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ABSTRACT
ISS
OBJECTIVES This study aimed to assess the impact of pulmonary valve replacement (PVR) on ventricular arrhythmias

burden in a population of tetralogy of Fallot (TOF) patients with continuous cardiac monitoring by implantable

cardioverter-defibrillators (ICDs).

BACKGROUND Sudden cardiac death is a major cause of death in TOF, and right ventricular overload is commonly

considered to be a potential trigger for ventricular arrhythmias.

METHODS Data were analyzed from a nationwide French ongoing study (DAI-T4F) including all TOF patients with an

ICD since 2000. Survival data with recurrent events were used to compare the burden of appropriate ICD therapies

before and after PVR in patients who underwent PVR over the study period.

RESULTS A total of 165 patients (mean age 42.2 � 13.3 years, 70.1% male) were included from 40 centers. Over a

median follow-up period of 6.8 (interquartile range: 2.5 to 11.4) years, 26 patients (15.8%) underwent PVR. Among those

patients, 18 (69.2%) experienced at least 1 appropriate ICD therapy. When considering all ICD therapies delivered before

(n ¼ 62) and after (n ¼ 16) PVR, the burden of appropriate ICD therapies was significantly lower after PVR (HR: 0.21; 95%

confidence interval [CI]: 0.08 to 0.56; p ¼ 0.002). Respective appropriate ICD therapies rates per 100 person-years were

44.0 (95% CI: 35.7 to 52.5) before and 13.2 (95% CI: 7.7 to 20.5) after PVR (p < 0.001). In the overall cohort, PVR before

ICD implantation was also independently associated with a lower risk of appropriate ICD therapy in primary prevention

patients (HR: 0.29 [95% CI: 0.10 to 0.89]; p ¼ 0.031).

CONCLUSIONS In this cohort of high-risk TOF patients implanted with an ICD, the burden of appropriate ICD therapies

was significantly reduced after PVR. While optimal indications and timing for PVR are debated, these findings suggest the

importance of considering ventricular arrhythmias in the overall decision-making process. (French National Registry of

Patients With Tetralogy of Fallot and Implantable Cardioverter Defibrillator [DAI-T4F]; NCT03837574)
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ABBR EV I A T I ON S

AND ACRONYMS

ECG = electrocardiography

ICD = implantable

cardioverter-defibrillator

MRI = magnetic resonance

imaging

PVR = pulmonary valve

replacement

PVS = programmed ventricular

stimulation

RV = right ventricular

TOF = tetralogy of Fallot

VF = ventricular fibrillation

VT = ventricular tachycardia
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T etralogy of Fallot (TOF) is the most
common type of cyanotic congenital
heart disease (1,2). The excellent re-

sults of surgical repair in children in the mod-
ern era have led to a shift in attention to late
sequelae in the rapidly growing population of
adult patients (3).

During surgical repair, the integrity of the
pulmonary valve is often disrupted to effec-
tively relieve the obstructed right ventricular
outflow tract, which results in almost con-
stant long-term pulmonary regurgitation.
Pulmonary valve replacement (PVR) is
increasingly used to treat the chronic right
ventricular (RV) overload caused by pulmo-
nary regurgitation or stenosis, either surgi-
cally or percutaneously (4). Although it has been
shown that PVR improves symptoms and functional
status, the optimal timing and indications for PVR are
still a matter of debate (5–7). PVR should be timed
early enough to prevent irreversible adverse remod-
eling, but late enough to limit the number of rein-
terventions. Patients with TOF are also exposed to a
significant burden of ventricular arrhythmias, and
sudden cardiac death remains one of the main causes
of death in this population (8). Although ventricular
arrhythmias in TOF patients mostly involve well
defined critical anatomic isthmuses (9–11), RV over-
load is commonly considered to be a potential
trigger, and chronic pulmonary regurgitation has
been associated with ventricular tachycardia and
sudden death (12,13). Whether hemodynamic opti-
mization by means of PVR reduces ventricular ar-
rhythmias remains unknown, with potential clinical
implications for discussions on PVR indication.

Using a unique population of TOF patients
continuously monitored with implantable
Louis Pradel Hospital, Hospices civils de Lyon, Lyon, France; bPar

University Hospital, Paris, France; dLa Timone Hospital, Marseil

ersity Hospital, Lille, France; gNantes University Hospital, Nante

ancy University Hospital, Nancy, France; jBordeaux University H

ns, France; lRouen University Hospital, Rouen, France; mUniversit

al, Lorient, France; oBesançon University Hospital, Besançon, Fra

Hospital, La Réunion, France; rSaint Etienne University Hospital

University Hospital, Grenoble, France; uClermont-Ferrand Unive

Hospital, Poitiers, France; wDijon University Hospital, Dijon, Fran

ospital, Annecy, France; zAdult Congenital Heart Disease Medico-

ce; aaAuxerre Hospital, Auxerre, France; bbSaint-Pierre Clinic, Pe

halon sur Saône Hospital, Chalon sur Saône, France; eeTours Un

îmes, France; ggRennes University Hospital, Rennes, France; hhM

ardiac Electrophysiology Unit, European Georges Pompidou Hosp

rs attest they are in compliance with human studies committe

s and Food and Drug Administration guidelines, including patien

uthor Center.

t received November 30, 2020; revised manuscript received Febru
cardioverter-defibrillators (ICDs), we aimed to assess
the impact of PVR on ventricular arrhythmias in a
large nationwide registry.

METHODS

STUDY SETTING. The DAI-T4F (French National
Registry of Patients With Tetralogy of Fallot and
Implantable Cardioverter Defibrillator) is a nation-
wide French observational study and has been
described previously (14). This ongoing study in-
cludes all patients with TOF implanted with an ICD
and was initiated in 2010 by the French Institute of
Health and Medical Research (NCT03837574). DAI-
T4F enrolled all TOF patients implanted with an ICD
for primary or secondary prevention of sudden car-
diac death since 2000 in France (data collection was
retrospectively carried out for the 2000–2009 period,
then cases were prospectively enrolled with annual
follow-up for the entire cohort since 2010). Among
the 167 French centers accredited for ICD implanta-
tion, 40 centers implanted at least 1 patient with TOF
(Supplemental List 1 and 2). Patients with unrepaired
TOF, pulmonary atresia, absent pulmonary valve,
atrioventricular canal defect, and double-outlet right
ventricle were excluded.

The DAI-T4F registry was declared to and autho-
rized by the French data protection committee
(Commission Nationale Informatique et Liberté), and
the study was approved by the appropriate institu-
tional review boards. Data were centrally collected
and analyzed at the Cardiovascular Epidemiology and
Sudden Death Unit (Institut National de la Santé et de
la Recherche Médicale [INSERM] Unit 970, Paris Car-
diovascular Research Center, European Georges
Pompidou Hospital, Paris, France). Written informed
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FIGURE 1 Flow Chart of the Study

ICD ¼ implantable cardioverter-defibrillator; PVR ¼ pulmonary valve replacement; TOF ¼ tetralogy of Fallot.
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COLLECTED DATA. Baseline information (at ICD im-
plantation) included demographic characteristics,
medical history, and details of TOF including date
and types of previous cardiac surgeries. History of
supraventricular and ventricular arrhythmias, cath-
eter ablation procedures, congestive heart failure,
syncope, and cardiac arrest were also recorded.
Findings from 12-lead electrocardiography (ECG),
24-h Holter ECG, programmed ventricular stimulation
(PVS) when performed, and cardiac imaging (echo-
cardiography � cardiac magnetic resonance imaging
[MRI]) also were evaluated. When both echocardiog-
raphy and MRI were performed, MRI-derived mea-
sures were considered. In the absence of clear cutoff
on left ventricular ejection fraction (LVEF) value in
guidelines, we considered LVEF #35% as a cutoff of
left ventricular function for risk of sudden cardiac
death (6,7,15,16). Usual QRS fragmentation criteria
were used with observers blinded to patient charac-
teristics and outcomes (17,18). Most patients had
complete right bundle branch block (RBBB), and
therefore QRS fragmentation was defined as $3 R
waves/notches in the R/S complex (more than the
usual 2 in RBBB) in $2 contiguous leads (right-side/
septal: aVR, V1, V2; anterior: V2 to V5; lateral: I, aVL,
V5, V6; or inferior: II, aVF, III) (Figure 1). In paced QRS,
QRS fragmentation was defined as $3 notches in the
R/S complex. In patients with QRS <120/ms, QRS
fragmentation was defined as an additional R-wave
(R0) or notch in the nadir of the S-wave. Electronic
calipers were used (Compas EP software; EP Studio).
The most recent data preceding ICD implantation
were selected, with a maximum acceptable time in-
terval of 1 year.

Secondary prevention was defined as ICD implan-
tation after sustained ventricular tachycardia (VT),
ventricular fibrillation (VF), or aborted cardiac arrest.
Patients with inducible VT or ventricular fibrillation
(VF) during PVS without documented spontaneous
sustained ventricular arrhythmia were considered to
represent primary prevention.

PRIMARY OUTCOME. The primary outcome was the
change of appropriate ICD therapies burden (ICD
shock or antitachycardia pacing) before and after PVR
in patients with PVR over the study period after ICD
implantation. ICD programming was left to the
discretion of the managing physician.

A specific working group ensured systematic
follow-up of patients at least once a year and addi-
tionally in case of clinical events, using electronic
case-report forms through regular contact with
treating physicians and/or the patients themselves
for additional information. Clinical events were cen-
trally adjudicated by a blinded committee, by
reviewing all clinical data and device-stored
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electrograms when available (reviewed by at least 2
independent electrophysiologists).

STATISTICAL ANALYSIS. This report was prepared in
compliance with the Strengthening the Reporting of
Observational Studies in Epidemiology checklist for
observational studies (19). Categoric data were re-
ported as n (%). Continuous data were reported as
mean � SD or median (interquartile range [IQR]) for
normally and nonnormally distributed data, respec-
tively. Comparisons used the chi-square or Fisher’s
exact test for categoric variables and Student’s t test
or the Mann-Whitney-Wilcoxon test, when appro-
priate, for continuous variables. In the whole popu-
lation, Cox proportional hazard models were used to
identify factors associated with appropriate ICD
therapy. The primary time-to-event end point was the
time from ICD implantation to first appropriate ICD
therapy. Censoring occurred in the event of loss to
follow-up, heart transplantation, or death. Variables
with probability values <0.25 in univariate analyses
were considered in multivariable models, with final
selection based on most favorable goodness-of-fit
measures (Bayesian information criterion). Propor-
tional hazards assumptions were checked for all var-
iables (Shoenfeld residuals) along with nonlinearity
for continuous variables (Martingale residuals) with
the use of appropriate functional forms. In patients
with PVR over the study period after ICD implanta-
tion, to assess the change of appropriate ICD thera-
pies burden before and after PVR, we used a frailty
model for survival data with recurrent events
(different appropriate ICD therapies in calendar time)
with PVR as a time-dependent covariate (20,21). A
frailty model with random effects was chosen to ac-
count for heterogeneity of patients. VT ablation dur-
ing the study period was also included in the model as
a possible confounding time-dependent covariate to
take into consideration the impact of VT ablation on
arrhythmia burden. In that model, the entire duration
of follow-up of each patient was divided into
different periods of time according to PVR status and
VT ablation status to assess the independence of the
association between PVR and appropriate ICD thera-
pies. Sensitivity analyses were performed: 1)
excluding those patients with VT ablation to avoid
any potential residual confounder(s); and 2)
excluding patients with a first PVR before ICD
implantation. Missing data were no more than 5%,
except for prior palliative shunt (15.8%), left ven-
tricular ejection fraction (LVEF) (6.7%), and QRS
duration and fragmentation (7.9%). A 2-tailed
p value <0.05 was considered to be statistically sig-
nificant. All data were analyzed at INSERM Unit 970
with the use of R software version 3.6.3 (R Project for
Statistical Computing, Vienna, Austria).

RESULTS

PATIENT CHARACTERISTICS. A total of 165 patients
(mean age 42.2 � 13.3 years; 70.1% male) were
enrolled in the DAI-T4F study from 40 centers. ICDs
were implanted for primary prevention in 61 patients
(37.0%) and for secondary prevention in 104 patients
(63.0%). Among patients implanted for secondary
prevention, 23 (22.1%) had been resuscitated from a
cardiac arrest and 81 (77.9%) had experienced at least
1 episode of sustained VT. Overall, 54 patients (32.7%)
had undergone PVR before ICD implantation with a
median delay of 4.0 (IQR: 0.7 to 7.9) years, whereas 26
patients (15.8%) underwent PVR after ICD implanta-
tion (Figure 1).

Characteristics of patients with PVR after ICD
implantation are compared with patients without in
Table 1. Patients with PVRwere younger (37.6� 12.0 vs.
43.1 � 13.4 years; p ¼ 0.042) and had a higher preva-
lence of at least moderate pulmonary regurgitation
before ICD implantation (72.7% vs. 46.6%; p ¼ 0.044)
compared with patients without PVR. Six patients
(23.1%) were implanted in primary prevention.

At inclusion (ICD implantation), 52 patients (31.5%)
received only beta-blockers, 22 (13.3%) received a
combination of beta-blockers and amiodarone, 12
(7.3%) received amiodarone, and 26 (15.8%) received
other antiarrhythmics. Fifty-three patients (32.1%)
had no antiarrhythmic therapy.

FACTORS ASSOCIATED WITH APPROPRIATE ICD

THERAPIES IN THE WHOLE COHORT. Over a median
follow-up period of 6.8 years (IQR: 2.5 to 11.4 years),
78 patients (47.3%) received at least 1 appropriate ICD
therapy (50 [64.1%] of them with a least 1 ICD shock),
giving an annual incidence of 10.5 per 100 person-
years when considering the first appropriate
therapy: 7.1% and 12.5% in primary and secondary
prevention, respectively (p ¼ 0.027). Predictors of
appropriate ICD therapies are presented in Table 2.

In the whole population, history of documented
nonsustained VT or sustained VT/VF (hazard ratio
[HR]: 2.5; 95% confidence interval [CI]: 1.2 to 5.21;
p ¼ 0.012), QRS duration $180 ms (HR: 1.73; 95% CI:
1.08 to 2.76; p ¼ 0.02), and QRS fragmentation (HR:
2.2; 95% CI: 1.32 to 3.69; p ¼ 0.002) were associated
with appropriate ICD therapies. QRS fragmentation
was the only independent predictor in multivariable
analysis (HR: 1.74; 95% CI: 1.01 to 3.03; p ¼ 0.049).

Among primary prevention patients also, QRS
fragmentation was associated with a higher rate of



TABLE 1 Characteristics of Patients With and Without PVR After ICD Implantation

All Patients
(N ¼ 165)

PVR After
ICD (n ¼ 26)

No PVR After
ICD (n ¼ 139) p Value

Age at implantation, yrs 42.2 � 13.3 37.6 � 12.0 43.1 � 13.4 0.042

Male 115 (70.1) 21 (80.8) 94 (68.1) 0.289

Height, cm 170 � 9.4 169 � 9.0 170 � 9.5 0.687

Weight, kg 71.9 � 14.5 72.7 � 11.4 71.7 � 15.1 0.719

Prior palliative shunt 68 (48.9) 14 (63.6) 54 (46.2) 0.203

Age at corrective surgery, yrs 7 (3–12) 6.5 (2.2–10.3) 7 (4–13) 0.313

No. of previous cardiac surgeries 2 (1–2) 2 (1–2) 2 (1–3) 0.223

Primary prevention 61 (37.0) 6 (23.1) 55 (39.6) 0.168

History of syncope 61 (37.0) 10 (38.5) 51 (36.7) 0.864

History of aborted cardiac arrest 24 (14.5) 5 (19.2) 19 (13.7) 0.543

History of congestive heart failure 30 (18.8) 4 (16.7) 26 (19.1) 1.000

History of atrial arrhythmia 53 (33.1) 6 (24.0) 47 (34.8) 0.410

History of nonsustained VT 33 (20.0) 7 (26.9) 26 (18.7) 0.487

History of nonsustained or
sustained VT/VF

128 (77.6) 24 (92.3) 104 (74.8) 0.088

QRS duration, ms 168 � 32 169 � 32 168 � 32 0.947

QRS duration $180 ms 53 (34.9) 9 (36.0) 44 (34.6) 0.870

QRS fragmentation 90 (59.2) 18 (72.0) 72 (56.7) 0.230

Left ventricular ejection fraction, % 51 � 13 53 � 11 50 � 13 0.331

Right ventricular ejection fraction, % 41 � 12 39 � 14 41 � 12) 0.609

At least moderate pulmonary
regurgitation

71 (50.7) 16 (72.7) 55 (46.6) 0.044

Positive programmed ventricular
stimulation

44/65 (67.7) 4/5 (80.0) 40/60 (66.7) 1.000

Values are mean � SD, n (%), or median (interquartile range).

ICD ¼ implantable cardioverter defibrillator; PVR ¼ pulmonary valve replacement; VF ¼ ventricular fibrillation;
VT ¼ ventricular tachycardia.

TABLE 2 Predictors of Appropriate ICD Therapies

All Patients
(N ¼ 165)

Primary Prevention
(n ¼ 61)

HR 95% CI p Value HR 95% CI p Value

Univariate analysis

Age at implantation, per year 0.99 0.97–1.01 0.237 0.97 0.93–1.00 0.060

History of atrial arrhythmia 0.85 0.51–1.42 0.535 0.42 0.14–1.27 0.112

History of nonsustained VT or VT/VF 2.50 1.20–5.21 0.012 2.47 0.94–6.45 0.057

QRS duration $180 ms 1.73 1.08–2.76 0.020 1.69 0.66–4.36 0.270

QRS fragmentation 2.20 1.32–3.69 0.002 4.07 1.43–11.62 0.005

Left ventricular ejection
fraction #35%

0.53 0.25–1.10 0.081 0.43 0.13–1.50 0.174

Positive programmed ventricular
stimulation

1.33 0.63–2.79 0.450 1.26 0.34–4.65 0.733

At least moderate pulmonary
regurgitation

0.83 0.51–1.35 0.460 1.26 0.46–3.41 0.654

PVR before ICD implantation 0.82 0.49–1.39 0.464 0.39 0.13–1.17 0.081

Multivariate analysis

History of nonsustained VT or VT/VF 1.94 0.91–4.14 0.085 –

QRS duration $180 ms 1.48 0.90–2.42 0.120 –

QRS fragmentation 1.74 1.01–3.03 0.049 4.03 1.38–11.81 0.011

Age at implantation, per year – 0.97 0.94–1.00 0.078

PVR before ICD implantation – 0.29 0.10–0.89 0.031

CI ¼ confidence interval; HR ¼ hazard ratio; other abbreviations as in Table 1.
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appropriate ICD therapies (HR: 4.07; 95% CI: 1.43 to
11.62; p ¼ 0.005). In multivariable analysis, QRS
fragmentation (HR: 4.03; 95% CI: 1.38 to 11.81;
p ¼ 0.011) remained positively associated with
appropriate ICD therapies, whereas PVR before ICD
implantation was associated with a lower risk (HR:
0.29; 95% CI: 0.10 to 0.89; p ¼ 0.031).

IMPACT OF PVR IN PATIENTS WITH PVR AFTER ICD

IMPLANTATION. Among patients with PVR during
follow-up after ICD implantation, 24 (92.3%) under-
went surgical PVR and 2 (7.7%) percutaneous PVR.
Overall, 18 patients (69.2%) experienced at least 1
appropriate ICD therapy over a median follow-up of
11.7 years (IQR: 5.7 to 13.2 years) (5.0 years [IQR: 1.3 to
7.2 years] between ICD and PVR and 3.8 years [IQR: 1.1
to 6.6 years] between PVR and last follow-up): 13
patients (50.0%) had ICD therapy only before PVR, 3
patients (11.5%) had ICD therapy only after PVR, and 2
patients (7.7%) had ICD therapies before and after
PVR. A total of 6 patients (23.1%) had percutaneous
VT catheter ablation over the study period (no patient
had surgical cryoablation). Among 5 patients with VT
ablation before PVR, 2 had VT ablation during sys-
tematic electrophysiologic study before PVR in the
absence of recent documented ventricular
arrhythmia. When considering all ICD therapies
delivered before (n ¼ 62) and after (n ¼ 16) PVR, and
after adjustment for VT catheter ablation status, the
burden of appropriate ICD therapies was significantly
reduced after PVR (HR: 0.21; 95% CI: 0.08 to 0.56;
p ¼ 0.002). Respective appropriate ICD therapies
rates per 100 person-years were 44.0 (95% CI: 35.7 to
52.5) before and 13.2 (95% CI: 7.7 to 20.5) after PVR
(p < 0.001). VT ablation was also associated with a
lower rate of appropriate ICD therapies (adjusted HR:
0.13; 95% CI: 0.03 to 0.48; p ¼ 0.003). The Central
Illustration depicts all appropriate ICD therapies,
PVR timing, and VT ablation procedures during the
follow-up for each patient. Three patients (11.5%)
died during the study period (2 from heart failure and
1 from septic shock) and no patient underwent heart
transplantation. In sensitivity analyses, the associa-
tion between PVR and appropriate ICD therapies
remained significant after exclusion of patients with
VT ablation (HR: 0.21; 95% CI: 0.05 to 0.86; p ¼ 0.03)
or exclusion of 3 patients with a first PVR before ICD
implantation (HR: 0.22, 95% CI 0.08 to 0.59;
p ¼ 0.003).

DISCUSSION

In this nationwide multicenter cohort of TOF patients
with an ICD, we observed a significant decrease of
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appropriate ICD therapies burden after PVR. PVR
before ICD implantation was also associated with a
lower risk of appropriate ICD therapy in primary
prevention patients.

Pulmonary regurgitation is the main long-term
hemodynamic consequence of TOF repair. Approxi-
mately 50% of patients undergo reoperation within
30 years, PVR being the most common with an annual
rate of 0.8% (22). Criteria for PVR are still evolving but
are mainly based on hemodynamic parameters. PVR
is indicated for symptomatic patients that present
moderate to severe PR (class I) (6,7). In asymptomatic
patients, optimal indications and timing for reinter-
vention remain uncertain, and most studies have
focused on preoperative RV volumes (23,24). RV
dilation, dysfunction, and decreased exercise capac-
ities have to be integrated in decision-making pro-
cesses, but ventricular arrhythmias are not
considered in current guidelines owing to the absence
of robust evidence that PVR reduces the risk of sub-
sequent ventricular arrhythmias (6,7).

Because sudden cardiac death prevention and pul-
monary regurgitation management are two major is-
sues in adult patients with TOF, the impact of PVR on
arrhythmia propensity and electrical remodeling is of
particular importance. Therrien et al. (25) demon-
strated in a population of 70 TOF patients referred for
PVR that mean QRS duration was stabilized by PVR,
whereas QRS duration prolonged significantly over a
similar length of follow-up in a control group of pa-
tients who had not undergone PVR. A substantial
proportion of patients had concomitant intraoperative
ventricular cryoablation, and a lower incidence of VT
was documented after PVR. Reported results are,
however, inconsistent. In a case-control study that
compared TOF patients with PVR and subjects
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matched for pulmonary regurgitation, RV dilation,
age, and baseline QRS duration, no significant differ-
ences were observed in the incidence of ventricular
arrhythmias, nor in QRS duration changes (26). Most
available studies included a limited number of patients
(27,28), but in a recent large propensity score–adjusted
analysis including 977 patients with TOF (440 with
PVR), PVR was not associated with a reduced rate of a
composite outcome of death or VT over a mean follow-
up of 5.3 years (29). Our specific cohort of TOF patients
with an ICD provided a unique opportunity to contin-
uously monitor ventricular arrhythmias before and
after PVR to try to answer this question. The significant
number of events in this high-risk population, the
integration of all appropriate ICD therapies in
recurrent-events models, and the ability to detect all
arrhythmic events (including those that would have
been missed without continuous monitoring owing to
spontaneous termination) may underlie the observed
difference identified in our study.

Substrates for ventricular arrhythmias in repaired
TOF mainly involve well defined anatomic isthmuses
between ventricular septal defect patch, pulmonary
artery valve, right ventricular incision, and tricuspid
annulus (9–11). However, RV overload induced by
pulmonary regurgitation may act as an important
trigger for arrhythmias. In a nonhuman animal model
of physiologic sequelae after TOF repair, increased RV
end-diastolic pressure was associated with an
increased incidence of inducible atrial and ventricular
arrhythmias (30). Chronic RV overload and stretching
also result in progressive myocardial remodeling and
fibrosis development associated with a greater risk of
ventricular arrhythmias (31). As proposed in other
valvular diseases, such as mitral regurgitation, where
new-onset of atrial fibrillation is an argument to
consider surgical treatment, our results demonstrating
a decrease of ventricular arrhythmia burden after PVR
may incite us to carefully consider arrhythmic events
in the discussions regarding PVR indication. In the
same way, PVR in TOF patients with pulmonary valve
regurgitation or obstruction may be considered at the
time of ICD implantation or when a catheter ablation is
planned to improve long-term outcomes. While risk
stratification for primary prevention in patients with
TOF remains challenging, the impact of pulmonary
regurgitation or PVR might also help improve candi-
date selection for ICD alongwith other criteria or scores
that have been reported (14,32).

Although no specific recommendations exist on
this approach, some expert teams perform systematic
electrophysiologic studies before PVR in TOF pa-
tients. The rationale is that these patients are known
to be at risk for ventricular arrhythmias, and that the
pulmonary prosthesis may cover parts of the infun-
dibular septum, preventing subsequent isthmus
transection by catheter ablation (33). Transmural
surgical ablation lines can also be performed if a
critical isthmus is identified during preoperative
mapping. Detailed electroanatomic mapping studies
revealed specific characteristics of abnormal isth-
muses related to VT, such as longer and narrower
dimensions and slower conduction velocities
(<0.5 m/s) (9). While ongoing studies will bring
important information on the value of systematic
electrophysiologic studies before PVR, this tailored
approach targeting both substrate and trigger for
ventricular arrhythmias may further improve long-
term outcomes. In the present study, among pa-
tients with PVR during the follow-up, a total of 6
patients had percutaneous VT catheter ablation,
including 2 during systematic electrophysiologic
study before PVR. The benefit from PVR on recorded
appropriate ICD therapies remained significant even
when considering ablation procedures as a potential
confounder. Cryoablation at the time of PVR surgery
may also improve outcomes, although a significant
proportion of patients seem to remain inducible (34).
The best strategy to adopt in those patients regarding
percutaneous catheter ablation versus surgical cry-
oablation remains to be determined in larger studies.
STUDY LIMITATIONS. The present observational
study has some limitations. Patients implanted before
2010 were included retrospectively. However, most of
the follow-up of those patients was collected pro-
spectively. Information on ICD programming (detec-
tion and therapy zones) was not systematically
collected and left to the discretion of the treating
physicians. These parameters have possibly changed
over time in concert with evidence that higher rate
cutoff zones and longer detection times are associ-
ated with better outcomes (35,36), which may intro-
duce the potential for detection bias, with patients
with lower programmed rate thresholds being more
susceptible for detection and treatment of ventricular
arrhythmias. Nevertheless, the median tachycardia
cycle length of detected ventricular arrhythmias was
290 ms (207 beats/min), which limits the potential
impact of this bias. Moreover, no sustained ventric-
ular arrhythmia without ICD therapy was recorded in
patients with PVR, and the comparison of therapies in
the same patients before and after PVR limits the risk
of comparing patients implanted at very different
areas with radically different programming parame-
ters. Besides, no significant difference of appropriate
ICD therapies rates was observed according to
ICD implantation date. Furthermore, we did not
integrate the antiarrhythmic treatment as a potential
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therapies burden in TOF patients. Ventricular ar-
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discussions on PVR indication and timing.
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needed to assess the potential role of concomitant

systematic electrophysiologic study and catheter

ablation to improve long-term arrhythmic outcomes.
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confounder owing to the evolving nature of antiar-
rhythmic prescriptions. The correlation between RV
measures changes after PVR and ventricular ar-
rhythmias would have been of particular interest, but
MRIs were not systematically performed at inclusion
and ICD implantation would have precluded repeated
cardiac MRIs during the follow-up. Finally, our re-
sults arise from a selected cohort of TOF patients with
an ICD and caution has to be exercised in generalizing
these results to the whole TOF population. This
approach, however, provided a unique opportunity to
exhaustively monitor ventricular arrhythmia burden
before and after PVR.

CONCLUSIONS

In this cohort of high-risk TOF patients implanted
with ICDs, the burden of appropriate ICD therapies
was significantly reduced after PVR. Catheter ablation
also was associated with a decrease of arrhythmic
events and may further improve outcomes in associ-
ation with PVR. While optimal indications and timing
for PVR are debated, these findings suggest that
ventricular arrhythmias might be considered in the
decision-making process.
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