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Abstract: Background: Atrial fibrillation (AF) recurrence after pulmonary vein isolation (PVI) is
predominantly attributed to pulmonary vein reconnection (PVR). Predictors of AF recurrence have
been widely studied; however, data are scarce on procedural parameters that predict chronic PVR. We
aimed to study PVR rates and predictors of PVR. Methods: We retrospectively included 100 patients
who underwent repeated ablation due to AF recurrence after initial PVI with the CARTO system.
PVR was determined during the repeated procedure by electrophysiological evaluation, and initial
procedural characteristics predicting PVR were studied, including adherence to the CLOSE protocol,
use of high power, first-pass isolation (FPI), and baseline generator impedance (BGI). Results: Thirty-
eight patients underwent initial CLOSE-guided PVI, and sixty-two underwent initial non-CLOSE
PVI. A repeat procedure was performed 23 ± 16 months after the initial procedure. In total, PVR
was found in 192 of 373 PVs (51.5%), and all PVs were isolated in 17/100 (17%) patients. Factors
associated with all PVs being isolated were adherence to the CLOSE protocol, a higher power setting,
the presence of bilateral FPI, and lower BGI (88% vs. 28%, p < 0.0001; 37.5 W vs. 30 W, p = 0.0276; 88.2%
vs. 40.4%, p = 0.0007; and 127.6 Ω vs. 136.6 Ω, p = 0.0027, respectively). In initial procedures with
adherence to the CLOSE protocol, the FPI rate was significantly higher (73.7% vs. 25%, p < 0.0001),
while there were no significant differences in terms of procedure time and left atrial dwell time
(81 vs. 85 min, p = 0.83; and 60 vs. 58 min, p = 0.08, respectively). BGI ≥ 130 Ω (AUC = 0.7403,
sensitivity: 77.1%, specificity: 68.8%, p = 0.0032) was associated with a significantly higher probability
of PVR (OR = 6.757; p < 0.0001). In multivariable analysis, independent predictors for PVR were
non-adherence to the CLOSE protocol and BGI ≥ 130 Ω. Conclusions: Our findings indicate that
adherence to the CLOSE protocol and baseline generator impedance < 130 Ω during AF ablation are
independent predictors of PVI durability.

Keywords: pulmonary vein isolation; pulmonary vein reconnection; CLOSE protocol; generator
impedance

1. Introduction

Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia, associated
with an increase in morbidity, mortality, and deterioration in the quality of life [1]. Pul-
monary vein isolation (PVI) is the cornerstone of AF management, and one of the most
widely used techniques for PVI is point-by-point radiofrequency (RF) ablation [2]. Al-
though acute isolation of all pulmonary veins (PVs) is achieved in nearly all cases, recurrent
atrial tachyarrhythmias (ATAs) following AF ablation are frequent [2,3]. These recur-
rences are predominantly attributed to pulmonary vein reconnection (PVR), suggesting
either inadequate lesion formation or discontinuity in the ablation line during the initial
procedure [4].
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The predictors of AF recurrence are well known [5–8]; however, procedural parameters
predicting chronic PVR are not clearly established. The CLOSE protocol is an RF ablation
strategy designed to encircle the PVs with continuous and optimized radiofrequency
lesions. This approach involves a target inter-lesion distance (ILD) of ≤6 mm, along with
an ablation index (AI) of ≥400 at the posterior wall and ≥550 at the anterior wall [9]. CLOSE
protocol-guided PVI results in outstanding rates of first-pass isolation (FPI) and 12-month
freedom from ATA, as well as a significant decrease in ATA burden [10,11]. However, there
is a lack of data comparing the durability of PVI with and without adherence to the CLOSE
approach, as assessed by a repeated electrophysiological evaluation [12]. Previous findings
indicate that successful first-pass isolation after creating a circumferential ablation line
around the PVs is associated with improved ablation outcomes [3]. It has also been implied
that baseline generator impedance (BGI) of ablation points influences the effectiveness of
RF ablation [13–15]; however, its effect on PVI durability has never been assessed before.
Therefore, we aimed to assess the incidence of PVR during repeated procedures and to
conduct an in-depth analysis of the predictors of PVR, including non-adherence to our
institutional CLOSE protocol (ILD ≤ 5 mm, posterior AI ≥ 400, anterior AI ≥ 500), absence
of FPI, and BGI of ablation points. Hereinafter, reference to the CLOSE protocol indicates
the CLOSE criteria used in our electrophysiology laboratory as defined above.

2. Materials and Methods

The current single-center, retrospective, observational study included patients who
underwent their first PVI procedure with the CARTO system between January 2018 and
November 2023 and a repeated procedure in the same period. Data were obtained from
an institutional AF ablation registry. Patients were excluded if the initial procedure was
performed using the ENSITE or Rhythmia system, 90 W RF ablation, or cryoablation, as the
CLOSE protocol, by definition, was not possible in these cases. Also, the protocol mandated
repeated procedures (as part of a remap study), and the unavailability of data about PVRs
during repeated procedures led to exclusion from the study. The inclusion and exclusion
criteria are listed in the study enrollment flowchart (Figure 1). All patients provided written
informed consent to the ablation procedure, data retrieval, and analysis. Ethics approval
was obtained from the Semmelweis University Regional and Institutional Committee of
Science and Research Ethics.
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Figure 1. Study enrollment flowchart. PVI = pulmonary vein isolation, PVR = pulmonary vein
reconnection, RF = radiofrequency.

2.1. Procedural Parameters and Study Endpoints

We recorded the following procedural parameters: BGI of ablation points, first-pass
isolation, mean PV-pair perimeter (measured in the CARTO system), power setting, number
of RF applications, procedure time, left atrial dwell time, fluoroscopy time, dose area
product, time to AF recurrence, and time to repeated procedure after initial PVI. The
primary endpoint of the current study was pulmonary vein reconnection at the repeat
procedure.
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2.2. Initital PVI Procedure

Before the procedure, all patients underwent either contrast-enhanced left atrial com-
puted tomography or transesophageal echocardiography in order to exclude left atrial
appendage thrombus. The catheter ablation was conducted under conscious sedation.
Procedures were performed by six experienced operators (each performing >100 PVI/year).
Following femoral venous access, double transseptal puncture was guided by fluoroscopy
and pressure monitoring. Intravenous heparin was administered according to body weight,
with dosage adjustments aimed at reaching an activated clotting time of ≥300 s. Utilizing
an electroanatomical mapping system (CARTO 3, Biosense Webster Inc., Diamond Bar, CA,
USA) and a decapolar mapping catheter (Lasso, Biosense Webster Inc., Diamond Bar, CA,
USA), an anatomical left atrial map was generated. Point-by-point PVI was performed
using a steerable sheath and contact-force (CF) sensing ablation catheter (either Smart-
Touch or QDOT Micro, Biosense Webster Inc., Diamond Bar, CA, USA). Adherence to
the CLOSE approach and power settings were based on the operating physician’s prefer-
ence. The ablation power was set at either 30/35 W (low-power long-duration, LPLD) or
40/45/50 W (high-power short-duration, HPSD), and was not changed during a given
ablation procedure. All operators performed both CLOSE and non-CLOSE PVI. The goal
during CLOSE-guided procedures was to create wide circumferential lesion sets around the
ipsilateral PVs targeting ILDs ≤ 5 mm, and AI ≥ 400 posteriorly and ≥500 anteriorly, while
there was no strict protocol for the other group of patients, only to reach complete PVI at
the end of the procedure. Adherence to the protocol was confirmed or ruled out based on
examination of CARTO maps during the study period. Adherence to the CLOSE protocol
was confirmed in cases where there was a continuous chain of applications with no ILD
greater than 5 mm and for each application an AI of ≥400 posteriorly and ≥500 anteriorly
was reached. Following the completion of the initial circle, the presence or absence of
first-pass isolation was assessed using the multipolar catheter. In the case of incomplete
isolation, further touch-up applications were delivered until complete PVI was achieved.
A representative anatomical map of the left atrium after CLOSE and non-CLOSE PVI is
shown in Figure 2. No additional arrhythmia substrates were targeted beyond PVI.
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Figure 2. Anatomical map of the left atrium after CLOSE-guided (A) and non-CLOSE PVI (B). White
tags indicate AI < 400, pink tags AI 400–500, and red tags AI > 500. ILD < 5 mm at each site in the
case of CLOSE adherence, and >5 mm at some sites in the case of non-CLOSE PVI.

2.3. Repeat Procedure

Following the initial procedure, AF recurrence was monitored in all patients by stan-
dard of care follow-up, with 12-lead electrocardiograms and 24 h Holter monitoring at 3, 6,
and 12 months, and in case of arrhythmia symptoms. All patients enrolled in this study
had symptomatic AF recurrence, and underwent a repeated procedure. The procedure was
performed under conscious sedation, using a decapolar Lasso or PentaRay (Biosense Web-
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ster Inc., Diamond Bar, CA, USA) catheter and a CF-sensing ablation catheter. Pulmonary
vein reconnection (PVR) was defined as the presence of near-field signals within the PVs
detected by the multipolar mapping catheter. Upon identification of PVR, the reconnected
vein(s) were re-isolated. In cases where all PVs were isolated at the beginning of the
repeat procedure, patients underwent ablation, targeting non-PV triggers, and adjunctive
substrate modification in persistent AF cases.

2.4. Statistics

Continuous variables are reported as either the mean and standard deviation or
median and inter-quartile range. The distribution of variables was tested with the Shapiro–
Wilk test. For the comparison of unpaired groups, the Student t-test was used for normally
distributed parameters, and the Mann–Whitney U test was used for non-parametric data.
Categorical variables are reported as frequency and percentage and were compared by
Fisher’s exact test. Optimal cut-off values were established using receiver operating
characteristic analysis. Log-rank analysis was used to compare survival times. To accurately
assess the impact of different variables on PVI durability, we performed univariate and
multivariable analyses. In univariate analysis, simple logistic regression was fitted to
all variables for predicting ≥1 PVR. The variables that resulted in p < 0.1 in univariate
analysis were included in the multivariable model. Statistical analyses were conducted
using GraphPad Prism 10 (GraphPad Softwares Inc., San Diego, CA, USA). A significance
level of p < 0.05 (two-tailed) was considered statistically significant.

3. Results
3.1. Study Population

Overall, 100 patients met the inclusion and exclusion criteria. Table 1 presents an
overview of the baseline characteristics of the study population. Patients had a mean
age of 60 ± 12 years, 36% were female, and 44% had persistent AF. Thirty-eight patients
underwent initial PVI with strict adherence to the CLOSE protocol, and sixty-two patients
underwent initial non-CLOSE PVI. There was no significant difference in terms of baseline
characteristics between patients treated with CLOSE and non-CLOSE PVI.

Table 1. Baseline characteristics of the study population. There were no significant differences be-
tween CLOSE and non-CLOSE patients. AF = atrial fibrillation; BMI = body mass index; CAD = coro-
nary artery disease; LAD = left atrial diameter; LVEF = left ventricular ejection fraction; PVI = pul-
monary vein isolation; rePVI = repeated pulmonary vein isolation; TIA = transient ischemic attack.
Continuous variables are reported as mean ± standard deviation, while categorical variables are
reported as frequency and percentage.

All Patients (n = 100) CLOSE (n = 38) No CLOSE (n = 62) p-Value

Age, years 60 ± 12 60 ± 12 61 ± 12 0.8334

Sex, female (%) 36 (36) 16 (42) 20 (32) 0.3919

BMI, kg/m2 28.9 ± 5 28.5 ± 5 29.1 ± 5.2 0.5847

Persistent AF, n (%) 44 (44) 17 (45) 27 (44) >0.9999

Hypertension, n (%) 70 (70) 28 (74) 42 (68) 0.6541

Diabetes, n (%) 18 (18) 6 (16) 12 (19) 0.7908

CAD, n (%) 16 (16) 5 (13) 11 (18) 0.5892

Prior stroke/TIA, n (%) 8 (8) 2 (5) 6 (10) 0.7066

LVEF, % initial PVI
rePVI

55.9 ± 9.3
53.8 ± 7.9

57.9 ± 5.8
54.5 ± 5.4

54.6 ± 11
53.4 ± 9.1

0.1281
0.6833

LAD, mm initial PVI
rePVI

49.1 ± 6.5
50.5 ± 6.7

49.4 ± 7.6
50.7 ± 7

48.9 ± 5.9
50.3 ± 6.6

0.7935
0.8339
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3.2. Incidence of PVR

Eighty-two initial procedures were performed using the SmartTouch catheter, and
16 procedures were performed with the QDOT Micro catheter with the 50 W energy setting.
Thirty procedures were performed using a high power setting (HPSD, 40–50 W) and
70 procedures were performed with a low power setting (LPLD, 30–35 W).

The repeated procedure was performed 23 ± 16 months after the initial procedure.
The isolation of 200 PV pairs and 373 PVs at the repeat procedure were studied. In total,
PVR was found in 192 of 373 PVs (51.5%). The locations of the PVRs were as follows: left
superior PV—42 (21.9%), left inferior PV—37 (19.3%), left common trunk—7 (3.6%), right
superior PV—56 (29.2%), right inferior PV—53 (27.6%), right middle PV—5 (2.6%). All PVs
were isolated in 17/100 patients at the repeated procedure.

The parameters of patients and initial procedures with all PVs isolated were compared
to patients and procedures with at least one PVR (Table 2). Factors significantly associated
with all PVs being isolated were adherence to the CLOSE protocol (Figure 3A), 88% vs. 28%,
p < 0.0001; presence of FPI (Figure 3B) 88.2% vs. 40.4%, p = 0.0007; higher power setting
(Figure 3C), 37.5 W vs. 30 W, p = 0.0276; and lower BGI (Figure 3D), 127.6 Ω vs. 136.6 Ω,
p = 0.0027.

Table 2. Initial procedural and patient characteristics in the case of all PVs being isolated and at least
1 PVR at the repeated procedure. Categorical variables are reported as frequency and percentage.
Continuous variables are reported as median and inter-quartile range. Bold values indicate signifi-
cance at p < 0.05. AF = atrial fibrillation, BMI = body mass index, FPI = first-pass isolation, OR = odds
ratio, PV = pulmonary vein, PVR = pulmonary vein reconnection, ST = SmartTouch.

All Veins Isolated (n = 17) At Least 1 PVR (n = 83)
Comparative Analysis

p-Value OR

CLOSE protocol, n (%) 15 (88) 23 (28) <0.0001 0.0511

Catheter, n (%) ST
QDOT

12 (71)
5 (29)

70 (86)
11 (14) 0.1454 0.3771

Power setting, W 37.5 (30–50) 30 (30–40) 0.0276

FPI, n (%) 15 (88.2) 21 (40.4) 0.0007 0.0903

Mean PV-pair perimeter, cm 12.18
(11.38–12.9)

12.7
(11.35–13.55) 0.2582

Baseline generator impedance, Ω 127.6
(115.8–134.1)

136.6
(131.1–144.8) 0.0027

Time to first recurrence after initial PVI,
months 17.8 (6.2–37.3) 15.5 (5.6–27.8) 0.3042

Time to repeated procedure, months 23.8 (6.9–44.5) 18.3 (11.2–32.5) 0.4378

Age, years 66 (54–75) 62 (52–70) 0.4001

Sex, female (%) 6 (35) 47 (56) 0.1198 2.394

BMI, kg/m2 27.8 29.1 0.3330

Persistent AF, n (%) 8 (47) 36 (44) 0.7948 1.160

The time to AF recurrence and the time to repeated procedure after initial PVI did not
differ significantly between patients, with all PVs isolated and patients with PVR (17.8 vs.
15.5 months, HR = 0.7426, p = 0.2630; and 23.8 vs. 18.3 months, HR = 0.7081, p = 0.1814).
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3.3. CLOSE vs. Non-CLOSE PVI

Initial PVI with adherence to the CLOSE protocol resulted in significantly fewer PVRs
on a per PV basis (26.1% vs. 68.3%, OR = 0.16, 95% CI = 0.10–0.26, p < 0.0001), and the
number of patients with all PVs isolated was significantly higher compared to non-CLOSE
PVI (39.5% vs. 3.5%, OR = 18.26, 95% CI = 2.00–4.47, p < 0.0001). Comparing the procedural
characteristics of the initial procedure with and without adherence to the CLOSE protocol
(Table 3), there was a significant difference in fluoroscopy time, dose area product, number
of RF applications, and FPI rate (4.7 vs. 5.8 min, p =0.0467; 152.6 vs. 232 uGym2, p = 0.0334;
72 vs. 82, p = 0.0202; 73.7% vs. 25%, p < 0.0001, respectively), while there were no significant
differences in terms of the procedure time, left atrial dwell time, and baseline generator
impedance (81 vs. 85 min, p = 0.83; 60 vs. 58 min, p = 0.08; 131.7 vs. 136.3 Ω, p = 0.25,
respectively).

Table 3. Incidence of PVR and procedural parameters in the case of initial ablation with and with-
out strict adherence to the CLOSE protocol. Categorical variables are reported as frequency and
percentage. Continuous variables are reported as median and inter-quartile range. Bold values
indicate significance at p < 0.05. FPI = first-pass isolation, OR = odds ratio, PV = pulmonary vein,
PVI = pulmonary vein isolation, PVR = pulmonary vein reconnection, RF = radiofrequency.

CLOSE (n = 38) No CLOSE (n = 62) p-Value OR

Number of PVRs 39/149 (26.1%) 153/224 (68.3%) <0.0001 0.16

Patients with all PVs isolated 15/38 (39.5%) 2/62 (3.2%) <0.0001 19.57

Procedure time (min) 81 (70–100.8) 85 (70–105) 0.8258

Left atrial dwell time (min) 60 (53.25–73.25) 58 (41–67) 0.0844

Fluoroscopy time (min) 4.7 (2.5–8.6) 5.8 (3.9–13) 0.0467

Dose area product (uGym2) 152.6 (95–320) 232 (160–460) 0.0334

Catheter, n (%) ST
QDOT

31 (82)
7 (18)

51 (85)
9 (15) 0.7804

Power, W 30 (30–45) 30 (30–40) 0.2368

Number of RF applications, n 72 (64–80) 82 (67–116) 0.0202

FPI, n (%) 28 (73.7) 8 (25) <0.0001

Baseline generator impedance, Ω 131.7 (125.8–142) 136.3 (127.9–1145) 0.2454
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3.4. Baseline Generator Impedance

We analyzed the BGI of 6562 ablation points, the mean of which was calculated for
each procedure. In procedures with at least one PVR, the mean BGI was significantly
higher (127.6 vs. 136.6 Ω, p = 0.0027). To identify the optimal BGI threshold for predicting
PVR, a receiver operating characteristic (ROC) analysis was performed (AUC = 0.7403,
95% CI = 0.6060–0.8745, p = 0.0032; Figure 4A). Baseline impedance of 130 Ω was an
optimal cut-off (sensitivity: 77.1%, specificity: 68.8%, positive predictive value: 68.75%,
negative predictive value: 75.44%). The probability of at least one PVR was higher in the
case of initial procedures with mean baseline impedance ≥ 130 Ω (OR = 6.757, p < 0.0001;
Figure 4D).
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Figure 4. ROC curve of mean baseline generator impedance for predicting PVR (A), probability
of ≥1 PVR as a fitted non-linear function of baseline impedance (B), PVR per each PV (C), and all
PVs isolated per patient (D) for 130 Ω cut-off. AUC = area under curve, CI = confidence interval,
PV = pulmonary vein, PVR = pulmonary vein reconnection, ROC = receiver operator characteristic,
**: p < 0.001.

3.5. First-Pass Isolation

Data on the presence of bilateral FPI were recorded during 70 initial PVI procedures.
Bilateral FPI resulted in fewer PVRs on a per PV basis, and a greater probability of all
PVs being isolated per patient (OR = 0.32, p < 0.0001; and OR = 7.26, p = 0.0056). Bilateral
FPI was associated with adherence to the CLOSE protocol (77.8% vs. 29.4%, p < 0.0001), a
higher power setting (35 vs. 30 W, p = 0.0324), a lower mean PV-pair perimeter (11.9 vs.
12.8 cm, p = 0.0233), fewer RF applications (72 vs. 87, p = 0.0077), and lower BGI (131.2 vs.
136.7 Ω, p = 0.0487). A per side analysis also showed that FPI of left PVs and FPI of right
PVs led to a smaller probability of PVR per PV (OR = 0.15 for left PVs; and OR = 0.14 for
right PVs) and a greater probability of all PVs being isolated on the same side (OR = 19.18
for left PVs; and OR = 15.74 for right PVs).
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3.6. Multivariable Analysis for Predictors of PVR

Variables that resulted in p < 0.1 in univariate analysis (Table 4) for predicting ≥1 PVR
and PVR/PVs per patient were the same for the two endpoints: adherence to the CLOSE
protocol, a high power setting (40–50 W HPSD), the presence of bilateral FPI, BGI ≥ 130 Ω,
and catheter type (QDOT). The variable power setting was dichotomized to 30–35 W LPLD
and 40–50 W HPSD categories and mean BGI per patient was dichotomized to ≥130 Ω
and <130 Ω categories. Two initial procedures were excluded from the analysis because
of missing data. A multivariable logistic regression model was fitted including the above
variables for predicting ≥1 PVR per patient (Table 5; AUC = 0.9004, 95% CI = 0.8159–0.9850,
positive predictive power = 83.33%, negative predictive power = 87.23%). Independent
predictors for at least one PVR were adherence to the CLOSE protocol (OR = 0.0546,
95% CI = 0.0024–0.4456, p = 0.0187) and BGI ≥ 130 Ω (OR = 16.09, 95% CI = 2.089–220.3,
p = 0.0157).

Table 4. Univariate analyses for predictors of ≥1 PVR per patient. Bold values indicate significance
(p < 0.05), * indicates relevant univariate variables (p < 0.1). AF = atrial fibrillation, BMI = body
mass index, CI = confidence interval, FPI = first-pass isolation, HPSD = high-power short-duration,
LAD = left atrial diameter, LVEF = left ventricular ejection fraction, OR = odds ratio, PV = pulmonary
vein, PVI = pulmonary vein isolation, PVR = pulmonary vein reconnection.

Univariate Logistic Regression Analysis for Predictors of at Least One PVR vs. All
PVs Isolated per Patient

OR 95% CI p-Value

Adherence to CLOSE protocol 0.0548 0.0082–0.2141 0.0002 *

Catheter (QDOT) 0.3478 0.1029–1.274 0.0941 *

Power (HPSD) 0.4000 0.1296–1.225 0.0988 *

Bilateral FPI 0.0933 0.0138–0.3765 0.0032 *

Baseline generator impedance ≥ 130 Ω 7.386 2.293–26.96 0.0012 *

Mean PV perimeter, cm 1.184 0.8193–1.747 0.3635

Time to recurrence, month 0.9778 0.9443–1.013 0.2027

Time to repeat, month 0.9820 0.9520–1.014 0.2555

Age, year 0.9814 0.9339–1.026 0.4286

Sex (female) 1.007 0.3440–3.189 0.9907

Persistent AF 0.8949 0.3108–2.613 0.8359

BMI, kg/m2 1.049 0.9449–1.170 0.3756

LVEF, % 1.059 0.9857–1.141 0.1169

LAD, mm 0.9844 0.8990–1.074 0.7242
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Table 5. Multivariable analyses for predictors of ≥1 PVR per patient. Bold values indicate significance
(p < 0.05). CI = confidence interval, FPI = first-pass isolation, HPSD = high-power short-duration,
OR = odds ratio, PV = pulmonary vein, PVR = pulmonary vein reconnection.

Multivariable Logistic Regression for Predictors of at Least One PVR vs. All PVs
Isolated per Patient

OR 95% CI p-Value

Adherence to CLOSE protocol 0.0546 0.005–0.614 0.0187

Catheter (QDOT) 0.2335 0.177–103.110 0.3705

Power (HPSD) 0.4477 0.054–3.744 0.4576

Bilateral FPI 0.1159 0.010–1.354 0.0862

Baseline generator impedance ≥ 130 Ω 16.09 1.688–153.684 0.0157

4. Discussion
4.1. Main Message

The results of this study show that strict adherence to the CLOSE protocol, utilization
of higher power settings, achieving FPI, and lower baseline generator impedance during
AF ablation enhance the durability of PVI and reduce the incidence of PVR. Importantly,
the efficacy benefit in CLOSE procedures is not accompanied by prolonged procedure times.
Furthermore, BGI ≥ 130 Ω is a new independent predictor of PVI durability in multivariable
analysis, thereby presenting a potential way to ultimately improve the long-term efficacy
of AF ablation.

4.2. CLOSE Protocol and Repeat Procedure Studies

In the last decade, the introduction of CF sensing has allowed the monitoring of
catheter tip–tissue contact to create more effective RF lesions. The EFFICAS I and II
studies underscored the importance of maintaining adequate CF during ablation [16,17].
CF is an integral component of lesion indices, such as the Ablation Index (AI) utilized
by the CARTO system, which incorporates CF, power, and ablation time in a weighted
formula. AI is a crucial element of the CLOSE criteria, defined based on a study by El
Haddad et al., analyzing parameters of the weakest links in the ablation chains of PVI
procedures [4]. While the original target values may not universally predict optimal
lesion formation, subsequent studies overwhelmingly support the protocol’s effectiveness
regarding arrhythmia recurrence, reporting impressive first-pass isolation rates (82–98%)
and 12-month freedom from ATA (78–91%) [9,11]. Two comparative studies have shown
superior clinical efficacy of PVI with vs. without the CLOSE approach (94% vs. 84% and
79% vs. 64%) [12,18]. Based on this evidence, the CLOSE approach currently seems to
be the optimal RF ablation strategy for the treatment of AF. Although AF-recurrence-free
survival represents the clinical success of the treatment, the correct assessment of this
endpoint is highly dependent on the follow-up methods. Furthermore, freedom from AF
does not directly translate to PVI durability. In contrast, electrophysiological assessment of
PVR during repeat procedures is the most accurate endpoint in terms of PVI’s long-term
durability. To the best of our knowledge, no previous studies have compared the long-term
durability of PVI with and without adherence to the CLOSE protocol by electrophysiological
evaluation on a well-powered sample size.

In the study by Phlips et al., 10 patients underwent repeated ablation after ATA
recurrence [12]. Out of these, three patients received CLOSE-guided and seven patients
received non-CLOSE initial PVI. They reported 23 sites of reconnection in 18 PVs in the non-
CLOSE group and 7 sites of reconnection in 7 PVs in the CLOSE patients. This sample size
was too low to draw any conclusions on the long-term durability of CLOSE PVI. De Pooter
et al. reported the results of 45 repeated ablations after initial CLOSE-guided ablation [19].
They found four isolated veins in 62% of patients, characterized by a higher incidence
of low voltage in the LA; indicating that non-PVR-mediated AF recurrence may be more
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common in patients treated according to the CLOSE protocol. In another study, Pedrote
et al. enrolled 21 patients, in whom 63 out of 336 PV segments showed reconnection,
characterized by lower AI values [20].

In our study, we compared the results of 38 patients who received initial CLOSE
ablation with 62 patients who received initial non-CLOSE PVI. Non-adherence to the
CLOSE protocol resulted in about an 18 times higher probability of at least one PV being
reconnected during repeated procedures, while adjusting for all other variables. Compared
to the study by Phlips et al., the ability to show this outcome can be attributed to the greater
sample size. De Pooter et al. found a higher incidence of all PVs being isolated at repeat
procedures compared to our study in the case of CLOSE PVI (62% vs. 40%) [19]. The
following reasons could explain this difference: (i) a longer time to repeat procedure (mean
23.5 months in our population vs. 11 months); (ii) a high percentage of persistent AF (60%
in our population vs. 0%); (iii) a higher prevalence of comorbidities in our cohort [19]. In
the present study, the total procedure duration did not differ significantly between initial
procedures with and without the CLOSE approach. In non-CLOSE procedures, FPI was
less commonly achieved and the number of RF applications was higher, possibly due to
the need for further ablation at the gaps left in the first-pass circle. These results show that
there is no downside to CLOSE-PVI in terms of being time-consuming. The fluoroscopy
times and dose–area product were substantially lower in the CLOSE procedures, which
may be attributed to the main reliance on the electroanatomic mapping system instead of
fluoroscopy. These data on the effect of adhering to the CLOSE protocol strongly suggest
that the protocol should be utilized during every RF PVI procedure; and thus, could provide
evidence to further support the adoption of the CLOSE approach as standard practice.

4.3. First-Pass Isolation

Multiple investigations showed that the lack of FPI is associated with worse outcomes
in terms of freedom from AF and increased incidence of PVR during repeated proce-
dures [3,21–23]. Our univariate analysis results verify the impact of FPI on PVI durability
on a greater sample size than previous studies. However, multivariable analysis did not
identify FPI as an independent predictor of PVR. This may be attributed to the fact that
reaching FPI depends on other variables, including adherence to the CLOSE protocol and
BGI, which emerge as more robust predictors of PVI durability.

4.4. Higher Power Settings

Since the development of the CLOSE protocol, high-power short-duration (HPSD)
ablation using a power setting of 40–50 W has been introduced. Although the CLOSE
protocol was originally developed for low-power long-duration (LPLD) ablation (25–35 W),
it has been validated for higher power settings as well. The POWER-AF randomized
clinical trial aimed to compare CLOSE-guided HPSD ablation to LPLD ablation, reporting
favorable procedure times for HPSD (82 vs. 100 min), with similar FPI rates and mid-term
efficacy (89% vs. 87%, and 92% vs. 90%, respectively) [24]. Prospective, non-randomized
studies have also shown the same results, along with comparable safety between the two
groups [25]. In a recent prospective investigation by our research group, HPSD ablation
with our institutional CLOSE protocol resulted in a higher FPI rate (78 vs. 57%) and
lower 9-month AF recurrence rate (10 vs. 36%) compared to 30 W LPLD ablation [3]. It
can be concluded from these studies that the CLOSE protocol criteria can be effectively
and safely applied not only for low-power ablation, but also for HPSD ablation. In the
present investigation, univariate analysis found that the use of higher power settings was
associated with better PVI durability. However, multivariable analysis with the inclusion
of power setting as a dichotomized variable (HPSD or LPLD) did not show the use of high
power as an independent predictor of PVR. This could potentially be explained by the
correction for catheter type (the QDOT catheter was only used in the 50 W HPSD setting).
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4.5. Baseline Generator Impedance

The baseline generator impedance (BGI) is an RF ablation parameter representing the
impedance of the RF circuit at the start of each application. The AI used by the CARTO
system does not account for this parameter. Therefore, BGI is not integrated into the CLOSE
protocol, leading to the oversight of this potentially important factor in defining the optimal
approach to PVI. Multiple investigations have suggested that BGI could indeed affect the
efficacy and safety of RF ablation. Lower generator impedance at identical power settings
was shown to result in higher current delivery, resulting in larger lesion volumes and
higher tissue temperatures in ex vivo models [13,14]. It was later confirmed by Bourier
et al. in clinical settings that generator impedance plays a pivotal role in the amount of
current delivered during an RF application and it varies significantly among patients, with
lower levels observed in males and patients with a lower BMI [15]. Generator impedance
is also dependent on and can be changed by the positioning of the neutral electrode which
completes the RF circuit. In our recent study, we showed that the risk of silent cerebral
embolism associated with RF ablation is substantially higher in case of BGI < 110 Ω during
applications [26]. We proposed strategical positioning of the neutral electrode to achieve a
target baseline impedance of ≥110 Ω before the first RF application in patients with lower
initial generator impedance, aiming to mitigate the risk of cerebrovascular complications.
Notably, the impact of baseline impedance on the efficacy of RF ablation has not been
previously explored.

Our findings establish BGI as an independent predictor of the long-term durability
of PVI, as BGI ≥ 130 Ω resulted in about a 16 times higher probability of at least one PV
being reconnected, while adjusting for all other variables. Our hypothesis for explaining
this observation is that out of two RF applications with similar AI, the one with a lower
BGI (thus higher mean delivered current), may result in a larger and clinically more
effective lesion. Therefore, it is advisable to position the neutral electrode to maintain a
generator impedance value of 110–130 Ω to optimize both the efficacy and safety of RF PVI
procedures.

4.6. Limitations

This was a single-center, retrospective investigation with six operating physicians;
therefore, the sample size is moderate. However, to our knowledge, this is still the largest
repeat procedure study on the subject. The patients treated with and without the CLOSE
approach and with different power settings were based on the operating physician’s prefer-
ence; however, there were no significant differences in the studied patients’ characteristics.
We did not have a standardized study protocol mandating the use of only one catheter or
power setting; nevertheless, adherence to the CLOSE protocol remained consistent across
all types of ablation catheters and power settings. In order to account for the possible
inhomogeneity of the initial procedures, we performed multivariable analysis to control for
potential confounding variables selected in the model.

5. Conclusions

Our findings indicate that adherence to the CLOSE protocol and baseline generator
impedance ≥ 130 Ω during AF ablation are independent predictors for the durability
of PVI.

Author Contributions: Conceptualization, N.S. and M.B.; methodology, N.S. and M.B.; validation,
G.O. and N.S.; formal analysis, M.B. and P.P.; investigation, M.B., P.P., Z.S., I.O., K.V.N., L.G. and N.S.;
resources, M.B. and L.G.; data curation, M.B.; writing—original draft preparation, M.B., G.O. and N.S.;
writing—review and editing, G.O., P.P., Z.S., E.T., A.B.F., P.T., F.K., I.O., K.V.N., B.M., L.G. and N.S.;
visualization, M.B. and Z.S.; supervision, N.S., B.M. and L.G.; project administration, N.S.; funding
acquisition, N.S. All authors have read and agreed to the published version of the manuscript.

Funding: The study received funding from the National Research, Development and Innovation
Office of Hungary (NKFIA; NVKP_16-1-2016-0017 National Heart Program). This research was



J. Clin. Med. 2024, 13, 1960 12 of 13

conducted with the support of the National Academy of Scientist Education Program of the National
Biomedical Foundation under the sponsorship of the Hungarian Ministry of Culture and Innovation
(FEIF/646-4/2021-ITM_SZERZ). Márton Boga, Gábor Orbán, and Nándor Szegedi were supported
by the MD-PhD Excellence Program of Semmelweis University (EFOP-3.6.3-VEKOP-16-2017-00009),
and by the ÚNKP-23-2-III-SE-10 and ÚNKP-23-3-II-SE-69 New National Excellence Program of the
Ministry for Culture and Innovation from the source of the National Research, Development and
Innovation Fund, and by Kerpel Research Scholarship 2023. The scientific work/research and/or
results publicized in this article were reached with the sponsorship of Gedeon Richter Talentum
Foundation in the framework of the Gedeon Richter Excellence PhD Scholarship of Gedeon Richter.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Semmelweis University Regional and Institutional
Committee of Science and Research Ethics (SE RKEB 268/2023, 18 December 2023).

Informed Consent Statement: Informed, written consent to the ablation procedure, data retrieval,
and analysis was obtained from all subjects involved in the study.

Data Availability Statement: The data underlying this article cannot be publicly shared due to
privacy and ethical considerations as per General Data Protection Regulation. Upon reasonable
request, the corresponding author will provide access to the data.

Conflicts of Interest: Nándor Szegedi and László Gellér disclose consulting fees received from
Biosense Webster, Abbott, and Boston Scientific, which are unrelated to the current study. Zoltán Salló
and Vivien Klaudia Nagy also report consulting fees from Abbott and Boston Scientific, unrelated to
the present study. No conflicts of interest are reported by the remaining authors.

References
1. Hindricks, G.; Potpara, T.; Dagres, N.; Arbelo, E.; Bax, J.J.; Blomström-Lundqvist, C.; Boriani, G.; Castella, M.; Dan, G.A.;

Dilaveris, P.E.; et al. 2020 ESC Guidelines for the diagnosis and management of atrial fibrillation developed in collaboration with
the European Association for Cardio-Thoracic Surgery (EACTS): The Task Force for the diagnosis and management of atrial
fibrillation of the European Society of Cardiology (ESC) Developed with the special contribution of the European Heart Rhythm
Association (EHRA) of the ESC. Eur. Heart J. 2021, 42, 373–498. [CrossRef] [PubMed]

2. Calkins, H.; Hindricks, G.; Cappato, R.; Kim, Y.H.; Saad, E.B.; Aguinaga, L.; Akar, J.G.; Badhwar, V.; Brugada, J.; Camm, J.; et al.
2017 HRS/EHRA/ECAS/APHRS/SOLAECE expert consensus statement on catheter and surgical ablation of atrial fibrillation.
EP Eur. 2018, 20, e1–e160. [CrossRef]

3. Salló, Z.; Perge, P.; Balogi, B.; Orbán, G.; Piros, K.; Herczeg, S.; Nagy, K.V.; Osztheimer, I.; Ábrahám, P.; Merkely, B.; et al. Impact of
High-Power and Very High-Power Short-Duration Radiofrequency Ablation on Procedure Characteristics and First-Pass Isolation
during Pulmonary Vein Isolation. Front. Cardiovasc. Med. 2022, 9, 935705. [CrossRef] [PubMed]

4. El Haddad, M.; Taghji, P.; Phlips, T.; Wolf, M.; Demolder, A.; Choudhury, R.; Knecht, S.; Vandekerckhove, Y.; Tavernier, R.;
Nakagawa, H.; et al. Determinants of Acute and Late Pulmonary Vein Reconnection in Contact Force-Guided Pulmonary Vein
Isolation: Identifying the Weakest Link in the Ablation Chain. Circ. Arrhythm. Electrophysiol. 2017, 10, e004867. [CrossRef]
[PubMed]

5. Kornej, J.; Hindricks, G.; Shoemaker, M.B.; Husser, D.; Arya, A.; Sommer, P.; Rolf, S.; Saavedra, P.; Kanagasundram, A.; Patrick
Whalen, S.; et al. The APPLE score: A novel and simple score for the prediction of rhythm outcomes after catheter ablation of
atrial fibrillation. Clin. Res. Cardiol. 2015, 104, 871–876. [CrossRef] [PubMed]

6. Szegedi, N.; Simon, J.; Szilveszter, B.; Salló, Z.; Herczeg, S.; Száraz, L.; Kolossváry, M.; Orbán, G.; Széplaki, G.; Nagy, K.V.; et al.
Abutting Left Atrial Appendage and Left Superior Pulmonary Vein Predicts Recurrence of Atrial Fibrillation after Point-by-Point
Pulmonary Vein Isolation. Front. Cardiovasc. Med. 2022, 9, 708298. [CrossRef]

7. Simon, J.; El Mahdiui, M.; Smit, J.M.; Száraz, L.; van Rosendael, A.R.; Herczeg, S.; Zsarnóczay, E.; Nagy, A.I.; Kolossváry, M.;
Szilveszter, B.; et al. Left atrial appendage size is a marker of atrial fibrillation recurrence after radiofrequency catheter ablation in
patients with persistent atrial fibrillation. Clin. Cardiol. 2022, 45, 273–281. [CrossRef] [PubMed]

8. Boussoussou, M.; Szilveszter, B.; Vattay, B.; Kolossváry, M.; Vecsey-Nagy, M.; Salló, Z.; Orbán, G.; Péter, P.; Katalin, P.; Vivien,
N.K.; et al. The effect of left atrial wall thickness and pulmonary vein sizes on the acute procedural success of atrial fibrillation
ablation. Int. J. Cardiovasc. Imaging 2022, 38, 1601–1611. [CrossRef]

9. Taghji, P.; El Haddad, M.; Phlips, T.; Wolf, M.; Knecht, S.; Vandekerckhove, Y.; Tavernier, R.; Nakagawa, H.; Duytschaever, M.
Evaluation of a Strategy Aiming to Enclose the Pulmonary Veins with Contiguous and Optimized Radiofrequency Lesions in
Paroxysmal Atrial Fibrillation: A Pilot Study. JACC Clin. Electrophysiol. 2018, 4, 99–108. [CrossRef]

10. Duytschaever, M.; De Pooter, J.; Demolder, A.; El Haddad, M.; Phlips, T.; Strisciuglio, T.; Debonnaire, P.; Wolf, M.; Vandekerckhove,
Y.; Knecht, S.; et al. Long-term impact of catheter ablation on arrhythmia burden in low-risk patients with paroxysmal atrial
fibrillation: The CLOSE to CURE study. Heart Rhythm. 2020, 17, 535–543. [CrossRef]

https://doi.org/10.1093/eurheartj/ehaa612
https://www.ncbi.nlm.nih.gov/pubmed/32860505
https://doi.org/10.1093/europace/eux274
https://doi.org/10.3389/fcvm.2022.935705
https://www.ncbi.nlm.nih.gov/pubmed/35872909
https://doi.org/10.1161/CIRCEP.116.004867
https://www.ncbi.nlm.nih.gov/pubmed/28381417
https://doi.org/10.1007/s00392-015-0856-x
https://www.ncbi.nlm.nih.gov/pubmed/25876528
https://doi.org/10.3389/fcvm.2022.708298
https://doi.org/10.1002/clc.23748
https://www.ncbi.nlm.nih.gov/pubmed/34799870
https://doi.org/10.1007/s10554-022-02533-y
https://doi.org/10.1016/j.jacep.2017.06.023
https://doi.org/10.1016/j.hrthm.2019.11.004


J. Clin. Med. 2024, 13, 1960 13 of 13

11. Duytschaever, M.; Vijgen, J.; De Potter, T.; Scherr, D.; Van Herendael, H.; Knecht, S.; Kobza, R.; Berte, B.; Sandgaard, N.; Albenque,
J.-P.; et al. Standardized pulmonary vein isolation workflow to enclose veins with contiguous lesions: The multicentre VISTAX
trial. EP Eur. 2020, 22, 1645–1652. [CrossRef] [PubMed]

12. Phlips, T.; Taghji, P.; El Haddad, M.; Wolf, M.; Knecht, S.; Vandekerckhove, Y.; Tavernier, R.; Duytschaever, M. Improving
procedural and one-year outcome after contact force-guided pulmonary vein isolation: The role of interlesion distance, ablation
index, and contact force variability in the ‘CLOSE’-protocol. EP Eur. 2018, 20, f419–f427. [CrossRef] [PubMed]

13. Bhaskaran, A.; Barry, M.A.; Pouliopoulos, J.; Nalliah, C.; Qian, P.; Chik, W.; Thavapalachandran, S.; Davis, L.; McEwan, A.;
Thomas, S.; et al. Circuit Impedance Could Be a Crucial Factor Influencing Radiofrequency Ablation Efficacy and Safety: A
Myocardial Phantom Study of the Problem and its Correction. J. Cardiovasc. Electrophysiol. 2016, 27, 351–357. [CrossRef] [PubMed]

14. Barkagan, M.; Rottmann, M.; Leshem, E.; Shen, C.; Buxton, A.E.; Anter, E. Effect of Baseline Impedance on Ablation Lesion
Dimensions: A Multimodality Concept Validation from Physics to Clinical Experience. Circ. Arrhythm. Electrophysiol. 2018, 11,
e006690. [CrossRef] [PubMed]

15. Bourier, F.; Ramirez, F.D.; Martin, C.A.; Vlachos, K.; Frontera, A.; Takigawa, M.; Kitamura, T.; Lam, A.; Duchateau, J.; Pambrun,
T.; et al. Impedance, power, and current in radiofrequency ablation: Insights from technical, ex vivo, and clinical studies. J.
Cardiovasc. Electrophysiol. 2020, 31, 2836–2845. [CrossRef] [PubMed]

16. Neuzil, P.; Reddy, V.Y.; Kautzner, J.; Petru, J.; Wichterle, D.; Shah, D.; Lambert, H.; Yulzari, A.; Wissner, E.; Kuck, K.H. Electrical
reconnection after pulmonary vein isolation is contingent on contact force during initial treatment: Results from the EFFICAS I
study. Circ. Arrhythm. Electrophysiol. 2013, 6, 327–333. [CrossRef]

17. Kautzner, J.; Neuzil, P.; Lambert, H.; Peichl, P.; Petru, J.; Cihak, R.; Skoda, J.; Wichterle, D.; Wissner, E.; Yulzari, A.; et al. EFFICAS
II: Optimization of catheter contact force improves outcome of pulmonary vein isolation for paroxysmal atrial fibrillation. EP Eur.
2015, 17, 1229–1235. [CrossRef]

18. Berte, B.; Hilfiker, G.; Moccetti, F.; Schefer, T.; Weberndörfer, V.; Cuculi, F.; Toggweiler, S.; Ruschitzka, F.; Kobza, R. Pulmonary
vein isolation using ablation index vs. CLOSE protocol with a surround flow ablation catheter. EP Eur. 2020, 22, 84–89. [CrossRef]
[PubMed]

19. De Pooter, J.; Strisciuglio, T.; El Haddad, M.; Wolf, M.; Phlips, T.; Vandekerckhove, Y.; Tavernier, R.; Knecht, S.; Duytschaever, M.
Pulmonary Vein Reconnection No Longer Occurs in the Majority of Patients after a Single Pulmonary Vein Isolation Procedure.
JACC Clin. Electrophysiol. 2019, 5, 295–305. [CrossRef]

20. Pedrote, A.; Acosta, J.; Frutos-López, M.; Jáuregui-Garrido, B.; Alarcón, F.; Arana-Rueda, E. Analysis of late reconnections after
pulmonary vein isolation: Impact of interlesion contiguity and ablation index. Pacing Clin. Electrophysiol. 2019, 42, 678–685.
[CrossRef]

21. Sandorfi, G.; Rodriguez-Mañero, M.; Saenen, J.; Baluja, A.; Bories, W.; Huybrechts, W.; Miljoen, H.; Vandaele, L.; Heidbuchel, H.;
Sarkozy, A. Less Pulmonary Vein Reconnection at Redo Procedures Following Radiofrequency Point-by-Point Antral Pulmonary
Vein Isolation with the Use of Contemporary Catheter Ablation Technologies. JACC Clin. Electrophysiol. 2018, 4, 1556–1565.
[CrossRef] [PubMed]

22. Osorio, J.; Hunter, T.D.; Rajendra, A.; Zei, P.; Silverstein, J.; Morales, G. Predictors of clinical success after paroxysmal atrial
fibrillation catheter ablation. J. Cardiovasc. Electrophysiol. 2021, 32, 1814–1821. [CrossRef]

23. Ninomiya, Y.; Inoue, K.; Tanaka, N.; Okada, M.; Tanaka, K.; Onishi, T.; Hirao, Y.; Oka, T.; Inoue, H.; Takayasu, K.; et al. Absence
of first-pass isolation is associated with poor pulmonary vein isolation durability and atrial fibrillation ablation outcomes. J.
Arrhythm. 2021, 37, 1468–1476. [CrossRef] [PubMed]

24. Wielandts, J.Y.; Kyriakopoulou, M.; Almorad, A.; Hilfiker, G.; Strisciuglio, T.; Phlips, T.; El Haddad, M.; Lycke, M.; Unger, P.;
Le Polain de Waroux, J.B.; et al. Prospective Randomized Evaluation of High Power during CLOSE-Guided Pulmonary Vein
Isolation: The POWER-AF Study. Circ. Arrhythm. Electrophysiol. 2021, 14, e009112. [CrossRef] [PubMed]

25. Berte, B.; Hilfiker, G.; Russi, I.; Moccetti, F.; Cuculi, F.; Toggweiler, S.; Ruschitzka, F.; Kobza, R. Pulmonary vein isolation using
a higher power shorter duration CLOSE protocol with a surround flow ablation catheter. J. Cardiovasc. Electrophysiol. 2019, 30,
2199–2204. [CrossRef]

26. Boga, M.; Suhai, F.I.; Orbán, G.; Salló, Z.; Nagy, K.V.; Szegedi, L.; Jokkel, Z.; Csőre, J.; Osztheimer, I.; Perge, P.; et al. Incidence and
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