a well- 
known problem in the treatment of inherited cardiac arrhythmias23— 
prior to the EST might underlie these fluctuations. This is in line with 
our observation that the difference in maximum heart rate between 
ESTs was associated with the odds for an increased ΔVAS and the re-
peatability of the maximum heart rate in the EST-pairs with a ΔVAS > 
1 was substantial but almost perfect in the pairs with a ΔVAS of 0 and 
1. The maximum heart rate is reduced by beta-blockers used in CPVT 
and therefore poor adherence or fluctuations of the serum level of 
the drugs will lead to a higher variability in maximum heart rate—and 
potentially the VAS. Future research should focus on this and explore 
the potential use of the variability of the EST to evaluate treatment ad-
herence. Alternatively, the fluctuations could also be associated with 
body weight. Although the repeatability of body weight was almost per-
fect, we further assessed the potential influence of body weight changes 
in our sensitivity analyses and its potential association with ΔVAS. 
Altogether, the results suggest that body weight changes had a limited 
effect on our results.

Other external factors were not associated with ΔVAS. This in-
cluded a change in EST recording from morning to afternoon or the re-
verse, excluding the circadian rhythm as a confounder of the 
repeatability. This is in contrast to a previous study in children with 
CPVT, in which the odds for VT or ventricular fibrillation on ESTs 
was higher in the afternoon compared with the morning.14 Future stud-
ies in larger cohorts of CPVT patients of all ages should be conducted to 
clarify this contrasting observation. Finally, the repeatability of the max-
imum heart rate and the HR-recovery was almost perfect. The differ-
ence between these two measures, the heart rate recovery, is 
indicative of the parasympathetic activity of the autonomic nerve sys-
tem and is associated with the occurrence of symptoms in CPVT.12

Therefore, parasympathetic activity does not seem highly variable with-
in a patient at subsequent ESTs and is not likely related to our observed 
variability in VAS.

Our results do not indicate an association between probands or the 
age at the first EST and the ΔVAS. Furthermore, the VAS both 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 4 Predictors of ΔVAS

OR (95% CI) P-valuea

Proband 1.25 (0.76–1.74) 0.380

Time between paired ESTs (per day 
change)

1.00 (1.00–1.00) 0.301

Use of any antiarrhythmic drug vs. no 
treatmentb

3.52 (2.46–4.57) 0.020

Type of antiarrhythmic treatment (reference: no treatment)b

Beta-blocker monotherapy 3.24 (2.11–4.37) 0.041

Beta-blocker and flecainide 3.96 (2.14–4.35) 0.015

Beta-blocker, flecainide, and LCSD 3.94 (1.99–4.50) 0.032

Age at the first EST in years 1.00 (1.00–1.00) 0.152

Center: Mayo Clinic (reference: 

Amsterdam UMC)

0.85 (0.36–1.34) 0.522

Change from morning to afternoon 

(reference: no change)

0.91 (0.49–1.33) 0.668

Bike protocol (reference: treadmill 

protocol)

1.14 (0.67–1.62) 0.579

Change in reason of stop EST (reference: 

no change)

1.62 (0.85–2.39) 0.218

RYR2 variant classification (reference: 

uncertain significance)

Pathogenic 1.27 (0.72–1.82) 0.911

Likely pathogenic 1.04 (0.41–1.67) 0.392

Body weight difference in kg 0.98 (0.93–1.03) 0.381

Difference in maximum heart rate in 

b.p.m.

1.04 (1.01–1.06) 0.003

CI, confidence interval; LCSD, left cardiac sympathetic denervation; OR, odds ratio; 
VAS, ventricular arrhythmia score. 
aThe P reflects the level of significance corresponding to the estimate of the cumulative 
link mixed model or generalized linear mixed model, as appropriate, taking repeated 
measures per individual into account. 
bOR and P-values are based on the estimate of the generalized linear mixed model, 
because the proportional odds assumption of the cumulative link mixed model was 
violated.

http://academic.oup.com/europace/article-lookup/doi/10.1093/europace/euac177#supplementary-data
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decreased and increased from EST1 to EST2. Therefore, a phenotype 
progression does not explain the variability of VAS. However, the 
age at first EST ranged from 14 to 38 years old (IQR), thus our results 
cannot be adopted to children, in whom a phenotype progression 
might play a more important role. Previous studies in two different co-
horts have shown that a CPVT phenotype is not always present at the 
first EST performed and could develop during follow-up.5,15 The re-
verse, a CPVT phenotype dissolving on follow-up ESTs, has not been 
described, but is also not likely to be seen, because most patients 
with a CPVT phenotype will be treated with a beta-blocker, affecting 
their ventricular arrhythmia burden. This study population differs 
from the first multicentre observational study by Hayashi in 2009, 
with a higher proportion of family members with a lower burden of 
symptoms.8 This study population is representative of the patients cur-
rently seen at specialized arrhythmia centres, as over time, more and 
more family members with CPVT are being identified prior to the onset 
of symptoms due to cascade screening.

Study limitations
Due to the retrospective character of this study, we could not account 
for potential non-adherence in patients using oral medication at the 
time of the EST. Furthermore, the time between intake of the oral 
medication and EST was not regulated and might have affected the plas-
ma levels of medication at the time of EST, but these levels could not be 
assessed due to the study design. However, this practice does resemble 
the actual clinical assessment of the efficacy of therapy in patients with 
CPVT. We allowed multiple EST-pairs per patient in our analyses. 
Therefore, the 95% CI of our main results might be tighter than in real-
ity. However, our sensitivity analyses including only one EST-pair per 
patient, showed that Krippendorf α, ICC, and mean differences of 
our primary and secondary outcomes and baseline characteristics 
were consistent with the complete cohort results. Additionally, in 
most patients, we included only one EST-pair.

We were limited to the information on the EST reports and print-
outs of the ECG recordings. In both centres, incomplete ESTs are 
printed, which is mostly limited to one 12-lead ECG recording per mi-
nute. Therefore, the HR-PVC might not be completely accurate. 
Furthermore, because of this limitation, we were unable to quantitate 
and compare the total number of PVCs throughout the test, or the 
maximum number of PVCs in one minute. Although these are not 
the most important characteristics of a CPVT phenotype, it would 
have been given a more complete overview of the repeatability. 
Furthermore, this could have potentially led to an over- or underesti-
mation of the VAS score of 0 or 1 in some ESTs.

Our study cohort consisted of 25 (24.0%) patients whose RYR2 vari-
ant was graded as a variant of uncertain significance. However, these 
RYR2 positive subjects were only included if a typical clinical phenotype 
was present, which highly suggests that their variant will be upgraded 
ultimately.18 Furthermore, there was no difference in the ΔVAS be-
tween the majority having a RYR2 likely pathogenic or pathogenic vari-
ant and this minority subset with a RYR2 variant of uncertain 
significance.

Clinical implications
Our results will have important implications, both in patient care and in 
research. The lack of perfect repeatability of the VAS underlines the 
need for multiple ESTs in patients suspected for CPVT. Contrarily, as 
only a minority of the EST-pairs (18.7%) had a ΔVAS > 1, this suggests 
that if a patient’s EST does not show any ventricular ectopy, the risk for 
couplets or (non)-sustained VT on a second EST (only 3 of the 148 
ESTs in our series), and therefore the risk for arrhythmic events,8 is 
very low. In patients diagnosed with CPVT, follow-up ESTs with a sud-
den increase in VAS of at least 2 categories compared with the previous 
EST under identical circumstances, should urge the clinician to scale up 
therapy, i.e. to increase dosage, or to proceed to either combination 
therapy (beta-blockers plus flecainide) or even triple therapy (beta- 
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Figure 3 ΔVAS in EST-pairs stratified by the use of medication. (A) EST-pairs performed without medical therapy, (B) EST-pairs performed under 
beta-blocker monotherapy, (C ) EST-pairs performed under combination therapy of beta-blocker and flecainide, (D) EST-pairs performed under com-
bination therapy of beta-blocker, flecainide, and left cardiac sympathetic denervation. The histogram shows the proportion of patients with a ΔVAS 
ranging from 0 to 4. The ΔVAS is defined as the difference in VAS between the paired ESTs. EST, exercise-stress test; VAS, ventricular arrhythmia score.
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blockers, flecainide, and left cardiac sympathetic denervation). 
Subsequently, after such a therapeutic change, a decrease in VAS of 
at least 2 categories most likely implicates a good effect of the medica-
tion, but should always be accompanied by follow-up ESTs. In the pres-
ence of complaints, such as near-syncope or palpitations, a single 
negative EST result does not necessarily rule out ventricular arrhythmia 
as a cause of these symptoms. Our results implicate that a VAS de-
crease of at least 2 could serve as a clinical surrogate endpoint to 
test the effect of potential new medications or treatments. In the design 
of such studies the present results, demonstrating reasonable repeat-
ability with a low degree of difference in ventricular arrhythmia severity 
between ESTs in approximately 82% of the patients, should be factored 
into study design and power calculations. Furthermore, these studies 
should be designed to avert non-adherence and serum fluctuations 
to lower the variability of VAS. Finally, we showed that the resting heart 
rate, maximum heart rate, heart rate at the first PVC, and heart rate at 
1 minute of recovery are internally consistent and potentially reliable 
measures of effect.
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