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Abstract

Background Long-term results after circumferential pul-

monary vein isolation (CPVI) for the treatment of parox-

ysmal atrial fibrillation (PAF) using a robotic navigation

system (RNS) have not yet been reported.

Objective To evaluate long-term results of patients with

PAF after CPVI using RNS.

Methods In this study, 200 patients (n = 151 (75.5 %)

male; median age 62.2 (54.7–67.7) years) with PAF were

evaluated. In 100 patients, RNS (RN-group) was used for

CPVI and compared to 100 manually ablated control

patients (MN-group). Radiofrequency was used in con-

junction with 3D electroanatomic mapping. Power was

limited to 30 watts (W) at the posterior left atrial (LA) wall

in the first 49 RNS patients (RN-group-a). After esophageal

perforation occurred in one RN-group-a patient, maximum

power was reduced to 20 W for the subsequent 51 patients

(RN-group-b).

Results After a median follow-up of 2 years, single (77/

100 vs 77/100, p = 0.89) and multiple (90/100 vs 93/100,

p = 0.29) procedure success rates were comparable

between RN-group and MN-group. Single procedure suc-

cess rate was significantly lower in RN-group-a as com-

pared to RN-group-b (65.3 vs 88.2 %, p = 0.047). In RN-

group-a patients, procedural times [200 (170–230) vs 152

(132–200) minutes, p\ 0.01] and fluoroscopy times [16.6

(12.9–21.6) minutes vs 13.7 (9.5–19) minutes, p = 0.043]

were significantly longer compared to RN-group-b

patients.

Conclusion Long-term success rate after CPVI using

RNS was comparable to manual ablation. Despite a lower

power limit of 20 W at the posterior LA wall, single pro-

cedure success rate was higher in RN-group-b as compared

to RN-group-a. Procedure time and fluoroscopy time

decreased, whilst success rate increased with increasing

experience in the RN-group.

Keywords Paroxysmal atrial fibrillation � Long-term

outcome � Robotic navigation � Catheter ablation �
Pulmonary vein isolation � Learning effect

Introduction

Atrial fibrillation (AF) is the most common cardiac

arrhythmia, affecting approximately 2.5 % of the middle-

aged German population [1]. Catheter ablation for drug-

refractory AF has been established as a treatment option

over the last few years [2–4]. However, the recurrence rate

after successful ablation remains high, and is highly

dependant on the type of AF and on operator experience

[2–5]. Therefore, novel ablation tools such as single-shot

devices and robotic navigation systems (RNS) have been

designed to facilitate the overall ablation procedure or to

enhance catheter tip-to-tissue contact in an attempt to

improve clinical outcomes [6–9]. The remote RNS (Sen-

seiTM, Hansen Medical, Mountain View, CA, USA) has

been developed to improve navigation properties within the

left atrium (LA) as well as tip-to-tissue contact to increase

ablation success. The system was introduced in 2007 and

has been increasingly used, demonstrating acceptable

short- and mid-term success rates when compared to
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manually performed ablation procedures [7–15]. Our study

reports on the long-term results of circumferential pul-

monary vein isolation (CPVI) using the RNS for the

treatment of patients with PAF compared to manually

performed CPVI.

Methods

200 patients with paroxysmal, drug-refractory AF were

included in this prospective study. CPVI was performed

using RNS in 100 patients [RN-group; median age 63.3

(52.5–68) years; male n = 71 (71 %)]. These patients were

compared to a control group of 100 manually ablated patients

[MN-group; median age 62 (54.8–67.3, male n = 80;

(80 %)]. The control group consists of consecutive patients

from the same time period with comparable follow-up.

All patients provided written informed consent. The follow-

up of patients in the MN-group was censored after 2 years.

Transesophageal echocardiography (TEE) was per-

formed in all patients prior to the ablation procedure to rule

out intracardiac thrombus. Oral anticoagulation with

phenprocoumon was discontinued 5 days prior to the

ablation procedure until an INR\2 was reached and

bridging anticoagulation with low-molecular-weight hep-

arin was prescribed.

This study conforms to the guiding principles of the Dec-

laration of Helsinki of 2008 and was approved by the local

institutional review board. All authors had full access to the

data, and have read and agreed to the manuscript as written.

The SenseiTM RN system

The SenseiTM (Hansen Medical, Mountain View, CA, USA)

RNS is an electromechanical system facilitating catheter

navigation within the cardiac chambers via two steerable

sheaths (ArtisanTM, Hansen Medical, Mountain View, CA,

USA) and incorporates the ablation catheter. The ArtisanTM

sheath consists of an inner (10.5F) and an outer (14F) sheath,

both manipulated via a pull-wire mechanism. A robotic arm

carrying the ArtisanTM sheath is fixed at the patient’s table.

The robotic arm is controlled remotely from the physician’s

workstation, which can be positioned outside the procedure

room. The system continuously monitors contact forces

exerted by the ablation catheter tip on the myocardial tissue

via the IntelliSenseTM software (Hansen Medical, Mountain

View, CA, USA) [7, 12].

Ablation procedure

The ablation procedure was performed as described in detail

previously [1, 7]. In brief, a standard diagnostic catheter was

inserted into the coronary sinus (CS). For the RN-group, a

single transseptal puncture using a Brockenbrough needle was

performed and an 8.5F SL1 sheath (St. Jude Medical, St. Paul,

MN, USA) was advanced into the LA. A guide wire was then

advanced into the left superior pulmonary vein (PV) via the

SL1 sheath. The sheath was then retracted back into the right

atrium (RA) and the ArtisanTM sheath (Hansen Medical,

Mountain View, CA, USA), incorporating the ablation

catheter was then advanced remotely beside the guide wire

and across the interatrial septum as described previously [10],

Subsequently, the previous 8.5F SL1 transseptal sheath was

re-advanced into the LA over the guide wire through the same

puncture site. For the MN-group, double transseptal punctures

using a Brockenbrough needle were performed and two 8.5F

SL1 sheaths were advanced into the LA.

Following transseptal punctures, boluses of intravenous

heparin were administered and the activated clotting time

(ACT) measured every 30 min aiming for a target of

250–350 s. The 8.5F SL1 transseptal sheaths were flushed

with a continuous infusion of heparinized saline (flow rate

10 ml/h) to prevent thrombus formation or air embolism.

For the ArtisanTM sheath, both the inner and outer sheaths

were also flushed continuously with heparinized saline to

prevent clot formation or air embolism.

In all patients, selective angiography of each pulmonary

vein in the right anterior oblique (RAO) 30� and left

anterior oblique (LAO) 40� fluoroscopic views were per-

formed. A 3D map of the LA was then created using either

the CARTOTM 3 system (Biosense Webster, Diamond Bar,

CA, USA) or the NavX/EnsiteTM Velocity system (St. Jude

Medical, St. Paul, MN, USA). 3D geometry was acquired

using point-by-point mapping with a mapping catheter

(CARTOTM) or mapping with a spiral catheter (NavX/

EnsiteTM Velocity). The PV ostia, which were identified by

selective angiographies, were marked with 3D tags on the

3D map using the mapping catheter (see below for details).

Pulmonary vein isolation

In all patients, a circumferential ablation line was deployed

around the ipsilateral PV ostia, either manually or using the

RNS as described previously [11]. In both the RNS and

manual groups, ablation was performed using either a

3.5 mm irrigated tip catheter (Biosense Webster, Inc.) or a

4 mm irrigated tip catheter (Cool path duo, SJM Inc.). For

the initial procedures, the following power settings were

used according to our institutional standard for manual

procedures: maximum power limit of 40 W at the anterior

wall and 30 W at the posterior wall of the LA, with a

catheter irrigation rate of 17–25 ml/minute and a target

temperature of 43 �C. After an esophageal perforation

occured in one patient following RNS-guided PVI using a

power limit of 30 W at the posterior LA wall, the maxi-

mum power limit was reduced to 20 W at the posterior wall
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in the subsequent RNS-guided procedures using the same

contact force settings (10–40 g) [16]. The original maxi-

mum power limit of 30 W at the posterior LA wall con-

tinued to be used in the MN-group. RF current was applied

for a maximum of 30 s at each location using a dragging

technique until the maximal local electrogram amplitude

decreased by 70 % or there was development of double

potentials. In the RNS procedures, operators aimed to

maintain a catheter-to-tissue contact force between 10 and

40 g during ablation as assessed by the IntelliSenseTM

software (Hansen Medical, Mountain View, CA, USA)

[15]. The procedural endpoint was the absence or dissoci-

ation of PV spikes registered with a spiral mapping catheter

placed within the PVs after a 20 min waiting period.

In the RN-group-b an esophageal temperature probe

(SensiThermTM; St. Jude Medical, St. Paul, MN, USA) was

inserted in all patients for endoluminal esophageal temper-

ature monitoring. Ablation was stopped whenever an endo-

luminal esophageal temperature of 41 �C was observed.

Postablation care

All patients were treated with oral anticoagulation and

bridged with therapeutic low-molecular-weight heparin

until an INR between 2 and 3 was reached. Oral antico-

agulation was resumed the day after the procedure. For all

patients, transthoracic echocardiography was performed

prior to discharge to rule out pericardial effusion, and a

chest X-ray was performed to rule out a pneumothorax. In

addition, a 24 h Holter-ECG and 12-lead resting ECGs

were obtained before discharge.

Oral anticoagulation was maintained for a minimum of

3 months following ablation and thereafter according to the

individual CHADS2 score [17] regardless of the underlying

rhythm. The ineffective antiarrhythmic drugs used prior to

ablation were continued for at least 3 months. All patients were

treated with proton-pump inhibitors (PPI) for 6 weeks after

discharge.

Follow-up

24 h Holter recordings for follow-up were obtained at our

outpatient clinic or by the referring physicians 1, 3, and

6 months after ablation and thereafter at 6 month intervals. In

the case of symptoms suggestive of arrhythmia recurrence,

patients received additional Holter recordings or an event

recorder for closer follow-up. Arrhythmia recurrence was

defined as any documented episode of AF or atrial tachycardia

lasting more than 30 s after a 3 month blanking period [17].

Learning curve using the RNS

To assess the learning curve during the use of RNS com-

pared to manual ablation, the 100 RN-patients as well as

the 100 manually ablated patients were divided into quar-

tiles of 25 patients each. The quartiles were labeled as

follows: quartile 1 (Q1, pts 1–25), quartile 2 (Q2, pts

26–50), quartile 3 (Q3, pts 51–75), quartile 4 (Q4, pts

76–100).

The learning curve was assessed by:

a) Evaluation of procedural and fluoroscopy times

b) Success rate compared between Q1 and Q4

Furthermore, the learning curve was also evaluated for

the manual ablation group.

Statistical analysis

Continuous data were described as means and standard

deviations, if the variables were normally distributed, or as

medians, first and third quartiles otherwise. Differences of

metric variables between two groups were analyzed with

t tests, if the data were approximately normally distributed,

and with Wilcoxon–Mann–Whitney tests in case of non-

normally distributed data.

Categorical data were described with absolute and rel-

ative frequencies. Differences between categorical vari-

ables were evaluated with the Chi square test or with

Fisher’s exact test in case of small expected cell

frequencies.

For the manual and robotic group the recurrence-free

survival after a single and after multiple procedures was

estimated by the Kaplan–Meier method. Additionally the

recurrence-free survival of the ablation groups was exam-

ined between four (and two) equally sized groups based on

the date of procedure. This was envisaged to test for

learning effects. If appropriate the log-rank test was used to

examine survival differences between groups. Otherwise

the Wilcoxon test was applied.

Univariable Cox proportional hazards models were used

to identify risk factors on survival, respectively. Since not a

single covariable was significant on the significance level

of 5 % a multiple predictive survival model was not

considered.

All p values are two-sided. For all statistical tests

p\ 0.05 was considered significant. All calculations were

performed with the statistical analysis software SAS (SAS

Institute Inc., version 9.3, Cary, NC, USA).
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Results

Patient characteristics

Overall patient characteristics are displayed in Table 1.

There were no significant differences in the patient charac-

teristics of the RNS and manual groups except for the

parameters hypertension (RN-group: n = 61 (61 %) vs MN-

group: n = 75 (75 %), p = 0.03), LA diameter (RN-group:

41 mm (39–45) vs MN-group: 43 mm (40–46.5),

p = 0.046) and the number of previously ineffective AADs

(RN-group: 2.0 (1.0, 2.0) vs MN-group: 2.0 (0.0, 3.0);

p = 0.048, Table 1). RN-group was subdivided into the

initial patients treated with a maximum power limit of 30 W

at the LA posterior wall (RN-group-a; n = 49), and the

subsequent patients treated with a maximum power limit of

20 W at the LA posterior wall (RN-group-b; n = 51). The

patient characteristics of the RN-group-a and RN-group-b

were comparable except for the total duration of AF (RN-

group-a: 72 months (48–132) vs RN-group-b: 48 months

(24–84), p = 0.0498, Table 2). Patients of RN-group-b were

also compared to the last 51 patients of the manually ablated

patients (MN-group-b, n = 51). Patients were comparable

with regard to age [60.6 ± 10.8 vs 59.8 ± 10.2 years;

p = 0.75), left atrial diameter (42.5 ± 3.5 vs 43.7 ± 4.9;

p = 0.16), male gender (36 (71) vs 44 (86 %);p = 0.054];

duration of AF history [48.0 (24.0, 84.0) months vs 72.0

(42.0, 96.0) months; p = 0.14], hypertension [35 (69) vs 39

(76 %); p = 0.37) or the number of previously ineffective

AADs (2.0 (1.0, 2.0) vs 2.0 (0.0, 2.0); p = 0.36].

Acute success rate

In the MN-group, PVI was achieved in all patients. In the

RN-group, a switch to manual navigation was necessary in

5/100 (5 %) patients. In four patients of RN-group-a,

manual navigation was necessary; three of these patients

required manual ablation to isolate the lateral PVs and one

patient required manual navigation to isolate the septal

PVs. In one patient of RN-group-b, manual ablation was

necessary to isolate the lateral PVs. The rate of conversion

from RNS to manual ablation was not statistically signifi-

cant between RN-group-a and RN-group-b (4 vs 1,

p = 0.20).

Procedural details

Procedural times were shorter in RN-group compared to

MN-group [180 (150–225) vs 230 (200–260) minutes,

p\ 0.01) as were fluoroscopy times (15.4 (11.2–20) vs

25.8 (20.9–34.9) minutes, p\ 0.01]. In RN-group-a

patients, procedural times [200 (170–230) vs 152

(132–200) minutes, p\ 0.01] and fluoroscopy times [16.6

(12.9–21.6) vs 13.7 (9.5–19) minutes, p = 0.043] were

significantly longer compared to RN-group-b patients.

For PVI in patients of the RN-group the following 3D-

mapping systems were used: EnsiteTM/NavX (SJM; n = 61

(61 %)) and CARTOTM (Biosense webster; n = 39

(39 %)). In the MN-group all patients were ablated using

the CARTOTM System (Biosense webster; n = 100

(100 %); p\ 0.001).

In the RN-group the following ablation catheters were

used: Navistar/Celsius ThermocoolTM [Biosense Webster;

n = 79 (79 %)] or the Coolpath DuoTM [SJM; n = 21

(21 %)]. In the MN-group, all patients were ablated with

the Navistar ThermocoolTM ablation catheter [Biosense

Webster; n = 100 (100 %); p\ 0.001].

For PVI in patients of the RN-group-b either the Ensite/

NavX (SJM; n = 45) or the CARTO system (Biosense

Webster; n = 6) were used for 3D-Mapping, whereas in

Table 1 Baseline characteristics and procedural data shown for the overall study population as well as for the RN-group (RNS) and MN-group

(manual navigation) patients

Overall group (n = 200) RN-group (n = 100) MN-group (n = 100) p value

Age (years) 62.2 (54.7–67.7) 63.3 (54.5–68) 62 (54.8–67.3) 0.92

Male, n (%) 151 (75.5) 71 (71) 80 (80) 0.14

Hypertension, n (%) 136 (68) 61 (61) 75 (75) 0.03

Diabetes mellitus, n (%) 11 (5.5) 6 (6) 5 (5) 1.0

SHD, n (%) 56 (28) 28 (28) 28 (28) 1

Prior stroke or TIA, n (%) 14 (7) 9 (9) 5 (5) 0.75

Number of previously ineffective AADs, n (%) 2.0 (1.0, 2.0) 2.0 (1.0, 2.0) 2.0 (0.0, 3.0) 0.048

Duration of AF history (months) 84.6 ± 77.2 85.0 ± 84.8 84.0 ± 65.3 0.93

LA diameter (mm) 42 (39.5–45.5) 41 (39–45) 43 (40–46.5) 0.046

Procedure time (min) 210 (170–240) 180 (150–225) 230 (200–260) \0.01

Fluoroscopy time (min) 20.1 (13.8–28.8) 15.4 (11.2–20) 25.8 (20.9–34.9) \0.01

RN-group robotic group, MN-group manual ablation group, SHD structural heart disease, LA left atrial, AAD anti arrhythmic drugs, AF atrial

fibrillation
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the MN-group-b all patients were ablated using the

CARTO System (Biosense Webster; n = 51; p\ 0.001).

In the RN-group-b the ablation catheters used were the

Navistar/Celsius ThermocoolTM (Biosense Webster; n = 32)

and the Coolpath DuoTM (SJM; n = 19); in the MN-group-b,

all patients were ablated with the Navistar ThermocoolTM

ablation catheter (Biosense Webster; n = 51; p\0.001).

Procedure times (166.3 ± 47.8 vs 238.8 ± 52.1 min,

p\ 0.001) and fluoroscopy times [13.7 (9.5, 19.0) vs 27.2

(19.1, 34.5) minutes; p\ 0.001) in RN-group-b patients

were shorter as compared to patients of MN-group-b.

Success rates of RNS vs manual ablation

Recurrence of atrial tachyarrhythmias was observed in

46/200 (23 %) of the overall study population. Both single

and multiple procedural success rates were comparable

between RN-group and MN-group (Fig. 1a). Recurrence

occurred in 23/100 (23 %) patients in RN-group and

23/100 (23 %) patients in MN-group during a follow-up of

2 years after the initial procedure. Multiple procedure

success rate was 90 % in RN-group and 93 % in MN-group

after 2 years and a median of 1.21 procedures (Fig. 1b). In

the RN-group patients, AF recurred in 20/23 (87 %) and

AT in 3/23 (13 %) patients. In the MN-group patients, AF

recurred in 19/23 (82.6 %) and AT in 4/23 (17.4 %)

patients.

Redo-procedures were performed in 22 (22 %) patients

of the RN-group and 19 (19 %) patients of the MN-group.

During redo-procedures gaps were observed in 21 (95 %)

patients of the RN-group and 17 (89 %) patients of the

MN-group (p = 0.46). Gaps were observed in the septal

veins in 17/21 (80.9 %) patients in the RN-group and 11/17

(64.7 %) patients in the MN-group (p = 0.18) and in the

lateral veins in 18/21 (85.7 %) patients of the RN-group

and 13/17 (76.5 %) patients of the MN-group (p = 0.32).

Gaps in both, the septal and lateral PVs were observed in

14/21 (66.7 %) and 7/17 (41.2 %) patients (p = 0.087).

Success rates of RNS ablation using 20 vs 30 w

at posterior LA wall

Whenever FU times were different in duration, statistical

adjustment was performed between both groups (see sec-

tion ‘‘statistics’’).

Comparison of RN-group-a and RN-group-b showed a

significantly lower single procedure success rate (65.3 vs

88.2 %, p = 0.047) (Fig. 2a) in the RN-group-a patients

compared to the RN-group-b patients after 2 years of fol-

low-up. The multiple procedure success rate was 85.7 % in

RN-group-a compared to 94.1 % in RN-group-b after a

median of 1.21 procedures and were therefore comparable

(p = 0.48) (Fig. 2b). In RN-group-a patients AF recurred

in 14/17 (82.4 %) patients and AT in 3/17 (17.6 %)

patients and in RN-group-b patients AF recurred in 6/6

(100 %) patients and in no patient AT occurred.

Recurrence rate did not differ statistically significant

between patients of RN-group-b [n = 6 (11.76 %)] and

patients of MN-group-b [n = 12 (23.53 %); p = 0.09].

Learning curve and relation to outcome

Whenever FU times were different in duration, statistical

adjustment was performed between groups (see ‘‘statistics’’

section).

For assessment of the learning curve, the robotic and

manual ablation groups were divided in four subgroups,

respectively (Table 3). Although there were no statistically

significant differences between the baseline characteristics

of the subgroups, a significant reduction of procedural

times and fluoroscopy times were observed between the

initially ablated patients and the latter patients in the RN-

group (Table 3). No significant differences were observed

in the manual group (Table 3).

In regards to the single procedure success rate, clinically

relevant differences in the success rate were observed

between the 4 RN-subgroups (Q1: 64 %, Q2: 68 %, Q3:

Table 2 Baseline

characteristics and procedural

data for RN-group-a (RNS

30 W) and RN-group-b (RNS

20 W) patients

RN-group-a (n = 49) RN-group-b (n = 51) p value

Age (years) 61.4 (54.7–68) 64.3 (54.4–68.8) 0.94

Male, n (%) 35 (71.4) 36 (70.6) 0.93

Hypertension, n (%) 26 (53.1) 35 (68.6) 0.11

Diabetes mellitus, n (%) 3 (6.1) 3 (5.9) 1.0

SHD, n (%) 14 (28.6) 14 (27.5) 0.9

Prior Stroke or TIA, n (%) 4 (8.2) 5 (9.8) 1.0

LA diameter (mm) 41 (37–45) 42 (40–45) 0.2

Procedure time (min) 200 (170–230) 152 (132–200) \0.01

Fluoroscopy time (min) 16.6 (12.9–21.6) 13.7 (9.5–19) 0.04

RN-group robotic group, MN-group manual ablation group, SHD structural heart disease, LA left atrial
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92 %, Q4: 84 %; p = 0.267); however, these did not reach

statistical significance (Fig. 3a).

No statistically significant differences were observed in

the MN-group (Fig. 3b. Q1: 80 %, Q2: 76 %, Q3: 80 %,

Q4: 80 %; p = 1.0).

Complications

Major complications occured in two patients in the MN-

group: in one patient, LA perforation occurred during the

procedure, without leading to pericardial effusion. In

another patient, significant pulmonary vein stenosis

([50 %) occurred that required PV stenting. In the RN-

group, three major complications occurred: in one patient

esophageal perforation occured requiring esophageal

stenting (see reference [16] for more details). In another

patient, a hematothorax occurred as a consequence of

subclavian puncture that required drainage. In the third

patient, pericardial tamponade requiring surgical interven-

tion occurred.

Fig. 1 Kaplan–Meier plots presenting the recurrence-free survival

probability for the manual and robotic group. a (left panel): single

procedure success rate for RNS-guided ablation patients (red) and

manually ablated patients (blue) after 2-year follow-up. b (right

panel): multiple procedure success rates for RNS (red) vs manually

ablated patients (blue)

Fig. 2 Kaplan–Meier plots presenting the recurrence-free survival

probability for the RN-group-a and RN-group-b. a (left panel): single

procedure success rate for RNS-guided ablation patients with a

maximum power limit of 30 W at the posterior LA wall (red)

compared to patients ablated with a maximum power limit of 20 W at

the posterior LA wall (blue). b (right panel): Multiple procedure

success rate for RNS-guided ablation patients with a maximum power

limit of 30 W at the posterior LA wall (red) compared to patients

ablated with a maximum power limit of 20 W at the posterior LA wall

(blue)
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The incidence of major complications was not statistically

different between RN-group-b and MN-group-b (RN-group-b

n = 1 (2 %), vs MN-group-b: n = 0 (0 %); p = 0.31).

Univariable analysis

Univariable analysis did not identify any significant

parameters influencing the recurrence rates in this study

population. Therefore, multiple analysis was not

performed.

Discussion

This study presents the long-term success rate after CPVI

using a RNS in patients with paroxysmal AF. The main

findings of this study are:

1) The long-term success rate is comparable between

RNS-guided and manual ablation procedures.

2) The long-term multiple procedure success rate using

a RNS with a lower maximum power limit of 20 W

Table 3 Learning effect of the RN-group (Q1–Q4)

Q1 (N = 25) Q2 (N = 25) Q3 (N = 25) Q4 (N = 25) p value

RN-group

Age (years) 63.4 (51.7, 66.1) 61.2 (55.3, 68.1) 60.2 (55.5, 67.7) 64.3 (54.3, 69.4) 0.98

LA diameter (mm) 41.0 (37.0, 42.0) 41.0 (38.0, 47.0) 42.0 (40.0, 44.0) 43.0 (40.0, 45.0) 0.45

Procedure Time (min) 200.0 (180.0, 235.0)},* 200.0 (165.0, 225.0)** 166.0 (149.0, 235.0)* 135.0 (120.0, 165.0)},** \.001

Fluoroscopy Time (min) 17.1 (14.7, 21.4)} 15.4 (12.6, 21.6) 11.9 (8.3, 17.1)} 15.0 (11.0, 19.5) 0.029

Male, n (%) 19 (76 %) 16 (64 %) 16 (64 %) 20 (80 %) 0.48

Hypertension, n (%) 13 (52 %) 13 (52 %) 19 (76 %) 16 (64 %) 0.24

SHD, n (%) 4 (16 %) 10 (40 %) 9 (36 %) 5 (20 %) 0.16

Diabetes mellitus, n (%) 0 (0) 3 (12 %) 2 (8 %) 1 (4 %) 0.31

MN-group

Age (years) 62.6 (60.8, 69.1) 58.9 (54.3, 66.8) 59.9 (54.7, 67.3) 62.3 (53.1, 67.1) 0.26

LA diameter (mm) 43.0 (39.0, 45.0) 44.0 (40.0, 47.0) 43.0 (40.0, 46.0) 42.0 (41.0, 47.0) 0.63

Procedure Time (min) 250.0 (220.0, 270.0) 230.0 (200.0, 260.0) 225.0 (210.0, 290.0) 195.0 (180.0, 240.0) 0.21

Fluoroscopy Time (min) 23.0 (17.7, 27.4) 27.3 (22.2, 35.4) 25.9 (22.0, 35.3) 29.5 (21.4, 38.7) 0.35

Male, n (%) 17 (68 %) 20 (80 %) 21 (84 %) 22 (88 %) 0.32

Hypertension, n (%) 17 (68 %) 20 (80 %) 18 (72 %) 18 (72 %) 0.81

SHD, n (%) 6 (24 %) 9 (36 %) 7 (28 %) 6 (24 %) 0.76

Diabetes mellitus, n (%) 1 (4 %) 2 (8 %) 1 (4 %) 1 (4 %) 0.89

RN-group robotic group, MN-group manual ablation group, SHD structural heart disease, LA left atrial
} \0.001; * 0.014; **\0.001

Fig. 3 Kaplan–Meier plots presenting the recurrence-free survival

probability for the different subgroups (Q1–Q4). a (left panel): single

procedure success rate of the different subgroups (Q1–Q4) in the RN-

group. b (right panel): single procedure success rate of the different

subgroups (Q1–Q4) in the MN-group
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at the posterior LA wall is comparable to a maximum

power limit of 30 W.

3) A significant learning curve was observed in the RN-

group with regards to procedure and fluoroscopy

times, resulting in a significant improvement of the

success rate.

4) The incidence of major complications is comparable

between RNS-guided and manual ablation.

Acute success rate of PVI using RNS

The acute success rate for PVI using the RNS was 95 % in

this study. Five patients required conversion from RNS-

guided ablation to manual ablation to complete PVI (four

patients in RN-group-a and one patient in RN-group-b).

Previous reports have described a need to convert from

RNS-guided to manual ablation for completion of PVI in

only a limited number of patients and this occurs most often

during the learning curve, which is estimated to be

approximately 50–75 patients [12, 13]. In our study, con-

version to manual ablation mainly occured within the first 49

patients and could therefore be attributed to the learning

process. Of importance is that the acute success rate was

comparable between patients who were ablated with a

maximum power limit of 30 W and the patients ablated with

reduced power settings at the LA posterior wall (20 W)

(RN-group-a: four patients vs RN-group-b: one patient, n.s.).

Safety profile of CPVI using RNS

Potential complications, particularly related to RNS-gui-

ded ablation exist, such as the risk of increased catheter

tip-to-tissue contact force compared to manual catheter

manipulation. Recent publications have, however,

described a complication rate comparable to manual

ablation when reduced power settings are used [16, 18–

22]. The rate of major complications of 2 % percent in

our study is in line with these results. Particularly, the

incidence of pericardial tamponade was 1 % in the RN-

group in our study. Cardiac tamponade occurring when

RNS was used has been described by several investiga-

tors previously. Whilst initial reports of tamponade had

raised the question of whether RNS may increase the

incidence of tamponade [7], subsequent reports have

shown that this incidence was comparable with manual

ablation procedures [7, 12, 13].

Energy settings and contact force when using RNS

Several previous studies have shown that a maximum

power limit reduction to 30 W at the LA posterior wall

appears to be associated with an acceptable safety profile in

manually performed PVI ablation procedures [2]. In our

study, the initial maximum power limit of 30 W at the

posterior LA wall for the RNS-guided ablation procedures

were chosen according to the recommended power settings

for conventional manual ablation. After esophageal perfo-

ration was observed in one patient from the RN-group, the

maximum power limit was changed to 20 W at the poste-

rior LA wall in the subsequent RNS patients and no further

esophageal perforations were observed [16]. Reduced

power settings at the posterior LA wall have been proposed

for several novel ablation tools and have been supported by

results from several trials [6]. In addition, RNS-guided

ablation not only appears to be effective, but also safe, with

the proposed reduced power settings at the posterior LA

wall [16, 18, 23], particularly when the IntelliSenseTM

software is used. As contact force is an important param-

eter during PVI [24] in all patients where the RNS was

used ablation was performed with a contact force between

10 and 40 g as suggested by other investigators [23].

Long-term success rate after RNS-guided PVI

Reported success rates for catheter ablation of patients with

paroxysmal AF using conventional manual ablation are

reported to be up to 80 % even after 5 years of follow-up

[2, 5]. Long-term data after RNS-guided CPVI are lacking

and most studies to date have reported only early to mid-

term outcomes with a median follow-up time of around 1

year [11, 12]. We present the first long-term follow-up data

from RNS-guided PVI with a median follow-up time of

24 months, which showed a single procedure success rate

of 77 % and multiple procedure success rate of 90 %.

Furthermore, these results were comparable with the suc-

cess rate of the manual comparison group (see Fig. 1a, b).

Recurrence in patients with PAF is mostly due to the

development of gaps with PV reconduction. Importantly,

neither the overall number of patients with gaps nor the

number of septal or lateral gaps was significantly different

between patients of the RN-group or the MN-group.

When the two RNS-guided ablation subgroups with

different power settings at the posterior LA wall were

compared, significant differences were seen in the success

rate after a single procedure, with a lower success rate seen

in the patients who were initially ablated with a maximum

power limit of 30 W at the posterior LA wall (RN-group-a)

(Fig. 2a). Although the maximum power limit used was

higher in these patients, the success rate was lower when

compared to the subsequent patients who were ablated with

a lower maximum power limit of 20 W at the posterior LA

wall. This is explained by the learning curve identified in

this study, which clearly also affects long-term outcome of

these patients. This also explains why the single procedure

success rate differed significantly, whereas the multiple
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procedure success rate was comparable between the RN-

group-a and RN-group-b. Interestingly, RN-group-b was

comparable to the last 51 patients in the MN-group (MN-

group-b) with regard to outcome and complication rate.

Procedure and fluoroscopy times

Variable total procedural times using RNS have been

described previously and have been comparable [12, 25] or

even longer [18] compared to manual ablation. In our

study, procedural times were shorter in the RN-group when

compared to manual ablation. Longer procedural times in

RN-group-a were observed when compared to RN-group-b.

This can be explained by a learning curve, which was

clearly depicted in this study when comparing the different

quartiles of the RN-group (see Table 3). This is in line with

previous reports [12, 13].

Learning curve

According to findings of previous reports [13], 4 groups

(Q1–Q4, see Table 3) were created in the robotic and

manual ablation arms in our study. As expected, in the RN-

group a significant learning curve was seen in the proce-

dure and fluoroscopy times. Furthermore, a clinically sig-

nificant increase in the single procedure success rate was

found when comparing Q1 and Q4 after the 2-year follow-

up (Q1: 64 %, Q4: 84 %, see ‘‘Results’’ section for details).

This is underlined by the statistically significant increase in

the single procedure success rate between the RN-group-a

as compared to the RN-group-b. These findings are even

more relevant, considering that a higher power was used

for ablation at the LA posterior wall in the initial patients

(Q1–Q2). This underlines that experience matters when AF

ablation is performed. In the manual ablation arm no sig-

nificant learning curve was observed, which is explained by

the fact that manual RF ablation has been our institutional

standard for many years.

Limitations

This data represents a non-randomized single-center

experience of RNS-ablated patients with a manual ablation

control group. Larger randomized studies such as the Man

and Machine trial are necessary to finally answer the

question of potential benefits of RNS-guided ablation

compared to manually performed RF ablation [26]. Sec-

ondly, follow-up assessment of AF recurrence consisted of

24-h Holter-monitoring and no implantable loop recorders

were used. Therefore, the clinical success rate might be

over-estimated. However, since only Holter ECGs were

performed in the MN-group and RN-groups, this should not

affect the comparability of the two ablation arms.

Differences regarding hypertension, the number of

ineffective AADs prior to ablation and the LA diameter

were observed between the RN-group and the MN-group,

slightly favoring a less sick patient population in the RN-

group. Though recently it has been shown that LA diameter

did not significantly influence the outcome after AF abla-

tion [27] this has to be kept in mind when interpreting the

results of our study. Different ablation catheters and 3D

mapping systems were used in the RN-group and the MN-

group. Although it cannot be excluded, that different

ablation or mapping techniques might influence the out-

come of PVI [28], previously published data in a large

series of consecutive patients, no significant differences

were seen between patients where PVI was performed

using either the CARTOTM or the NavX/EnsiteTM system

[29].

Conclusion

Both single and multiple procedure success rates after

CPVI using RNS were comparable to manually performed

RF ablation, as was the complication rate. An initial

learning curve might influence the long-term results of AF

ablation using RNS.
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