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ABSTRACT

BACKGROUND Catecholaminergic polymorphic ventricular tachycardia (CPVT) may cause sudden cardiac death (SCD) despite
medical therapy. Therefore, implantable cardioverter-defibrillators (ICDs) are commonly advised. However, there is limited data
on the outcomes of ICD use in children.
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OBJECTIVE The purpose of this study was to compare the risk of arrhythmic events in pediatric patients with CPVT with and
without an ICD.

METHODS We compared the risk of SCD in patients with RYR2 (ryanodine receptor 2) variants and phenotype-positive symp-
tomatic CPVT patients with and without an ICD who were younger than 19 years and had no history of sudden cardiac arrest at
phenotype diagnosis. The primary outcome was SCD; secondary outcomes were composite end points of SCD, sudden cardiac
arrest, or appropriate ICD shocks with or without arrhythmic syncope.

RESULTS The study included 235 patients, 73 with an ICD (31.1%) and 162 without an ICD (68.9%). Over a median follow-up of
8.0 years (interquartile range 4.3–13.4 years), SCD occurred in 7 patients (3.0%), of whom4 (57.1%) were noncompliant withmed-
ications and none had an ICD. Patients with ICD had a higher risk of both secondary composite outcomes (without syncope: haz-
ard ratio 5.85; 95% confidence interval 3.40–10.09; P < .0001; with syncope: hazard ratio 2.55; 95% confidence interval 1.50–
4.34; P 5 .0005). Thirty-one patients with ICD (42.5%) experienced appropriate shocks, 18 (24.7%) inappropriate shocks, and
21 (28.8%) device-related complications.

CONCLUSION SCD events occurred only in patients without an ICD and mostly in those not on optimal medical therapy. Pa-
tients with an ICD had a high risk of appropriate and inappropriate shocks, which may be reduced with appropriate device pro-
gramming. Severe ICD complications were common, and risks vs benefits of ICDs need to be considered.

KEYWORDS Ventricular tachycardia; Sudden cardiac death; Catecholaminergic polymorphic ventricular tachycardia; Inherited
arrhythmia; Ryanodine receptor; Implantable cardioverter-defibrillator

(Heart Rhythm 2024;21:1767–1776) © 2024 Heart Rhythm Society. All rights reserved.
Introduction

Catecholaminergic polymorphic ventricular tachycardia
(CPVT) is a rare inherited arrhythmia syndrome that can cause
sudden cardiac death (SCD) and is defined by adrenergic-
induced bidirectional and/or polymorphic ventricular tachy-
cardia (VT) during emotional or physical stress.1,2 CPVT is
often associated with a young age at presentation, with me-
dian symptom onset in late childhood and early adoles-
cence.3,4 b-blockers, particularly nonselective agents, are
first-line therapy.1,5 Flecainide and left cardiac sympathetic
denervation (LCSD) are effective adjunctive options that can
be combined with b-blockers.6,7 However, arrhythmic events
despite combination therapy of a b-blocker and flecainide
have been described inw10% of pediatric patients.4 Current
practice guidelines recommend that an implantable
cardioverter-defibrillator (ICD) should be inserted in patients
with prior sudden cardiac arrest (SCA) or ventricular arrhyth-
mias and/or cardiac events despite combination therapy
with a b-blocker and flecainide.8,9 While patients with CPVT
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shocks,10,11 this approach remains controversial because
ICDs for CPVT are also associated with a reduced quality of
life, frequent reinterventions for generator and lead issues,
and traumatic repetitive shocks, both appropriate and inap-
propriate.10–12 In addition, reports of death due to and
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study, we compare the risk of life-threatening arrhythmic
events in symptomatic children with CPVT with and without
an ICD.
Methods

Study population

This retrospective study comprises patients from 2 interna-
tional multicenter registries: the International Pediatric
CPVT Registry (based in Vancouver, Canada) and the Inter-
national CPVT Registry (based in Amsterdam, The
Netherlands) established in 2015 and 2014, respectively.4,14
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The International Pediatric CPVT Registry enrolls patients
with CPVT diagnosed before 19 years of age and their first-
degree relatives; as of December 2022, a total of 245
CPVT (pediatric) patients from 27 centers have been enrolled
in this registry. The International CPVT Registry enrolls pedi-
atric and adult patients with CPVT; as of December 2022, a
total of 1465 CPVT patients from 30 centers have been
enrolled in this registry. Both registries include patients diag-
nosed with CPVT according to diagnostic criteria established
by major practice guidelines.8,9 All diagnoses were made by
cardiologists at participating institutions. Institutional review
board approval was obtained in accordance with the require-
ments at each participating center. The research reported in
this article adhered to the Helsinki Declaration (as revised in
2013) guidelines.

We included patients with CPVT who were younger than 19
years and without a history of SCA at the date of their CPVT
phenotype diagnosis (baseline). Since the presence of symp-
toms and the age at symptomonset are known to be important
predictors of adverse arrhythmic outcomes in patients with
CPVT,4 we included only children with a CPVT phenotype
and cardiac symptoms including syncope with or without sei-
zures, near-syncope, palpitations, or documented VT. In addi-
tion, all included patients had a RYR2 (ryanodine receptor 2)
variant that was (likely) pathogenic (class 4–5) or of uncertain
significance (class 3), determined according to the American
College of Medical Genetics and Genomics criteria.15 Patients
with RYR2 variants of unknown significance were included only
if they did not have SCA before baseline, and a definite CPVT
phenotype, defined as bigeminal ventricular premature beats
or more complex VAs in probands and isolated ventricular pre-
mature beats or more complex VAs in familymembers on exer-
cise stress test, epinephrine challenge test, or Holter
monitoring.5 Patients with significant cardiac comorbidities or
hemodynamically significant heart disease, defined as cardio-
myopathy, (a history of) significant coronary artery disease, or
(a history of) moderate or severe aortic, pulmonary, or mitral
valve stenosis or regurgitation, were excluded. In addition,
Abbreviations

CALM: calmodulin

CASQ2: calsequestrin 2

CPVT: catecholaminergic
polymorphic ventricular
tachycardia

ICD: implantable cardioverter-
defibrillator

LCSD: left cardiac sympathetic
denervation

RYR2: ryanodine receptor 2

SCA: sudden cardiac arrest

SCD: sudden cardiac death

VF: ventricular fibrillation

VT: ventricular tachycardia
we excluded patients with
RYR2 exon 3 deletion and
known RYR2 loss-of-function
variants causing calcium
release deficiency syndrome16

as well as those with variants in
other CPVT-related genes
such as CASQ2 (calsequestrin
2), TECRL (trans-2,3-enoyl-CoA
reductase–like), TRDN (triadin),
and CALM1–3 (calmodulin 1–
3), or those with a second
(likely) pathogenic variant in
the RYR2 or CASQ2 genes. Pa-
tients with <6months of follow-
up were also excluded unless
they experienced an arrhythmic
event within this period.
Data collection and outcomes

Patient data for both registries were entered into REDCap, a
secure web application.17 We collected data on demo-
graphics, presenting symptom(s), clinical and genetic testing,
treatments, and outcomes at baseline and during follow-up.
Syncope must have been exertional in nature or occurred in
the absence of prodromal symptoms suggestive of autonomic
instability, indicating a presumed arrhythmic event. ICD-
related outcomes such as appropriate and inappropriate
shocks, electrical storm, and device-related complications
were adjudicated by local investigators.

The primary outcome analyzed was the incidence of SCD
in patients with and without ICD. Secondary outcomes were
composite end points of (1) SCD, SCA, or appropriate ICD
shocks and (2) SCD, SCA, appropriate ICD shocks, or
arrhythmic syncope. Survival time was calculated for all pa-
tients from the date of their CPVT phenotype diagnosis to
the date of the occurrence of the 2 secondary composite out-
comes or the date of last follow-up entered in the registries,
whichever occurred first. The median follow-up time for the
primary analyses was calculated for patients with and without
an ICD from the date of CPVT phenotype diagnosis to the
date of SCD, or date of last registry contact, as appropriate.
For 9 patients, an ICD was implanted before the date of
CPVT phenotype diagnosis. For these patients, date of ICD
implantation was used as the baseline for both survival and
follow-up time calculations.
Statistical analysis

For comparison of clinical characteristics, continuous vari-
ables are reported as median with interquartile range for
non-normal distributions and as mean 6 SD for normal distri-
butions and are compared using the Wilcoxon rank-sum test
and the independent sample t test, respectively. Categorical
data are reported as count and proportion and are compared
using the Pearson c2 test or Fisher exact test, as appropriate.

ICD therapy, b-blockers, flecainide, and LCSD therapy
were treated as time-dependent covariates to ensure that
therapies were only considered in regression for the appro-
priate durations during follow-up. b-blocker variable had 3
levels: nonselective b-blocker, b1-selective b-blocker, and
no b-blocker. Nadolol, propranolol, carvedilol, labetalol, car-
teolol, and alprenolol were considered nonselective
b-blockers, and atenolol, bisoprolol, metoprolol, betaxolol,
acebutolol, celiprolol, and kerlone were b1-selective
b-blockers.5 Cox regression models for the 2 secondary com-
posite outcomeswere used to calculate hazard ratios and 95%
confidence intervals and to adjust for potential confounders.
Cox regression was not conducted for the primary outcome
(SCD) because the ICD group had no SCD event. The likeli-
hood ratio test was used to evaluate the statistical significance
of the overall models, and the c2 tests involving the parameter
estimates and standard errors were used to evaluate the sta-
tistical significance of separate categories. Possible con-
founders (age at symptom onset, sex, and proband status)
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and time-dependent covariates of treatment with b-blockers,
flecainide, and LCSD at baseline or during follow-up were as-
sessed. All covariates that were associated with the outcome
in univariable analysis with a P value of <.25 were included in
the final multivariable Cox regression model. Nested models
were compared using the likelihood ratio test.

The proportional hazards assumption was checked using
the Schoenfeld test and residuals. The proportional hazards
assumption was considered met if the P value was >.05 for
the model. If the model P value was statistically significant,
we used a step function to stratify for the risk factor that violated
the proportional hazards assumption on the basis of the distri-
bution of Schoenfeld residuals by time. The results of the
Schoenfeld test are presented in Online Supplemental
Tables 1–4. A P value of <.05 was considered statistically signif-
icant. All analyses were performed using R version 4.2.2. (R
Project for Statistical Computing, Vienna, Austria).18

Results

Clinical characteristics of the study population

A total of 235 symptomatic patients with CPVT without a his-
tory of SCA at baseline were included (Figure 1), of whom 73
(31.1%) had an ICD implanted anytime between baseline or
follow-up and 162 (68.9%) never had an ICD during the dura-
tion of the study. Themean age at CPVT phenotype diagnosis
Figure 1
Flowchart depicting the study cohort selection process. *One patient experienced S
RYR2 loss-of-function variant (CRDS), variants in other genes associated with CPVT s
gene. ‡Defined as cardiomyopathy, a history of significant coronary artery disease,
regurgitation. Patients with <6 months of follow-up who experienced cardiac even
excluded. CALM1 5 calmodulin 1; CASQ2 5 calsequestrin 2; CPVT 5 catecholami
syndrome; ICD5 implantable cardioverter-defibrillator; RYR25 ryanodine receptor
uncertain significance.
was 11.5 6 3.8 years for the no ICD group and 11.7 6 3.5
years for the ICD group (P 5 .690). A total of 230 patients
(97.9%) were treated with b-blockers, 145 (60.9%) with flecai-
nide, and 53 (22.6%) with LCSD at any time during follow-up.
LCSD was more common in the ICD group (31.5%) compared
with the no ICD group (18.5%) (P 5 .027). The clinical charac-
teristics of both groups are presented in Table 1.
Clinical outcomes during follow-up

Over a median follow-up of 8.0 years (interquartile range 4.3–
13.4 years), 7 patients (3.0%) experienced SCD, all of whom
did not have an ICD at the time of SCD. Circumstances during
SCD events in the 7 (3.0%) patients are reported in Table 2.
Compliance at the time of SCD was known for 6 (85.7%) pa-
tients, of whom 4 (66.7%) were noncompliant with medica-
tions. This corresponds to an SCD event rate of 3 of 162
(1.9%; 0.23% per year) in patients without ICD among patients
who were presumably compliant with medications. Only 2
(33.3%) patients were both compliant and adequately treated
with medications during their SCD events. One (50.0%) of the
latter 2 patients died in the hospital and could not be
controlled with any therapy.

In the univariable model, ICDs were associated with a
higher risk of secondary composite outcome excluding syn-
cope compared with the no ICD group (Hazard Ratio 5.85;
CD before the diagnosis and was excluded. †Defined as RYR2 exon 3 variants, a
uch as CALM1, and a second (likely) pathogenic variant in the RYR2 or CASQ2
or a history of moderate or severe aortic, pulmonary, or mitral valve stenosis or
ts (SCD, SCA, appropriate ICD shocks, or syncope) within this period were not
nergic polymorphic ventricular tachycardia; CRDS 5 calcium release deficiency
2; SCA5 sudden cardiac arrest; SCD5 sudden cardiac death; VUS5 variant of



Table 1 Clinical characteristics of patients with CPVT with and
without an ICD

Characteristic
No ICD
(n 5 162)

ICD
(n 5 73) P

Mean age at baseline (y) 11.5 6 3.8 11.7 6 3.5 .690
Mean age at the first symptom (y) 10.2 6 3.9 10.4 6 3.7 .815
Female 78 (48.1) 31 (42.5) .419
Proband 139 (85.8) 59 (80.8) .332
Family member with SCD/SCA 39 (24.1) 18 (24.7) .923
Worst symptom before diagnosis
Syncope with seizures 37 (22.8) 14 (19.2) .529
Syncope without seizures 115 (80.0) 55 (75.3) .490
Other cardiac symptoms* 10 (6.2) 4 (5.5) .835

RYR2 variant classification
Pathogenic 109 (67.3) 48 (65.8) .818
Likely pathogenic 10 (6.2) 2 (2.7) .269
Uncertain significance 43 (26.5) 23 (31.5) .433

Median age at ICD implantation (y) NA 15 (11–18) NA
At any time during follow-up
b-blocker 159 (98.1) 71 (97.3) .662
First b-blocker

Atenolol 17 (10.5) 12 (16.4) .200
Bisoprolol 15 (9.3) 7 (9.6) .936
Metoprolol 13 (8.0) 6 (8.2) .960
Nadolol 80 (49.4) 29 (39.7) .170
Propranolol 23 (14.2) 15 (20.5) .221
Other 11 (6.8) 2 (2.7) .209

Most recent b-blocker
Atenolol 4 (2.5) 4 (5.5) .239
Bisoprolol 12 (7.4) 10 (13.7) .125
Metoprolol 9 (5.6) 6 (8.2) .440
Nadolol 108 (66.7) 41 (56.2) .122
Propranolol 18 (11.1) 10 (13.7) .571
Other 8 (4.9) 0 (0.0) .061

Flecainide 98 (60.5) 45 (61.6) .867
LCSD 30 (18.5) 23 (31.5) .027

Values are presented as mean 6 SD, median (interquartile range), or n (%).
CPVT 5 catecholaminergic polymorphic ventricular tachycardia; ICD 5
implantable cardioverter-defibrillator; LCSD 5 left cardiac sympathetic dener-
vation; NA5 not applicable; RYR25 ryanodine receptor 2; SCA5 sudden car-
diac arrest; SCD 5 sudden cardiac death.
*Other cardiac symptoms were near-syncope, palpitations, and documented
ventricular tachycardia/ventricular arrhythmia.
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95% CI 3.40–10.09; P < .0001) (Table 3). b-blocker, flecainide,
and proband status were included in the multivariable anal-
ysis, and after adjustment, ICDs were still associated with a
higher risk compared with the no ICD group (Hazard Ratio
5.93; 95% CI 3.38–10.40; P < .0001); however, both models
fit the data equally well (likelihood ratio test, P 5 .179). We
also fit stratified univariable and multivariable Cox models
for this composite end point (Online Supplemental Table 2).

In the univariablemodel, ICDswere associatedwith a higher
risk of secondary composite outcome including syncope
compared with the no ICD group (Hazard Ratio 2.59; 95% CI
1.54–4.35; P5 .0003). b-blocker, flecainide, and age at the first
symptom were included as covariates in the multivariable anal-
ysis, and after adjustment, ICDs were still associated with a
higher risk of this outcome compared with the no ICD group
(Hazard Ratio 2.55; 95% CI 1.50–4.34; P5 .0005, likelihood ra-
tio test, P5 .007) (Table 3).
Over a median follow-up of 6.1 years, 91 events occurred in
patients with no ICD in place, of which 60 (65.9%) were (pre-
sumed) arrhythmic syncope, 24 (26.4%) were SCA, and 7
(7.7%) were SCD. Among patients with ICD during follow-up,
33 of 73 patients (45.2%) experienced a total of 98 cardiac
events, of which 92 (93.9%) were appropriate shocks, 4
(4.1%) were (presumed) arrhythmic syncope, and 2 (2.0%)
were SCA. Of the 92 patients who reported appropriate ICD
shocks, 48 (52.2%) were on either nadolol or propranolol and
25 (27.2%) were on dual therapy with flecainide. Corrected
daily dosage was available for 60 patients (64.5%), of whom
14 (23.3%) were on suboptimal therapy; and compliance at
the time was known for 52 (56.5%), of whom 22 (42.3%) were
noncompliant and 2 (3.6%) were not on therapy at the time
of appropriate shock (Online Supplemental Table 5). A total
of 22 inappropriate shocks occurred in 18 patients (24.7%);
of those shocks, 8 (36.4%) were due to supraventricular
arrhythmia, 7 (31.8%) due to unspecified ICD malfunction, 4
(18.2%) due to inappropriate sensing, and 3 (13.6%) due to
electrical noise. Types and proportions of ICD-related compli-
cations in patients with ICD are presented in Table 4. A total of
5 patients (6.8%) experienced ICD storm. Overall, at least 1
inappropriate shock and/or major device-related complication
occurred in 30 patients (40.5%) treated with an ICD. A total of
14 patients (19.2%) had their ICD implanted after an SCA event
during follow-up, and 5 of these patients (35.7%) subsequently
experienced an arrhythmic event. A total of 5 patients (6.8%)
had their ICD deactivated/explanted during follow-up. Rea-
sons for ICD explantation are presented in the Online Supple-
ment.
Discussion

In this study cohort, SCD events exclusively occurred in those
without ICD. However, noncompliance with guideline-
directed therapy was common in these patients. Patients
with ICD had a high risk of experiencing appropriate shocks.
At least 1 inappropriate shock and/or major device-related
complication occurred in 40% of patients treated with an
ICD. Collectively, these data demonstrate that ICD decision
making in the setting of CPVT is highly complex, and while
there is a potential for a lifesaving benefit, a potential risk of
serious complications also exists.

The primary outcome of SCD alone did not occur in those
who had ICD, and consequently regression models could not
be constructed because of the absence of SCD events. A
recent large single-center study similarly reported that none
of their patients with ICD, but 4 patients without ICD (treated
with only b-blockers), experienced SCD.19 However, a para-
doxical finding in our cohort was the observation that ICD re-
cipients had a higher risk of meeting the secondary composite
outcomes—this was driven by the appropriate shock (42.5%
patients, over a median follow-up of 6.2 years) component
of the outcome, which was an end point that could not be
met by the non-ICD cohort. A prior study of SCA survivors,
not previously onmedical therapy, showed a similar increased
risk of arrhythmic events in patients with ICD compared with



Table 2 Circumstances during events in 7 patients who experienced SCD (primary outcome)

Patient no. Circumstance during the event
Age at the
event (y)

Proband
status

RYR2 variant
classification

Medications/therapies during
the event (daily dosage) Compliance

1 The patient was found unresponsive after sports
training. The patients forgot to take
medications on the day of the event

17 Proband VUS Metoprolol (0.86 mg/kg) Noncompliant

2 The event occurred immediately after the
patient left work. The patient was stressed
immediately before the event. The patient
discontinued taking medications w13 mo
before the event

36 Proband Pathogenic None Noncompliant

3 The event occurred at home while at rest. The
patient was an avid sports player. Compliance
at the time of the event is unknown; however,
the patient had a history of being difficult to
instruct regarding medications

16 Proband Pathogenic Propranolol (1.59 mg/kg) Unknown

4 The event occurred during sports training. The
patient had discontinued taking flecainide
before the event

22 Proband Pathogenic Nadolol (2 mg/kg); flecainide (2.5 mg/kg) Noncompliant

5 The patient experienced severe ventricular
arrhythmias during the hospital stay before the
event. Verapamil boluses were tried during VT
episodes without success. Before initiating
oral propranolol, the patient was treated with
esmolol intravenous therapy and labetalol
intravenous therapy. During hospitalization,
the patient was under sedation with
pentobarbital.

LCSD was clinically ineffective, and ventricular
arrhythmia persisted. Right-sided CSD was
planned 6 dafter LCSD; however, the patient
died before planned RCSD

8 Proband Pathogenic Propranolol (dosage unknown); flecainide (2.4
mg/kg). LCSD performed 5 d before death to
manage VT. Extent of denervation not known

Compliant

6 The event occurred during sports training. The
patient had not been taking medications as
prescribed. The patient previously had an ICD;
however, the ICD was explanted 7 mo before
the event

18 Proband VUS Nadolol (0.25 mg/kg); propafenone (2.8 mg/kg).
LCSD (complete denervation) performed 8 y
before death to manage VT

Noncompliant

7 The patient was found unresponsive after an
emotionally stressful event. The patient had a
history of being compliant with medications

27 Nonproband Pathogenic Nadolol (1.27 mg/kg); flecainide (1.59 mg/kg) Probably compliant

CSD5 cardiac sympathetic denervation; LCSD5 left cardiac sympathetic denervation; RCSD5 right cardiac sympathetic denervation; RyR25 ryanodine receptor 2; SCD5 sudden cardiac death; VT5 ventricular tachycardia;
VUS 5 variant of uncertain significance.
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Table 3 Cox model output for secondary outcomes

Outcome

Univariable analysis Multivariable analysis

Hazard ratio (95% CI) P Hazard ratio (95% CI) P

SCD, SCA, or appropriate ICD shock 5.85 (3.40–10.09) <.0001 5.93 (3.38–10.40) <.0001
SCD, SCA, appropriate shock, or syncope 2.59 (1.54–4.35) .0003 2.55 (1.50–4.34) .0005

CI 5 confidence interval; ICD 5 implantable cardioverter-defibrillator; SCA 5 sudden cardiac arrest; SCD 5 sudden cardiac death.
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patients without ICD driven by a very high appropriate shock
rate (46% over 5 years).14

Consequently, the next rational step is to focus on why ICD
shocks occur so frequently in patients with CPVT. One of the
main reasons probably relates to device programming algo-
rithms. Traditional ICD settings may deliver early shocks for
hemodynamically stable polymorphic or bidirectional VT
that would have otherwise been self-limiting. In one of the
original descriptions of pediatric CPVT, Leenhardt et al2

stated that “children very quickly learned how to avoid the
stress that might trigger the lightheadedness.” This common
observation in CPVT may indicate that patients are aware that
most of their arrhythmias will subside upon immediate rest,
which thus potentially leads to the avoidance of syncope.
However, standard ICD programming may not factor in the
predictable response of patients with CPVT to symptoms.
Any future study examining the risks and benefits of ICD use
in CPVTmust prospectively use a CPVT-specific programming
algorithm that minimizes and delays the delivery of shocks. In
addition, it is possible that these patients were prone to hav-
ing recurrent and incessant VT events and as such ICDs were
implanted by treating physicians as prophylactic therapy to
prevent potential SCA/SCD events. Some appropriate shocks
may have also potentially prevented VT events that would
have otherwise precipitated to SCA/SCD. However, it is also
important to consider that appropriate shocks are not always
synonymous or surrogates for cardiac arrest.14 Interestingly,
Table 4 Number and proportions of ICD-related events and
complications in 73 patients with ICD

Variable
No. of
events

No. of
patients (%)

Appropriate ICD shocks* 92 31 (42.5)
Inappropriate ICD shocks* 22 18 (24.7)
Electrical noise 3 3 (16.7)
Supraventricular tachycardia 8 8 (44.4)
Inappropriate sensing 4 2 (11.1)
ICD malfunction 7 7 (38.9)

Complications NA 21 (28.2)
Lead fracture/dislodgment NA 11 (15.1)
ICD storm NA 5 (6.8)
Generator dysfunction NA 2 (2.7)
ICD-related infection NA 2 (2.7)
Other† NA 1 (1.4)

ICD 5 implantable-cardioverter defibrillator; NA 5 not applicable.
*Shocks, both appropriate and inappropriate, are counted only once if multiple
occurred within 24 h.
†Patient had left-sided pneumothorax after ICD implantation.
the majority of these appropriate shocks occurred within the
first 6 months of implantation (Figure 2). This may be attrib-
uted to treatment alterations and/or programming readjust-
ment early on post–ICD implantation. In addition, only half
of the patients were on either nadolol or propranolol during
their appropriate shock events. For those in whom dosage
and compliance information was available, almost half were
noncompliant with medications and a quarter were on subop-
timal therapy during their events (Online Supplemental
Table 5). Since 1 group cannot experience this end point
and appropriate shocks likely overestimate the true life-
threatening arrhythmia event rate, it may seem logical to
exclude appropriate shocks from the outcomes. However,
this could potentially lead to an underreporting of syncope
or even SCA in the ICD group, since shocks may abort VAs
before loss of consciousness. Therefore, unfortunately, there
is no design or method that can completely resolve this issue.

Medication adherence may explain the outcomes of this
study, and noncompliance could be a contributor to increased
cardiac events. Therapeutic compliance at the time of SCD
was known for 6 of 7 patients (85.7%), of whom at least 4
(66.7%) were noncompliant. In addition, in 3 patients, the b-
blocker dosage was lower than that usually suggested in the
literature (patients 1, 3 and 6; daily dosage cutoff for adequate
therapy was considered as follows: nadolol 1.0 mg/kg, meto-
prolol 1.0 mg/kg, and propranolol 2.0 mg/kg).5 Of the 2 pa-
tients who were probably compliant, 1 experienced severe
VAs in the hospital despite exhaustive medical therapy,
including LCSD, which proved to be ineffective. One patient
had their ICD explanted less than a year before their death af-
ter elective replacement indicator, after which they were
managed solely on medications. In the large single-center
study that reported similar findings, it was unclear whether pa-
tients without ICD who experienced SCD were on adequate
medical therapy and compliant at the time of event.19 Given
these findings, we believe that optimal antiarrhythmic therapy
without ICD implantation in a fully adherent patient with CPVT
likely results in a very low risk of SCD. Our data suggest that a
nonselective b-blocker was associated with lower cardiac risk
compared with a b1-selective b-blocker (Table 5). Thus, add-
ing flecainide and/or LCSD to nonselective b-blockers is effec-
tive and should ideally be used before implanting an ICD.6,7

There are other considerations regarding ICD therapies in
CPVT. It has been shown in 2 important studies that shocks for
polymorphic VT and bidirectional VT are generally ineffective
and may trigger more severe arrhythmias.10,11 In rare cases,
arrhythmic death has also been described after exhaustive
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Figure 2
Risk of the first appropriate ICD shock in 73 patients with ICD. Risk-free survival was calculated from the date of ICD implantation and censored at the date of the first
appropriate shock. ICD 5 implantable cardioverter-defibrillator.
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ICD therapy for incessant VT/ventricular fibrillation (VF),20 and
both inappropriate and appropriate shocks have been impli-
cated in fatal electrical storm.3,21 This is particularly concern-
ing when considering that 24.7% of the ICD cohort in the
present study had at least 1 inappropriate shock—most of
which occurred because of supraventricular tachycardia
(36.4%), consistent with previous CPVT ICD studies that re-
ported either supraventricular tachycardia (36.8%) or, specif-
ically, atrial tachycardia (36%) as major contributors to
inappropriate shocks.10,14 In addition, antitachycardia pacing
appears ineffective for this disease and could potentiate the
degeneration of stable VT into fatal VF.10,11 In contrast, shocks
for VF are largely successful.10,11 Despite these challenges,
Table 5 Univariable analysis of potential confounders

Covariate

Secondary comp
(without s

Hazard ratio (95% CI

b-blocker* Nonselective b-blocker Reference
b1-Selective b-blocker 1.63 (0.89–2.99)
No b-blocker 0.57 (0.20–1.62)

Flecainide† 1.50 (0.84–2.68)

LCSD therapy 0.85 (0.34–2.17)
Proband status 2.06 (0.88–4.85)
Female‡ 0.73 (0.42–1.27)
Age at the first symptom 0.96 (0.89–1.03)

Significance level: P < .25.
CI 5 confidence interval; LCSD 5 left cardiac sympathetic denervation.
*b-blocker variable has 3 levels, with nonselective b-blocker being the reference gr
†Stratified in themultivariable composite outcomemodel with syncope due to violati
of Schoenfeld residuals by time.
‡Males are the reference group.
CPVT-specific device programming that incorporates longer
detection times, shorter detection cycle lengths, and elimi-
nates antitachycardia pacing may help prioritize shocks for
VF while minimizing therapies for stable polymorphic VT
and bidirectional VT.11,12 While the present study could not
assess the efficacy and safety of this approach, it remains a
promising option that could beneficially shift the risk-to-
benefit ratio. Notably, a minority of patients with ICD had
LCSD, which may be a promising adjunctive therapy in pa-
tients with ICD. Particularly in patients who reported recurrent
ICD shocks, LCSD has shown to dramatically reduce the yearly
shock rate (93% reduction in shock rate in a large study
comprising patients with CPVT).7
osite end point
yncope)

Secondary composite end point
(with syncope)

) P Hazard ratio (95% CI) P

Reference Reference Reference
.117 1.95 (1.19–3.22) .009
.293 0.71 (0.32–1.58) .405
.17 0–2 y:2.52 (1.27–4.99) .008

2–8 y:0.92 (0.39–2.14) .840
>8 y:1.04 (0.29–3.81) .949

.742 0.79 (0.34–1.85) .592

.096 1.44 (0.76–2.74) .262

.262 0.80 (0.51–1.26) .332

.275 0.95 (0.89–1.01) .116

oup.
on of the proportional hazards assumption. Strata determined by the distribution
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ICD complications occurred in 28.8% of the cohort, an
observation consistent with previous pediatric (33%) and
adult (28.9%) CPVT cohort studies.10,14 A previous ICD study
comprising a diverse cohort (with congenital heart disease,
cardiomyopathy, and channelopathies) reported no signifi-
cant differences in the frequency of ICD complications be-
tween their pediatric and adult populations (2.3% vs 2.6%;
P 5 .3).22 There was heterogeneity in studies regarding the
definition of ICD-related complications; however, mechani-
cal complications (including lead dislodgments andmalfunc-
tion) and infection were commonly reported.23,24 One recent
systematic review of randomized controlled trial studies of
adults reported an overall pooled ICD complication rate of
4.4% per year.21 It is challenging to compare ICD storm rates
because this complication is infrequently reported in ICD
complication studies, but also because various definitions
have been used to describe an ICD storm.21,25 The incidence
of storms has been reported to be between 4% and 60% in
previous studies of varying lengths of follow-up, with primary
prevention ICDs being associated with lower rates of storm
compared with secondary prevention devices; however,
the rate is similar for both ischemic and nonischemic dis-
ease.26

In conclusion, nonselective b-blockers should be consid-
ered first-line therapy for all patients with CPVT, followed by
flecainide. ICDs may be considered in patients who have
recurrent breakthrough arrhythmic events despite use of
guideline-directed therapy and may prove lifesaving in these
cases. In addition, ICDs may be considered a prophylactic
therapeutic option in patients who despite being at high risk
of experiencing arrhythmic events are routinely noncompliant
with medications. The decision to implant an ICD should be
weighed against the potential risks of severe ICD-related
complications and recurrent shocks. Despite these findings,
the decision to implant an ICD in a patient who is nonadherent
to medical therapy or still has significant arrhythmias despite
optimization of nadolol, flecainide, and LCSD remains a chal-
lenging one. Viewpoints on these data may differ depending
on the values and preferences of patients and their physicians.
This study cannot address whether preservation of quality of
life takes precedence over a low but meaningful risk of SCD
in pediatric CPVT.

Limitations

The study was inherently limited by its retrospective multi-
center design. Furthermore, we did not have access to device
programming data, which in a young, otherwise healthy
cohort is a significant contributor to the adjudication of appro-
priate shocks, and medication adherence was not always
known throughout follow-up. Shock appropriateness was
determined by the site investigators who were electrophysiol-
ogists. The secondary composite outcomes included several
different components to capture meaningful outcomes; how-
ever, the no ICD group could not experience the appropriate
shock outcome. In addition, the high appropriate shock rate
within the first 6 months of ICD implantation inflated the over-
all appropriate shock event rate. Finally, there may be indica-
tion bias with regard to outcomes in patients with ICD and
unmeasured confounders, particularly differences in
arrhythmia severity on exercise stress test between the 2
groups, may potentially indicate that the ICD group is more
severely affected than the no ICD group.

Conclusion

SCD events were infrequent in the entire cohort and occurred
only in the no ICD group. However, this was predominantly in
those who were noncompliant or not on optimal medical ther-
apy. Patients with ICD were at a high risk of experiencing
appropriate shocks. Severe ICD-related complications,
including ICD storm(s) and inappropriate shocks related to
supraventricular tachycardia, were common. These findings
present opportunities for improving ICD programming tar-
geted toward CPVT to improve patient outcomes. ICDs may
be considered as second line prophylactic therapy in patients
who experience breakthrough, recurrent and incessant events
despite adhering to guideline-directed therapy or in patients
who are routinely noncompliant with medications. This deci-
sion should be carefully weighed against the potential for se-
vere ICD-related complications.
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