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ORIGINAL RESEARCH

Electrophysiological Characteristics and 
Ablation Outcomes in Patients With 
Catecholaminergic Polymorphic Ventricular 
Tachycardia
Lishui Shen , MD, PhD*; Shangyu Liu , MD, PhD*; Feng Hu , MD; Zhenhao Zhang , MD; Jiakun Li, MD; 
Zihao Lai , MD; Lihui Zheng , MD, PhD; Yan Yao , MD, PhD

BACKGROUND: Catheter ablation of premature ventricular contractions (PVCs) that trigger polymorphic ventricular tachycardia 
(PVT) or ventricular fibrillation has been reported as a novel therapy to reduce the syncope events in patients with catecho-
laminergic PVT, whereas the long-term ablation outcome and its value in improving exercise-induced ventricular arrhythmias 
remain unclear.

METHODS AND RESULTS: Fourteen consecutive selected patients with catecholaminergic PVT (mean±SD age, 16±6 years; 43% 
male patients) treated with maximum β-blockers with no possibility of adding flecainide were prospectively enrolled for cath-
eter ablation. The primary end point was syncope recurrence, and the secondary end point was the reduction of the ventricu-
lar arrhythmia score during exercise testing. Twenty-six PVT/ventricular fibrillation–triggering PVCs were identified for ablation. 
The trigger beats arose from the left ventricle in 50% of the cases and from both ventricles in 36% of the cases. Purkinje 
potentials were observed at 27% of the targets. After a mean follow-up of 49 months after ablation, 8 (57%) patients were free 
from syncope recurrence. Ablation of trigger beat significantly reduced the syncope frequency (mean±SD, 4.3±1.6 to 0.5±0.8 
events per year; P<0.001) and improved the ventricular arrhythmia scores at the 3-month (5 [range, 3–6] to 1.5 [range, 0–5]; 
P=0.002) and 12-month (5 [range, 3–6] to 2 [range, 0–5]; P=0.014) follow-ups. The induction of nontriggering PVCs postabla-
tion was closely associated with syncope recurrence (hazard ratio, 6.8 [95% CI, 1.3–35.5]; P=0.026).

CONCLUSIONS: Catheter ablation of PVT/ventricular fibrillation–triggering PVCs in patients with catecholaminergic PVT who 
cannot receive flecainide treatment seems to be a safe and feasible adjunctive treatment that may reduce the syncope bur-
den and improve exercise-related ventricular arrhythmias. Induction of nontriggering PVCs after ablation is associated with a 
higher risk of syncope recurrence.

Key Words: catecholaminergic polymorphic ventricular tachycardia ■ catheter ablation ■ exercise testing ■ polymorphic ventricular 
tachycardia ■ premature ventricular contraction ■ ventricular fibrillation

Catecholaminergic polymorphic ventricular tachy-
cardia (CPVT) is a rare but lethal inherited chan-
nelopathy characterized by adrenergic-induced 

bidirectional and polymorphic ventricular arrhythmias 

(VAs) in patients with a structurally normal heart.1 It 
mainly presents with recurrent episodes of syncope or 
cardiac arrest during exercise or emotional stress.2,3 
Mutations of calcium channel proteins, such as RYR2 
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(cardiac ryanodine receptor 2) and cardiac CASQ2 
(calsequestrin 2), are implicated in 60% of CPVT 
cases.4,5 The disruptions of these channel proteins 
result in excessive release of sarcoplasmic reticulum 
calcium, thereby increasing the risk of VAs.6

β-Blocker is the recommended first-line therapy 
for this channelopathy, but it cannot completely sup-
press the arrhythmic events in all patients.7–9 The ad-
ditional use of flecainide or left cardiac sympathetic 
denervation (LCSD) has been reported to be effec-
tive.10–12 Unfortunately, flecainide is not available in 
several countries, including China. As LCSD is an in-
vasive surgery and most CPVT patients are children 
and teenagers, this procedure is only accepted by a 
limited number of patients. For medically refractory 
cases or patients who experienced an aborted car-
diac arrest, an implantable cardioverter-defibrillator 
(ICD) implantation should be considered. However, 
the benefits of this therapy remain controversial. 
Previous data showed that ICDs could terminate ven-
tricular fibrillation (VF) and significantly reduce mor-
tality in patients with high-risk CPVT.9,13 However, it 
cannot prevent the occurrence of VAs and has poten-
tially proarrhythmic effects as appropriate or inappro-
priate discharges can trigger catecholamine release, 
evoking a self-induced vicious circle.14 A recent regis-
try study reported that ICD implantation in CPVT did 
not improve survival but was associated with a high 
rate of inappropriate ICD shocks and device-related 
complications.15 Roston et al summarized that nearly 
20% of ICD recipients in CPVT experienced an elec-
trical storm, and 60% of (7) deaths were attributed 
to ICD-associated incessant ventricular tachycardias 
(VTs).16

Catheter ablation of premature ventricular contrac-
tions (PVCs) that triggered VF has been reported as 
a promising therapy for preventing VF in patients with 
CPVT.17,18 However, these efficacy data are only de-
rived from sporadic cases, and little is known about 
the electrophysiological features and long-term out-
comes of trigger ablation in CPVT. Moreover, the effect 
of catheter ablation on exercised-induced VAs is also 
unclear. This study aimed to elucidate the aforemen-
tioned points using the results from a long-term fol-
low-up in a prospective study.

METHODS
The data underlying this article cannot be shared pub-
licly because of the privacy of study participants. The 
data will be shared on reasonable request to the cor-
responding author.

Study Population
This study complied with the principles of the Declaration 
of Helsinki and was approved by the institutional eth-
ics committee of Fuwai Hospital. From January 2016 
to January 2021, consecutively selected patients with 
CPVT who experienced recurrent syncope despite the 
maximum β-blockers and could not add on flecainide 

CLINICAL PERSPECTIVE

What Is New?
• Our data show that the induced premature ven-

tricular contractions (PVCs) during stress test-
ing were closely associated with the onset of 
polymorphic ventricular tachycardia/ventricular 
fibrillation events in patients with catechola-
minergic polymorphic ventricular tachycardia 
(CPVT).

• The polymorphic ventricular tachycardia/ven-
tricular fibrillation–triggering PVCs in CPVT 
mainly originated from the left ventricle, and 
one-third of the cases had biventricular trigger-
ing beats.

• Catheter ablation of triggering PVCs in CPVT 
reduced the episode of syncope and improved 
the ventricular arrhythmia burden during exer-
cise; induction of nontriggering PVCs after abla-
tion is associated with a higher risk of syncope 
recurrence.

What Are the Clinical Implications?
• As flecainide and nadolol are not available in 

some countries and regions, catheter ablation 
can be considered as an adjunctive treatment 
for patients with CPVT and recurrent syncope 
despite the maximum use of β-blockers.

• Elimination of polymorphic ventricular tachy-
cardia/ventricular fibrillation–triggering PVCs in 
CPVT seems to be a safe and feasible therapy 
that may reduce the syncope burden and im-
prove exercise-related ventricular arrhythmias.

• Patients for whom nontriggering PVCs are in-
ducible after ablation have a high risk of syncope 
recurrence and may need further interventions, 
such as cardiac sympathetic denervation or im-
plantable cardioverter-defibrillator implantation.

Nonstandard Abbreviations and Acronyms

CASQ2 calsequestrin 2
CPVT catecholaminergic polymorphic 

ventricular tachycardia
LCSD left cardiac sympathetic denervation
PVT polymorphic ventricular tachycardia
RYR2 ryanodine receptor 2
TECRL trans-2,3-enoyl-CoA reductase-like gene
VA ventricular arrhythmia
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were enrolled for electrophysiological study and cath-
eter ablation. The diagnosis of CPVT was established 
according to the Heart Rhythm Society consensus 
statement based on stress-induced bidirectional VT 
or polymorphic VT (PVT) with no detectable structural 
heart disease.7 Recurrent syncope was defined as ≥2 
episodes of syncope after drug therapy and exercise 
restriction. Individuals were excluded if they had an ab-
lation history or if they selected the initial therapy of 
LCSD. Additional exclusion criteria included obstruc-
tive coronary artery disease, myocarditis, and ventricu-
lar cardiomyopathy (Figure S1). Informed consent was 
obtained from all participants or their guardians.

A baseline exercise treadmill test was performed at 
enrollment (with the maximum β-blockers). VA scores 
during exercise were evaluated using the following 
scoring system (modified from Rosso et al19) on an or-
dinal scale of VA observed during the worst 10-second 
period of the exercise test: 0, no PVC; 1, isolated PVCs 
(<10 per minute); 2, bigeminal PVCs, frequent PVCs 
(>10 per minute), or both; 3, ventricular couplets (2 con-
secutive beats); 4, monomorphic VT; 5, polymorphic 
VT; and 6, VF.

Electrophysiological Study, Mapping, and 
Ablation
The procedure was performed under local anesthe-
sia and conscious sedation. Three-dimensional elec-
troanatomic mapping was performed using the EnSite 
NavX system (St. Jude Medical, Abbott, St Paul, 
MN). During the electrophysiological study, intrave-
nous isoproterenol was administered stepwise (from 
0.025 to 0.1 μg/kg per minute) to provoke the VAs. 
The isoproterenol infusion was terminated once the 
PVC-triggered PVT/VF events appeared. Repeated 
isoproterenol stress testing was performed to repro-
duce the triggering events when the heart rate re-
covered to the baseline level. The induced PVCs that 
repeatedly triggered PVT/VF events were specifically 
ablated. They were localized by mapping the earliest 
local activation electrograms relative to the onset of the 
QRS complex. Pace mapping was further applied to 
identify the site with the best match to the QRS con-
figuration according to the recorded ventricular ectopy 
on the 12-lead surface ECG. Electrical cardioversion or 
defibrillation was performed if the induced VAs led to 
unstable hemodynamics.

Radiofrequency catheter ablation was performed 
using an irrigated 4-mm flexible-tip catheter (FlexAbility, 
St. Jude Medical, Abbott) with an upper power limit of 
30 to 40 W and a temperature limit of 45 °C. If ac-
celeration or reduction of PVCs was observed during 
the initial 10 s of ablation, radiofrequency delivery was 
continued for 60 to 120 s.

The procedure end point was the noninducibility of 
PVT/VF-triggering PVCs during the administration of 
isoproterenol-escalating infusion until the maximum 
heart rate was reached. In this study, nontriggering 
PVCs were defined as induced ventricular beats that 
could not trigger PVT/VF events, and these PVCs were 
not targeted for ablation. Major procedural complica-
tions were pericardial tamponade, ventricular perfora-
tion, pulmonary thromboembolism, ischemic stroke, 
myocardial infarction, and severe vascular complica-
tions requiring surgical intervention.

Clinical Follow-Up
Patients were prescribed the same dose of β-blockers 
as they received before ablation and were followed 
up in the outpatient clinic or by telephone interviews. 
At the 3- and 12-month follow-ups, exercise treadmill 
tests were performed without interrupting β-blocker 
therapy to evaluate the inducibility of VAs.

The primary end point was the syncope recurrence. 
The secondary end point was the reduction of VA 
scores during follow-up exercise testing.

Statistical Analysis
Continuous data are summarized as mean±SD or 
median (interquartile range). Categorical variables 
are expressed as absolute frequencies and per-
centages. Comparisons between groups with and 
without syncope recurrence were performed with 
Mann-Whitney U test for continuous variables and 
the Fisher exact test for categorical variables. A 
matched-period analysis was applied to evaluate 
the effect of catheter ablation on syncope control. 
For each patient, periods of equal duration before 
and after ablation were identified, with patients serv-
ing as their own controls. The number of syncope 
episodes was determined for the matched peri-
ods. Syncope frequency was defined as the num-
ber of syncope events per year. The difference in 
syncope frequency before and after ablation was 
compared using the paired Wilcoxon signed-rank 
test. Comparisons of VA score at various time inter-
vals were analyzed using the Friedman test and, if 
statistical significance was detected, multiple com-
parisons were done using the Wilcoxon signed rank 
test with a Bonferroni correction applied. Long-term 
syncope-free survival after ablation was assessed 
through time-to-event analysis using the Kaplan-
Meier method. The effect of different clinical vari-
ables on syncope recurrence was investigated using 
the univariate Cox proportional hazards model. 
P<0.05 was considered statistically significant. All 
analyses were performed using SPSS software, ver-
sion 22.0 (SPSS Inc, Chicago, IL).
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RESULTS
Patient Characteristics
Fourteen patients were enrolled in this study. The 
baseline characteristics of the study population are 
shown in Table 1. The mean±SD age was 16±6 years 
(median, 15 [range, 5–29] years), and 43% of the pa-
tients were male sex. The median disease course was 
46 months. All patients received the maximum toler-
ated dosage of β-blockers. As nadolol is unavailable in 
China, these patients used propranolol or metoprolol 
instead. The syncope frequency was 4±2 events per 
year (median, 4 [IQR, 3–5]). Five patients had a his-
tory of aborted cardiac arrest (for the main features of 
each subject, see Table S1). Putative pathogenic muta-
tions were identified in RYR2 in 9 patients, CASQ2 in 1 
patient, and trans-2,3-enoyl-CoA reductase-like gene 
(TECRL) in 1 patient; 3 patients had negative genetic 
findings (Figure  1). Cardiac magnetic resonance im-
aging revealed normal cardiac structure and function 
in all patients. No distribution of late gadolinium en-
hancement was observed. Echocardiography showed 
a normal left ventricular (LV) ejection fraction (66±5%). 
Baseline ECG exhibited sinus rhythm (62±15 beats 
per minute), normal QRS duration (95±11 ms), and 

normal QTc interval (415±39 ms). None of the patients 
had conduction abnormalities or spontaneous cardiac 
arrhythmias.

Electrophysiological Characteristics of 
PVC Targets
During the electrophysiological study, VAs were in-
duced in all patients. With increasing isoproterenol 
infusion, 12 patients (12/14 [86%]) developed PVT 
(Figure  2A), of whom 2 rapidly degenerated into VF 
(Figure  2B), and the remaining 10 self-terminated. In 
another 2 patients (2/14 [14%]), PVCs directly triggered 
VF (Figure 2C). On the basis of documented PVT/VF 
initiation on surface ECG, the PVT/VF events were trig-
gered by bidirectional PVCs in 12 patients (12/14 [86%]) 
and monomorphic PVCs in 2 patients (2/14 [14%]). A 
total of 26 triggering ectopic beats were recorded: 9 
exhibited right bundle-branch block configuration with 
inferior axis, 8 revealed right bundle-branch block 
configuration with superior axis, 4 showed left bundle-
branch block configuration with inferior axis, and 5 
exhibited left bundle-branch block configuration with 
superior axis (Figure 3).

These 26 PVT/VF-triggering PVCs were targeted 
for ablation under the guidance of perfect activation 
mapping and pace mapping. The mean±SD activation 
time at the ablation catheter preceding the onset of the 
QRS complex was 38±11 ms. Seventeen (17/26 [65%]) 
triggering PVCs originated from the left ventricle, 
and 9 (9/26 [35%]) originated from the right ventricle. 
Specifically, these targets were located in the LV basal 
anterior wall (7/26 [27%]), LV septal area (7/26 [27%]), 
LV inferior wall (2/26 [8%]), LV anterior free wall (1/26 
[4%]), right ventricular (RV) outflow tract (3/26 [12%]), 
RV septal area (4/26 [15%]), RV inferior wall (1/26 [4%]), 
and RV anterior wall (1/26 [4%]) (Figure 4).

LV-originated triggering PVCs were observed in 12 
patients (12/14 [86%]), and RV-originated triggering 
PVCs were observed in 7 patients (7/14 [50%]). In 5 
patients (5/14 [36%]), triggering PVCs originated from 
both ventricles; in 7 patients (50%), triggering PVCs 
only originated from the LV; and in the remaining 2 
patients (14%), triggering PVCs only originated from 
the RV (Table S2). Significant Purkinje potentials were 
recorded in 7 (27%) targets (Figure  5). No abnormal 
low-voltage area during endocardial substrate map-
ping was observed in any patient.

Ablation End Point and Complications
After eliminating the targeted beats, extended ablation 
around the focus was performed to minimize the recur-
rence. Isoproterenol was infused again to ensure the 
noninducibility of the targeted PVCs. Ultimately, 25 of 
the 26 PVC targets were ablated successfully. PVT/VF 
events were noninducible in 13 (13/14 [93%]) patients. 

Table 1. Baseline Characteristics of the Study Population

Characteristics Patient data (n=14)

Age at first symptom, y 12±7

Age at diagnosis, y 14±6

Age at baseline, y 16±6

Male sex, n (%) 6 (43)

Disease course, median (IQR), mo 46 (28–62)

Syncope frequency, n/y 4±2

Aborted cardiac arrest, n (%) 5 (36)

Putative pathogenic mutation, n (%)

RYR2 9 (64)

CASQ2 1 (7)

TECRL 1 (7)

Not identified 3 (21)

SBP, mm Hg 117±14

DBP, mm Hg 65±11

ECG features

Heart rate, bpm 62±15

PR interval, ms 132±16

QTc interval, ms 408±45

QRS duration, ms 95±11

LV ejection fraction, % 66±5

LVEDd, mm 45±9

Values are mean±SD, unless otherwise indicated. Bpm indicates beats 
per minute; CASQ2, gene encoding calsequestrin 2; DBP, diastolic blood 
pressure; IQR, interquartile range; LV, left ventricular; LVEDd, LV end-diastolic 
diameter; RYR2, gene encoding ryanodine receptor 2; SBP, systolic blood 
pressure; and TECRL, gene encoding trans-2,3-enoyl-CoA reductase-like.
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In 1 patient (1/14 [7%]), the triggering PVCs (origin site: 
LV basal anterior wall) remained inducible even after 
additional radiofrequency applications. The total ab-
lation time was 20 (range, 12–26) minutes, and total 
procedure time was 198 (range, 142–256) minutes. 
After ablation, nontriggering PVCs were induced in 6 
patients (6/14 [43%]), among whom no one occurred 
VTs. As the amounts of these nontriggering PVCs were 
also limited, no further ablation was performed.

None of the patients developed severe complica-
tions during the electrophysiological mapping and 
ablation. One patient had a pseudoaneurysm after a 
femoral artery puncture, which was well managed with 
no surgical intervention.

Clinical Follow-Up
The mean±SD duration of risk exposure during 
matched periods before and after catheter ablation 
was 4±1 years. The syncope frequency was signifi-
cantly reduced after ablation (from 4.3±1.6 to 0.5±0.8 
events per year; P<0.001). After a mean±SD follow-up 
of 49±23 months (median, 49 [IQR, 34–58] months), 8 
(8/14 [57%]) patients were free from syncope recurrence 
(Figure 6). Six patients had syncope events, including 3 
who experienced a single episode and 3 who had mul-
tiple episodes. There was no significant difference in 
baseline clinical characteristics between patients with 
and without syncope recurrence (Table 2). More syn-
cope recurrence was seen in patients who had non-
triggering PVCs after ablation (5/6 [83%]) compared 

with patients in whom PVCs were absent (1/8 [13%]; 
log-rank P=0.014; Figure 7). Cox proportional hazards 
regression analysis showed that the PVC target sites 
did not impact the syncope recurrence, whereas the 
induction of nontriggering PVCs postablation indicated 
a high recurrent risk (hazard ratio, 6.8 [95% CI, 1.3–
35.5]; P=0.026; Table S3).

Three patients experienced cardiac arrest, of whom 
1 had sudden cardiac death during severe emotional 
stress; 1 further received LCSD therapy and reported 
no syncope recurrence after the procedure; and the 
remaining 1 implanted an ICD because of recurrent 
cardiac arrest after LCSD.

Elimination of Trigger Beats Reduces 
Exercise-Induced VAs
Baseline exercise treadmill testing (under β-blocker 
therapy) was performed on 13 patients; 1 patient could 
not exercise because of her young age (Table S4). The 
median baseline VAs score was 5 (range, 3–6). As 
demonstrated in Table 3, 11 participants experienced 
PVT or VF events. After eliminating PVT/VF triggers, 
exercise-related ventricular ectopy was significantly re-
duced at 3-month (VA score, 1.5 [range, 0–5] versus 
baseline; P=0.002) and 12-month (VA score, 2 [range, 
0–5] versus baseline; P=0.014) follow-ups in the 12 pa-
tients with available data. One patient had no follow-up 
exercise testing data because of sudden cardiac death 
20 days after discharge. Ten (10/12 [83%]) patients im-
proved the VA score at 3- and 12-month follow-ups 

Figure 1. The genetic mutations of the study population.
A, Genotype distribution in this cohort with catecholaminergic polymorphic ventricular tachycardia. B, 
Pedigree of the ryanodine receptor 2 gene (RYR2) mutated family. C, Pedigree of the trans-2,3-enoyl-
CoA reductase-like gene (TECRL) mutated family. CASQ2 indicates the gene encoding calsequestrin 2.
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Figure 2. Electrocardiographic changes during catecholamine stress testing in 
patients with catecholaminergic polymorphic ventricular tachycardia (PVT).
A, Continuous intravenous infusion of isoproterenol induced premature ventricular 
contractions (PVCs) and further triggered PVT. B, PVT rapidly deteriorated into 
ventricular fibrillation (VF). C, PVCs can also directly trigger VF.
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(Figure 8). In the last exercise test, the PVT event was 
induced in 2 patients, but none triggered the VF event. 
Compared with the 3-month exercise testing data, 
patients at the 12-month follow-up exhibited no differ-
ences in VA score (2 [range, 0–5] versus 1.5 [range, 
0–5]; P=0.540).

DISCUSSION
Main Findings
To the best of our knowledge, this is the largest study 
to investigate the electrophysiological features and abla-
tion outcomes in patients with CPVT. The main findings 
were as follows: (1) PVT/VF-triggering PVCs in CPVT 
mainly originated from the LV, and one-third of the cases 
had biventricular triggering beats; (2) LV basal anterior 
wall and LV septal area were the main sites of triggering 
beats, and 27% of ablation targets had Purkinje poten-
tials; (3) eliminating triggering PVCs in CPVT reduced the 
syncope burden and improved the VA score during ex-
ercise; and (4) the induction of nontriggering PVCs after 
ablation indicated a high risk of syncope recurrence.

CPVT has a high prevalence of arrhythmic events, 
including syncope and sudden cardiac arrest. The use 
of flecainide and nadolol can effectively reduce these 
events, whereas these drugs are not approved for 
clinical use in some countries and regions. Catheter 
ablation of PVCs that trigger VF has been reported 
as an effective therapy for preventing VF in patients 
with long-QT syndrome and Brugada syndrome.20,21 
However, only sporadic cases have described this 
therapy for CPVT. The first such case reported by 
Szumowski et  al17 found that catheter ablation elimi-
nated the VF trigger in a young patient with CPVT 
and suppressed the VAs during follow-up. Similarly, 
Kaneshiro et  al ablated the bidirectional PVCs in an 
adult patient and prevented the episodes of syncope 
and ICD therapy.18 Interestingly, a recent CPVT case 
series reported that 80% of ablated patients still ex-
perienced VAs requiring ICD or external defibrillator 
intervention.22 That study only enrolled 5 patients, and 
all participants were female sex. The reported causes 
of recurrence include earthquake-induced emotional 
stress and inappropriate shock delivery for rapid atrial 
fibrillation. In this study, we enrolled 14 patients with 

Figure 3. Polymorphic ventricular tachycardia/ventricular fibrillation–triggering ectopic beats.
A, Right bundle-branch block (RBBB) and inferior axis configuration (9/26 [35%]). B, RBBB and superior axis morphology (8/26 [31%]). 
C, Left bundle-branch block (LBBB) and inferior axis configuration (4/26 [15%]). D, LBBB and superior axis morphology (5/26 [19%]).



J Am Heart Assoc. 2023;12:e031768. DOI: 10.1161/JAHA.123.031768 8

Shen et al Catheter Ablation in CPVT

CPVT with a similar proportion of male and female par-
ticipants. We observed that the induced PVCs during 
catecholamine stress testing were closely associated 

with the onset of PVT/VF events. Elimination of these 
trigger beats achieved the noninducibility of PVT/VF 
events in >90% of patients, and nearly 60% of the 

Figure 4. The origin sites of the polymorphic ventricular tachycardia/ventricular fibrillation–
triggering premature ventricular contractions in patients with catecholaminergic 
polymorphic ventricular tachycardia.
LV indicates left ventricular; RV, right ventricular; and RVOT, RV outflow tract.

Figure 5. Intracardiac recordings and catheter position at a successful ablation site of a polymorphic ventricular 
tachycardia/ventricular fibrillation–triggering premature ventricular contraction (PVC).
A Purkinje potential was recorded from the left inferior septum area and preceded the QRS onset by 14 ms. Red points indicate the 
ablation sites. Yellow points indicate the sites with Purkinje potentials. ABL indicates ablation catheter; CS, coronary sinus; LAO, left 
anterior oblique; LV, left ventricular; RAO, right anterior oblique; and SR, sinus rhythm.
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cases were free from syncope recurrence during fol-
low-up. Although 6 patients still experienced syncope 
episodes, most recurrent events occurred ≥1 year after 
ablation, and 3 patients only experienced 1 episode 
during the entire follow-up period. Catheter ablation 
seems to reduce the syncope burden, suggesting that 

ablation of trigger beats may improve the quality of 
life in patients with CPVT. In this study, we observed 
that bidirectional PVCs were common in patients with 
CPVT. There is growing evidence that the origin sites of 
bidirectional PVCs in CPVT have a dominant-subordi-
nate relationship. Eliminating the main PVC target can 

Figure 6. Kaplan-Meier curve of freedom from syncope recurrence after catheter ablation 
for catecholaminergic polymorphic ventricular tachycardia.

Table 2. Comparison Between the 2 Groups for Clinical and Procedural Data

Variable Syncope recurrence (n=6) No syncope recurrence (n=8) P value

Age at baseline, y 13±7 18±7 0.116

Male sex 2 (33) 4 (50) 0.627

Disease course, median (IQR), mo 53 (43–61) 34 (24–58) 0.491

Putative pathogenic mutation 6 (100) 5 (63) 0.209

RYR2 mutation 5 (83) 4 (50) 0.301

Baseline ECG features

Heart rate, bpm 59±8 64±20 0.852

QTc interval, ms 400±37 414±53 0.512

QRS duration, ms 90±7 98±13 0.267

Triggering PVC site, n 11 15 0.646

LV basal anterior wall 4 (36) 3 (20) 0.407

LV fascicular area 2 (18) 5 (33) 0.658

RVOT 2 (18) 1 (7) 0.556

RV septal area 2 (18) 2 (13) >0.999

Inducibility of nontriggering PVCs 5 (83) 1 (13) 0.035

Values are mean±SD or number (percentage), unless otherwise indicated. Bpm indicates beats per minute; IQR, interquartile range; LV, left ventricular; PVC, 
premature ventricular contraction; RYR2, gene encoding ryanodine receptor 2; RV, right ventricular; and RVOT, RV outflow tract.
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effectively inhibit the occurrence of secondary PVCs.23 
We ablated all bidirectional PVCs and observed that 
the elimination of both targets might be an efficient 
therapeutic option for reducing arrhythmic episodes.

Different from previous studies, which reported 
that the RV outflow tract was the main origin site of 
CPVT arrhythmias and most of the patients only had 
a single ventricular ectopic focus,24–26 our investigation 
observed that the VAs in CPVT were mainly from the 
left ventricle. More than 30% of patients had biventric-
ular PVCs. The specific origins of PVCs were primar-
ily located in the LV basal anterior wall and ventricular 
septum. RV outflow tract as the origin was only ob-
served in 12% of ablated targets. The RV septal area 

was another common origin site of PVCs in these pa-
tients with CPVT. Purkinje cell calcium dysregulation 
was reported as 1 of the mechanisms that underlay 
focally activated arrhythmias in CPVT.27,28 However, 
Flores et al observed that the disruption of calcium ho-
meostasis in the Purkinje network could not produce 
a CPVT phenotype.29 Purkinje-myocardial junction 
was the anatomic origin of VAs, and the delayed af-
terdepolarizations in the ventricular myocardium could 
trigger full action potentials in adjacent Purkinje cells.30 
Isolated ventricular cardiomyocytes from CPVT models 
also exhibited spontaneous calcium release, delayed 
afterdepolarizations, and spontaneous action poten-
tials in response to catecholaminergic stimulation.31,32 

Figure 7. Survival analysis showing the comparison in the cumulative syncope-
free survival between patients with and without nontriggering premature ventricular 
contraction (PVC) after ablation.

Table 3. VA Changes During Exercise Treadmill Stress Testing

VA (score)

No. (%) of patients

Baseline (n=13) 3-mo Follow-up (n=12) 12-mo Follow-up (n=12)

VF (6) 1 (8) 0 0

PVT (5) 10 (77) 2 (17) 2 (17)

MVT (4) 1 (8) 0 0

Couplets (3) 1 (8) 2 (17) 3 (25)

Bigeminy (2) 0 2 (17) 3 (25)

Isolated PVC (1) 0 4 (33) 3 (25)

No ectopy (0) 0 2 (17) 1 (8)

MVT indicates monomorphic ventricular tachycardia; PVC, premature ventricular contraction; PVT, polymorphic ventricular tachycardia; VA, ventricular 
arrhythmia; and VF, ventricular fibrillation.
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In this study, we did observe Purkinje potentials in sev-
eral CPVT triggers, whereas >70% of ablated targets 
did not detect similar potentials. Moreover, we also ob-
served the CPVT arrhythmias originated far from the 
Purkinje fiber system, such as the ventricular outflow 
tracts, where there is little or no distribution of Purkinje 
fibers. These findings suggested that the His-Purkinje 
system may not be the sole culprit for CPVT.

Nearly 40% of patients in this study induced 
nontriggering PVCs after ablation. Although the 
amounts of these PVCs were limited and did not 
trigger PVT/VF events during stress testing, patients 
inducing nontriggering PVCs had a high risk of syn-
cope recurrence. This finding indicated that catheter 
ablation may reduce the VA risk but not completely 
eliminate the arrhythmogenic substrates in patients 
with CPVT, and β-blockers remain the therapeutic 
cornerstone for all patients, regardless of whether 
they received successful trigger beats ablation. For 
patients with induction of nontriggering PVCs after 
ablation, further early interventions, such as cardiac 
sympathetic denervation or ICD implantation, may 
be necessary.

Patients with CPVT were usually recommended 
to limit or avoid strenuous exercise.33,34 This lifestyle 
change has demonstrated its significance in reducing 
arrhythmic events. However, the reality is that many 
patients no longer engage in daily physical exercise be-
cause of the fear of syncope episodes. Because most 
patients with CPVT are children and adolescents, the 
long-term restriction of physical exercise can lead to a 
series of concerns, such as obesity, growth retarda-
tion, psychological problems, and poor interpersonal 
relationships.35,36 Recently, Ostby et  al reported that 
a well-treated athlete following the diagnosis of CPVT 
had a comparable risk of arrhythmic events to non-
athletes.37 Exercise treadmill test is the cornerstone 
for the risk stratification and assessment of therapeu-
tic efficacy in CPVT. Peltenburg et al studied 104 pa-
tients with CPVT with a repeated exercise-stress test 
and found that a decrease in VA score of at least 2 
categories after a therapeutic modification suggests a 
positive effect.38 In this study, we evaluated the exer-
cise tolerance after catheter ablation. Interestingly, the 
elimination of trigger beats resulted in a remarkable re-
duction in the burden of VAs during exercise, even at 

Figure 8. Efficacy of trigger beat elimination in reducing ventricular arrhythmias during 
exercise in patients with catecholaminergic polymorphic ventricular tachycardia.
The number of patients in each ventricular arrhythmia category and changes in ventricular 
arrhythmia category at 3- and 12-month follow-ups were shown. A dotted line represents 1 patient, 
and the solid line thickness indicates the number of patients. Exercise testing was performed 
using a treadmill. The median baseline ventricular arrhythmia (VA) score was 5 (range, 3–6), and 
the median 3- and 12-month VA scores were 1.5 (range, 0–5) and 2 (range, 0–5), respectively. 
aOne patient died of sudden cardiac arrest 20 days after discharge. FU indicates follow-up; MVT, 
monomorphic ventricular tachycardia; PVC, premature ventricular contraction; PVT, premature 
ventricular tachycardia; and VF, ventricular fibrillation.
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the 1-year follow-up. This result seems promising as 
it implies that patients with CPVT may have reduced 
VA events during physical exercise if they could well 
improve their arrhythmic risk, and catheter ablation for 
PVT/VF-triggering beats may be a valuable adjunctive 
therapy. Further investigations with larger sample sizes 
and longer follow-up durations are required to confirm 
these findings.

Limitations
This study had several limitations. First, the number of 
enrolled patients was small. For safety concerns, only 
limited parents accepted the catheter ablation for their 
children. To our knowledge, this is the largest known 
cohort for CPVT ablation until now. Second, the pre-
sent study represented a single-center experience and 
did not report any major procedure-related compli-
cations. Larger studies are needed to determine the 
risks and benefits of catheter ablation for CPVT. Third, 
it would be of great interest to analyze the differences 
in outcomes between catheter ablation and medical 
treatment alone in a randomized manner. However, 
this requires a multicenter collaborative approach for 
rare diseases, such as CPVT. Fourth, flecainide and 
nadolol are not available in China, and it remains un-
clear whether these drugs could further improve the 
prognosis after CPVT ablation. Fifth, the small sam-
ple size may also limit us from revealing the impact of 
genetic variants, especially RYR2 mutation, on PVC 
targets and ablation outcomes. Sixth, the selection of 
patients who had positive responses to isoproterenol 
infusion may also limit the application population of 
this treatment strategy. Nevertheless, this is the first 
prospective study analyzing ablation outcomes in pa-
tients with CPVT. The efficacy of VA control observed 
during exercise testing might offer future perspectives 
for ameliorating stress-induced malignant arrhythmias.

CONCLUSIONS
Catheter ablation of PVT/VF-triggering PVCs in patients 
with CPVT who cannot receive flecainide treatment 
seems to be a safe and feasible adjunctive treatment 
that may reduce the syncope burden and improve 
exercise-related VAs. Induction of nontriggering PVCs 
after ablation is associated with a higher risk of syn-
cope recurrence.
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