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Introduction
 The atrial fibrillation (AF) prevalence is rapidly increasing[1]. 

Already 33.5 million patients were diagnosed with AF worldwide 
in 2013[1]. The AF pandemic constitutes a significant public health 
problem, as well as it has a substantial financial impact on healthcare. 
Catheter ablation (CA) has become a first-choice treatment for 
patients with drug refractory AF[2-4]. Electrical isolation of the 
pulmonary veins (PVs) is the cornerstone of AF ablation[5,6]. CA 
procedures have to become more efficient in order to be available for 
a larger share of the AF population. Efficient AF CA procedures are 
characterized by successful pulmonary vein isolation (PVI) within 
reasonable ablation and procedure time. Many PVI techniques are 
currently available and all experienced substantial improvements over 
time.

Initially, PVI was performed manually by series of point-by-
point radiofrequency (RF) lesions encircling the PVs, which had 

the inevitable risk of gaps persisting within the ablation lines[4,7]. 
The efficacy of manual (MAN) guided RF ablation improved 
significantly with the advent of contact force (CF) sensing catheters, 
resulting in less recurrence of arrhythmia and significantly shorter 
ablation times[8]. Besides, single-shot techniques emerged, of which 
the cryoballoon (CB) is nowadays most frequently used. The CB 
had the advantage of combining facile positioning and ablation, 
while decreasing procedure time[4,9,10]. Its disadvantage was the 
poor adaptation to anatomical variations of PVs[4,11]. The second 
generation CB exhibited higher freedom of AF within shorter 
isolation, fluoroscopy and procedure times when compared to its 
precursor[12]. Subsequently, remote magnetic navigation (RMN) 
guided ablation was introduced as an alternative RF CA strategy. 
In RMN, two magnetic platforms are utilized to remotely guide the 
movement of the ablation catheter by magnetic fields[13,14]. Various 
publications reported on the benefits of RMN due to precision of 
catheter movement, its soft tip and its stability, causing superior 
lesion formation[15] and improved procedural safety[16,17]. However, 
the disadvantages of RMN guided RF ablation were the prolonged 
ablation and procedure times and increased operator learning 
curve[18,19].

Although all techniques underwent progressive improvements 
resulting in simpler workflow, better efficiency and outcome, there still 
continues to be an ongoing discussion on which ablation technique 
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Abstract
 Background: Because of the expanding atrial fibrillation (AF) burden, AF catheter ablation (CA) techniques have to become more efficient. 

Efficient AF CA procedures are characterized by successful pulmonary vein isolation (PVI) within reasonable procedure time. Currently there 
are many PVI techniques available and all show substantial improvements over time. However, the magnitude of improvement in procedural 
efficiency has not yet been compared between different techniques. The aim of this study was to compare efficiency improvement between 
manually (MAN) guided, cryoballoon (CB) and remote magnetic navigation (RMN) guided PVI.

 Methods: A total of 221 patients were included in this retrospective study. Procedural parameters of 115 patients treated with first-
generation PVI techniques (MAN-1, CB-1, RMN-1) performed in 2010, were compared to 106 patients who were treated with the latest, 
second generation techniques (MAN-2, CB-2, RMN-2). Efficiency was characterized by the following parameters: total ablation time, total 
procedure time, first pass isolation (FPI) (i.e. successful isolation after the first pulmonary vein (PV) encirclement) and touch-up rates.

Results: Every technique showed significant improvement of procedure times from the first to the second generation (P<0.001). In-
between second generation techniques, the procedure times were comparable. The greatest magnitude of procedure time improvement 
was observed within the RMN groups (∆-180min), which was significantly greater compared to CB (∆-48 min, P<0.001) and MAN (∆-98min, 
P=0.011) groups. The highest FPI rates were observed in RMN-2 (78% and 74%; left and right PVs respectively), which was significantly 
higher compared to other techniques (MAN-2: 24% and 24%; CB-2: 50% and 48%; P<0.001).

Conclusions: The highest magnitude of efficiency improvement was detected in RMN guided PVI.



www.jafib.com Feb - Mar 2019 | Volume 11| Issue 5

Featured ReviewJournal of Atrial Fibrillation Featured ReviewJournal of Atrial Fibrillation56 Original Research

is preferable. Multiple studies have been published comparing 
procedural outcome between two ablation techniques[18-23]. However, 
there is no clear study available that investigates the potential of 
efficiency improvement of certain techniques. The aim of this study 
was to compare the advancements of procedural efficiency over 
time of three different ablation techniques (MAN guided RF, CB 
and Robotic navigation (RMN) guided RF), to distinguish which 
technique has highest potential for further efficiency improvement 
in the future.

Methods
Study design

This study is a retrospective, single-center study, investigating PVI 
procedures performed with CB, manual guided RF and RMN guided 
RF. We analyzed and compared procedural efficiency parameters 
between two generations of each of these three techniques. Procedural 
efficiency was defined by the following endpoints: total procedure 
time, total ablation time, first pass isolation rates and touch up rates. 
Additionally, we analyzed AF recurrence (documented on ECG) 
and redo procedure rates at 12-months post-procedure, with use of a 
3-month blanking period[3].

Study population and data collection
All patients who underwent the first PVI for AF, utilizing the 

latest available techniques for MAN guided RF, CB or RMN guided 
RF ablation between September 2016 - July 2017, were selected for 
analysis (second generation procedures, defined as MAN-2, CB-2 
and RMN-2 groups). From January 2010, age and sex-matched 
controls were selected consecutively for each of the three treatment 
techniques (first generation procedures, defined as MAN-1, CB-1 
and RMN-1 groups). All patients were eligible for AF ablation based 
on the respective ACC/AHA/ESC Guideline valid at the date of 
procedure[2,24-26]. Patients with anatomical variants of PVs were valid 
for inclusion. Patients with intra-cardiac thrombus were contra-
indicated for a CA procedure. Patients aged ≤18 years and redo 
PVI procedures were excluded from study participation. Baseline 
demographic and clinical characteristics were collected using the 
electronic health records (Elpado version 2.56.0). Procedural data was 
derived both from the electronical medical files, as well as from the 
electronical procedural log files recorded with the EP-workmateTM 
(St. Jude Medical Inc., St. Paul, MN, USA), the EnsiteTM NavXTM 
(St. Jude Medical Inc., St. Paul, MN, USA), the CryoConsole® 
(Medtronic, Minneapolis, MN, USA) and the the OdysseyTM Cinema 
(Stereotaxis Inc., St. Louis MO, USA) systems. Data collection 
for this study from our registry was approved by the institutional 
review committee and was carried out in accordance with the ethical 
principles for medical research involving human subjects founded by 
Helsinki’s declaration. All patients provided informed consent prior 
the ablation procedure.

Procedural protocols
PV anatomy was evaluated in all patients pre-operatively with a CT-

scan. Patients with a left common ostium and/or a PV size >28mm, 
were scheduled for PVI with RF (either MAN or RMN guided) 
as standard of care. All procedures were performed under local or 
general anesthesia. Presence of intra-cardiac thrombus was evaluated 
at the start of procedure by trans-esophageal echocardiography. All 

MAN procedures were performed using the EnSite NavX (St. Jude 
Medical Inc., St. Paul, MN, USA) mapping system. The following 
catheters were used in the MAN-1 group: the Celsius ThermoCool® 
4mm catheter and the Navistar ThermoCool® catheters (Biosense 
Webster Inc., CA, USA). In the MAN-2 group, all procedures were 
performed using CF sensing catheters, i.e. the TactiCath™ contact 
force catheter (St. Jude Medical Inc., St. Paul, MN, USA). Patients 
in the CB groups were treated with first generation Artic Front® 
(CB-1 group) or second generation Arctic Front Advance® (CB-2 
group) cryoballoon (Medtronic, Minneapolis, MN, USA). RMN 
procedures were performed using either the Niobe II (RMN-
1 group) or the Niobe ES (RMN-2 group) Magnetic Navigation 
System (Stereotaxis, St Louis, MO, US), with use of the NaviStar 
RMT ThermoCool catheter (Biosense Webster Inc., CA, US) in 
both generations. During all PVI procedures, thirty minutes of 
waiting time were executed as standard of care to identify early PV 
reconnection. All patients were observed at the intensive care unit or 
cardiac care unit after the procedure, with continuous hemodynamic, 
respiratory and ECG recordings. Presence of pericardial effusion was 
checked in all patients with trans-thoracic echography (TTE) as 
standard of care.

Remote Magnetic Navigation
The Niobe RMN system (Stereotaxis, Inc., St Louis, MO, USA) is 

a medical platform designed for electrophysiology and interventional 
procedures. The RMN system utilizes two permanent magnets, 
one on each side of the patient, to remotely guide the movement 
of the distal tip of compatible ablation catheters via magnetic 
fields. This technique has been described and validated extensively 
elsewhere[13,14]. In RMN-2 ablation was performed with the following 
radiofrequency settings: power 45-50 W, temperature 43°C. In all 
RMN-2 procedures the latest RMN technologic advancements 
were implemented: the Ablation History feature and the e-Contact 
module. Ablation History provides a visual display of the history of 
the catheter’s power output and duration of energy application at 
each location at the map during the ablation. The ‘e-Contact module’ 
provides contact feedback, by a visual indicator (starburst) when the 
catheter tip is in contact with the cardiac tissue.

Definitions
Procedural efficiency is characterized by successful PVI isolation 

within reasonable procedure and ablation time. Therefore, we 
analyzed the following procedural parameters: total application 
duration, total procedure time, PV encirclement times, first pass 
isolation rate (FPI) and touch-up (TU) rate. Total procedure time was 
defined as the time from start of the procedure (1st puncture) until 
the end of procedure (removal of catheters). The PV encirclement 
time was defined as the start of the first application for either the 
left or the right sided wide-area circumferential ablation (WACA), 
until the last application enclosing the vein. In case of CB ablation, 
encirclement time was calculated as the duration of the first adequate 
balloon application. First pass isolation (FPI) was regarded when 
the first PV encirclement or first adequate CB application, resulted 
in successful PV isolation. If the first encirclement did not result in 
isolation of the PVs, additional applications were regarded TU. For 
CB, the second and all additional applications were regarded TU. 
The PV encirclement time, number of touch ups (TU) and first pass 
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square test, or, when appropriate, Fisher’s exact test. A 2-sided 
P-value of <0.05 (2-tailed) was considered significant. Data were 
analyzed using SPSS 24.0 (SPSS Inc., Chicago, IL, USA).

Results
Baseline demographic and clinical characteristics

A total of 221 patients were included in this study (MAN-1 n=39; 
CB-1 n=39; RMN-1 n=37; MAN-2 n=37; CB-2 n=43; RMN-
2 n=27). Patient demographic and clinical data are summarized in 
[Table 1]. Age was significantly different between groups ([Table 
1], P=0.009). Post-hoc analysis showed that the only significant 
difference was found between CB-1 group with a mean of 55.44 ± 
9.18 years and MAN-2 group with a mean of 62.36 ± 8.36 years 
(P=0.022). In both CB groups, significantly more patients with 
paroxysmal AF were present, as compared to MAN and RMN groups 
([Table 1], P<0.001). Treatment with amiodarone was less frequently 
used in CB and second-generation groups ([Table 1], P=0.002). 
Prevalence of ischemic heart disease was significantly different 
between groups as well, which however did not result in a difference 
in ejection fraction. All patients were treated with anti-coagulation. 
Vitamin K antagonists were often prescribed in the first generation 
groups, while direct-acting oral anticoagulants (DOAC) were more 
prevalent in the second generation groups ([Table 1], P<0.001).

Procedural characteristics
Procedural data is depicted in [Table 2] and 3. The mean procedure 

time significantly differed between the 6 groups ([Table 2], P<0.001). 
Additionally, significant differences were observed in the number of 
applications and application duration, with the lowest number of 
applications noted in the CB groups ([Table 2], P<0.001) and the 
shortest application durations noted in second generation procedures 
([Table 2], P<0.001). The PV encirclement time, number of touch 
ups (TU) and first pass isolation (FPI) rates were evaluated in second 
generation procedures only. Encirclement times of left and right sided 
PVs were significantly different between the three second generation 
techniques ([Table 3], P<0.001). Interestingly, the first pass isolation 
rates of the left and right sided PVs differed considerably between 
the three second generation techniques. The highest FPI rates were 
observed in RMN-2: 78% for left PVs and 74% for right PVs, while 
in the MAN-2 group and CB-2 group significantly lower rates were 
found ([Table 3] and [Figure 1], P<0.001). The TU rates reflected 
the FPI rates and highlighted a significant difference as well ([Table 
3], P<0.001).

Post-hoc analysis
Post-hoc analysis investigated the significant differences in-

between groups identified by the one-way ANOVA tests. The mean 
PVI procedures times were comparable between the second generation 
groups ([Table 2] and supplemental files). The mean procedure 
time significantly improved within each treatment technique over 
time ([Table 2] and supplemental files). The greatest magnitude 
of improvement of procedure time was observed within the RMN 
groups (∆ -180min), which was significant higher when compared 
to CB (∆ -48 min, P<0.001) and MAN (∆ -98min, P=0.011) groups 
([Figure 2] and supplemental files). Post-hoc analysis showed that 
the encirclement time for left PVs was the longest in MAN-2 group 

isolation (FPI) rates were evaluated in second generation procedures 
only, because of the use of different procedural protocols in the past. 
When additional ablations of non-PVI triggers were performed, the 
procedure times were adjusted accordingly, as well as the number 
of applications and total application duration. The single procedure 
AF recurrence rates were evaluated. When a redo procedure was 
performed during the 12 months of follow-up, it was regarded as AF 
recurrence.

Complications
Major complications were defined as per ISO 14155 definition, 

as events that led to death, or led to serious deterioration in the 
health of the subject (i.e. resulted in a life-threatening illness or 
injury, or a permanent impairment of a body structure or a body 
function, or in-patient or prolonged hospitalization, or medical or 
surgical intervention to prevent life-threatening illness or injury 
or permanent impairment to a body structure or a body function). 
Minor complications were defined as events that resulted in 
minimal transient impairment of a body function or damage to a 
body structure, or which did not require any intervention other than 
monitoring.

Statistical analysis
Continuous variables were checked for normal distribution with 

normality plots and the Shapiro-Wilk test. Normally distributed 
continuous variables were described with mean and standard 
deviation. Normal distributed continuous variables were analyzed 
using the 1-way ANOVA. A post-hoc Tukey’s honestly significant 
difference test was performed to investigate significant differences 
in-between the 6 groups when a significant main effect was present. 
Continuous variables with a non-normal distribution were described 
by median and interquartile ranges (IQR). The Kruskal-Wallis 
test was used to examine continuous variables with a non-normal 
distribution. Descriptive statistics for categorical data were expressed 
in absolute numbers with percentages and analyzed using the Chi-

Figure 1: First pass isolation rates - 2nd generation groups only

The first pass isolation rates of the three second generation treatment techniques are displayed 
in figure 1. First pass isolation (FPI) was regarded when the first ablation encirclement of the PVs 
or the first CB application, resulted in successful PV isolation. Only second generation groups are 
displayed, as first pass isolation could only be calculated in these groups. 
PVs = pulmonary veins.
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Table 1: Patient demographic and clinical data

MAN-1 (n=39) CB-1(n=39) RMN-1 (n=37) MAN-2 (n=36) CB-2(n=43) RMN-2 
(n=27)

All patients (n=221) P-value

Age (years) 59 ±11.2 55 ±9.2A 57 ±9.4 62 ±8.4B 61 ±9.0 62 ±8.9 59 ±9.6 0.009

Female 12 (31%) 10 (26%) 11 (30%) 9 (25%) 7 (16%) 8 (30%) 57 (26%) 0.691

BMI (kg/m2) 28 ±4 27 ±4.0 28 ±4.5 27 ±4.7 27 ±3.2 28 ±3.0 27 ±4.0 0.733

AF 
duration (years)

2 (1 - 6) 2 (1 - 3) 3 (1 - 7) 3 (2 - 6) 3 (1 - 6) 3 (1 - 6) 1 (2 - 6) 0.056

Paroxysmal AF 26 (67%) 36 (92%) 18 (49%) 28 (78%) 39 (91%) 14 (52%) 161 (73%) <0.001

Previous 
EP procedure
 (No PVI)

7 (18%) 5 (13%) 3 (8%) 8 (22%) 6 (14%) 5 (19%) 34 (15%) 0.629

Hypertension 13 (33%) 14 (36%) 14 (38%) 17 (47%) 21 (49%) 7 (26%) 86 (39%) 0.367

Hyperlipidemia 9 (23%) 7 (18%) 4 (11%) 7 (19%) 13 (30%) 6 (22%) 46 (21%) 0.422

Diabetes Mellitus 5 (13%) 3 (8%) 5 (14%) 2 (6%) 2 (5%) 2 (7%) 19 (9%) 0.640

Ischemic HD 8 (21%) 0 (0%) 4 (11%) 1 (3%) 4 (9%) 5 (19%) 22 (10%) 0.019

Dilated CMP 2 (5%) 0 (0%) 2 (5%) 0 (0%) 0 (0%) 0 (0%) 4 (2%) 0.169

OSAS 0 (0%) 3 (8%) 3 (8%) 2 (6%) 4 (9%) 0 (0%) 12 (5%) 0.311

CVA / TIA / PE 7 (18%) 1 (3%) 3 (8%) 1 (3%) 3 (7%) 4 (15%) 19 (9%) 0.102

CHA2DS2-VASc 0 12 (31%) 19 (49%) 12 (32%) 11 (31%) 15 (35%) 8 (30%) 77 (35%) 0.507

CHA2DS2-VASc 1 9 (23%) 12 (31%) 16 (43%) 13 (36%) 13 (30%) 7 (26%) 70 (32%) 0.491

CHA2DS2-VASc ≥2 18 (46%) 8 (21%) 9 (24%) 12 (33%) 15 (35%) 12 (44%) 74 (34%) 0.315

Beta-blocker 14 (36%) 21 (55%) 21 (57%) 21 (58%) 16 (37%) 14 (52%) 107 (49%) 0.162

Amiodarone 13 (33%) 5 (13%) 17 (46%) 9 (25%) 7 (16%) 2 (7%) 53 (24%) 0.002

Flecainide 8 (21%) 7 (19%) 7 (19%) 13 (36%) 13 (30%) 7 (26%) 55 (25%) 0.411

Sotalol 9 (23%) 6 (14%) 5 (14%) 7 (19%) 12 (28%) 7 (26%) 46 (21%) 0.598

Calcium antagonist 2 (5%) 3 (8%) 4 (11%) 0 (0%) 4 (9%) 2 (7%) 15 (7%) 0.515

Anticoagulation

None 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1.000

VitaminK antagonist 36 (92%) 39 (100%) 37 (100%) 15 (42%) 18 (42%) 11 (41%) 155 (71%) <0.001

DOAC 3 (7%) 0 (0%) 1 (3%) 21 (58%) 25 (58%) 16 (59%) 65 (30%) <0.001

EF (%) 45 ±15.7 62 ±10.8 57 ±12.8 60 ±14.9 58 ±8.6 55 ±11.4 57 ±13.0 0.056

EF ≥55% 27 (69%) 34 (87%) 23 (68%) 29 (81%) 39 (91%) 22 (82%) 174 (80%) 0.065

EF 45 - 54% 9 (23%) 3 (8%) 6 (18%) 5 (14%) 3 (7%) 2 (7%) 28 (13%) 0.196

EF 30 - 44% 2 (5%) 2 (5%) 3 (9%) 2 (6%) 1 (2%) 3 (11%) 13 (6%) 0.716

EF <30% 1 (3%) 0 (0%) 2 (6%) 0 (0%) 0 (0%) 0 (0%) 3 (1%) 0.185

LA volume (ml) 87(67-103) 78 (65-89) 88(55-110) 79 (64-98) 76 (63-97) 92(67-
108)

83 (65-100) 0.686

LA size (mm) 45 ±6.6 42 ±5.4 43 ±6.5 43 ±8.1 42 ±5.5 42 ±5.1 43 ±6.3 0.289

All continuous variables represent mean ± standard deviation and were analyzed with the one-way ANOVA. For variables with a significant ANOVA test, post-hoc analysis by Tukey’s honestly 
significance difference test was performed. The significant relations found with the post-hoc analysis are marked by letter annotations. Labeled means in a row with a different letter annotation differ 
significantly. All categorical variables represent count (percentage) and were analyzed using the Chi-square test. When variables do not have a normal distribution, the median (IQR) is given and 
these were analyzed using the Kruskal-Wallis test. BMI = body mass index, AF = atrial fibrillation, EP = electrophysiology, PVI = pulmonary vein isolation, HD =heart disease, CMP = cardiomyopathy, 
OSAS = obstructive sleep apnea syndrome, CVA = cerebrovascular accident, TIA = transient ischemic attack, PE = pulmonary embolism, DOAC = direct acting oral anticoagulation, EF = ejection 
fraction, LA = left atrium.

(27 ± 13.76 min), intermediate in RMN-2 (13 ± 5.40 min), while 
the shortest time was observed in the CB-2 group (6 ± 1.83 min) 
(MAN-2 vs. CB-2, P<0.001; MAN-2 vs. RMN-2, P<0.001; CB-2 
vs. RMN-2, P=0.003). The encirclement times for right PVs showed 
the same pattern ([Table 3] and supplemental files).
12 month outcomes

Documented AF recurrence rates and redo procedure rates were 

analyzed for patients with paroxysmal and persistent AF separately. 
The results are presented in [Table 4]. The overall recurrence rate in 
paroxysmal AF was 31%, whereas in persistent AF the recurrence 
rate was 42%. In both paroxysmal and persistent AF, recurrence 
rates were comparable between groups ([Table 4], P=0.708 and 
P=0.622, respectively). In patients with paroxysmal AF treated 
with first generation CB (CB-1), a high redo procedure rate was 
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detected (42%), which was significantly higher compared to the 
other groups (P=0.004). Moreover, the CB redo procedure rate 
improved significantly from first to second generation (CB-1 42% vs. 
CB-2 21%, P=0.005). No significant improvements over time were 
observed in-between first and second generation MAN and RMN.

Complication rates
Complication rates are shown in [Table 5] Total complication rates 

were higher in first generation procedures as compared to second 
generation procedures: 21% vs. 9% (P=0.010). In-between the three 
second generation treatment techniques, no significant differences 
were found (P=0.784), as well as in-between the three first generation 
techniques (P=0.662). The minor complication rate exhibited 
the same configuration, with significant improvement over time 
from first generation (16%) to second generation procedures (5%) 

[Table 2] shows procedural data. When additional ablations (non-PVI triggers) were performed in addition to PVI, the presented procedure times, number of applications and application durations were 
corrected for this. All continuous variables represent mean ± standard deviation and were tested with the one-way ANOVA. For variables with a significant ANOVA test, post-hoc analysis by Tukey’s 
honestly significance difference test was performed. The significant relations found with the post-hoc analysis are marked by letter annotations. Labeled means in a row with a different letter annotation 
differ significantly. Labeled means in a row with a common letter annotation are not significantly different. See the supplemental files for the detailed post-hoc analysis results. All categorical variables 
represent count (percentage) and were tested using the Chi-square test. When variables do not have normal distribution, the median (IQR) is given and these were analyzed using the Kruskal-Wallis test. 
* When additional ablations of non-PVI triggers were performed, the procedure times, number of applications and total application duration were corrected accordingly. PVI = pulmonary vein isolation.

Figure 2: Mean procedure time

Procedure and ablation times
The study by Kataria et al evaluated long-term outcome data of 

336 patients undergoing PVI with MAN and RMN guided RF[22]. 

Table 3: Procedural data of second generation procedures

MAN-2 (n=36) CB-2 (n=43) RMN-2 
(n=27)

All patients 
(n=221)

P-value

Left PVs 
encirclement 
time (min)

27 ±13.8 A 6 ±1.8 B 13 ±5.4 C 13 ±10.9 <0.001

Left PVs FPI 
rate

6 (24%) 21 (50%) 21 (78%) 50 (38%) <0.001

Left PVs TU 
done

19 (76%) 21 (50%) 6 (22%) 83 (62%) <0.001

Left PVs TU 
number

3 (0.5 - 7) 0.5 (0 - 2) 0 (0 - 0) 2 (0 - 4) <0.001

Left PVs TU 
duration (sec)

64 ±66.4 A 229 ±322.3 
B

37 ±78.4 A 413 ±558.7 0.002

Right PVs 
encirclement 
time (min)

28 ±15.3 A 5 ±2.0 B 13 ±7.3 C 13 ±12.0 <0.001

Right PVs FPI 
rate

6 (24%) 20 (47%) 20 (74%) 48 (36%) <0.001

Right PVs TU 
done

19 (76%) 22 (52%) 7 (26%) 85 (64%) <0.001

Right PVs TU 
number

2 (0.5 - 4.5) 1 (0 - 2) 0 (0 - 1) 2 (0 - 3) <0.001

Right PVs 
TU duration 
(sec)

81 ±108.3 184 ±235.6 96 ±197.3 317 ±398.2 0.096

[Table 3] depicts procedural data of second generation procedures. All continuous variables 
represent mean ± standard deviation and were tested with the one-way ANOVA. For variables 
with a significant ANOVA test, post-hoc analysis by Tukey’s honestly significance difference 
test was performed. The significant relations found with the post-hoc analysis are marked by 
letter annotations. Labeled means in a row with a different letter annotation differ significantly. 
Labeled means in a row with a common letter annotation are not significantly different. See the 
supplemental files for the detailed post-hoc analysis results. All categorical variables represent 
count (percentage) and were tested using the Chi-square test. When variables do not have 
normal distribution, the median (IQR) is given and analyzed using the Kruskal-Wallis test. PVs = 
pulmonary veins, FPI = first pass isolation, TU = touch up.

Figure 2 demonstrates the mean procedure time of the first and second generation treatment 
techniques. Mean procedure times were analyzed with the one-way ANOVA, which demonstrated a 
significantly different distribution in general (P<0.001). Results of the post-hoc analysis by Tukey’s 
honestly significance difference test are marked by letter annotations. Labeled means with a 
different letter annotation differ significantly. Labeled means with a common letter annotation are 
not significantly different.
PVI = pulmonary vein isolation

Table 2:   Procedural data

MAN-1
(n=39)

CB-1 (n=39) RMN-1 (n=37) MAN-2 (n=36) CB-2 (n=43) RMN-2 (n=27) All patie
nts (n=221)

P-
value

Procedure time (min) * 251 ±89.4 A 197 ±78.0 C 293 ±65.1 A 153 ±52.0 B 150 ±32.1 B 113 ±48.1 B 184 ±83.4 <0.001

Number of applications * 57 (41-77) 10 (8-13) 87 (56-122) 39 (27-53) 8 (6-11) 17 (15-25) 16 (9-48) <0.001

Application duration (sec) * 1814 (1319-2284) 3253 (2667-4026) 2396 (1789-3135) 1522 (1244-2089) 1445 (1197-2012) 1568 (1211-1844) 1845 (1331-2681) <0.001

Additional ablations (non-PVI 
triggers)

12 (31%) 7 (18%) 20 (54%) 16 (43%) 0 (0%) 15 (56%) 70 (32%) <0.001

(P=0.008). The major complication rate was comparable between first 
and second generation procedures (5% vs. 4% respectively, P=0.606). 
The majority of minor complications were access site complications 
not requiring intervention (N=10; 5%) and minor pericardial effusion 
not requiring intervention, noted during routine post-operative 
evaluation with TTE (N=7; 3%).

This is the first clear study to compare the improvement of 
efficiency of three recognized treatment modalities of CA for AF: 
MAN guided RF, CB and RMN guided RF ablation. In accordance 
with other studies, all ablation techniques exhibited significant 
improvement of efficiency over time. However, the major finding of 
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consecutive enrollment, procedures were sometimes performed by 
less experienced electrophysiologists.

To the best of our knowledge, no clear studies comparing the 
advancements of efficiency of three CA modalities (MAN, CB and 
RMN) have been performed. We found a significant improvement 
of both procedure and ablation times within each treatment 
modality over time, highlighting the technological advances made 
in each of them. The higher procedural time in the RMN guided RF 
ablation found in previous studies, was attributed to the additional 
time required to set up the navigational system, positioning of the 
patient and time required for placing the circular mapping catheter 
into different veins. In the present study, a notable evolvement of 
RMN procedure times was observed, which now makes procedure 
times comparable with CB. These advancements could be attributed 
to the use of a dedicated EP lab for RMN procedures, where the 
EP staff has a broad experience using the RMN hard- and software, 
as well as in positioning of the patient. Second, RMN guided PVI 
was performed only by highly experienced electrophysiologists, 
whereas in CB procedures less experienced electrophysiologists were 
sometimes performing the procedures. Third, multiple improvements 
were implemented to the RMN Niobe ES system, which for instance 
significantly improved the response time (defined as time of vector 
movement by the operator, until movement of the magnetic field)
[29]. Moreover, we introduced a new ablation strategy in the RMN-2 
group, implementing the latest technological advancements made in 
RMN guided RF CA. With the use of the ‘Ablation History feature’ 
and contact feedback by the ‘e-Contact module’, a new ablation 
approach for RMN guided PVI was designed: the ‘Continuous 
Dragging’ technique. While ablating, the catheter is dragged around 
both ipsilateral PVs by wide area circumferential ablation (WACA) 
with help of the e-Contact and Ablation History feedback, using 
high power settings. It was attempted to interrupt ablation as least 
as possible. Only after completing the encirclement of either right 
or left sided PVs, electrical isolation was evaluated. If necessary, 
additional touch ups were performed to acquire PV isolation. This 
approach resulted in our opinion, in an efficient and safe RMN 
guided PVI procedure.

First pass isolation
First pass isolation (FPI) was defined as the first encirclement 

(WACA) resulting in successful PV isolation. FPI in CB was 
regarded when the first cryo-application resulted in successful PV 
isolation. Interestingly, a high rate of FPI was observed in the RMN-
2 groups, which in our belief, is an affirmation of our new RMN 
ablation strategy. In CB-2, the first adequate application did not 

Table 5: Complication rates

1st 
generation 
procedures

MAN-1 (n=39) CB-1 (n=39) RMN-1 (n=37) Total (n=115) P-value

All 
complications

10 (26%) 7 (18%) 7 (19%) 24 (21%) 0.662

Major 
complications

2 (5%) 3 (8%) 1 (3%) 6 (5%) 0.620

Minor 
complications

8 (21%) 4 (10%) 6 (16%) 18 (16%) 0.457

2nd 
generation 
procedures

MAN-2 (n=36) CB-2 (n=43) RMN-2 (n=27) Total (n=106) P-value

All 
complications

4 (11%) 3 (7%) 2 (7%) 9 (9%) 0.784

Major 
complications

1 (3%) 2 (5%) 1 (4%) 4 (4%) 0.909

Minor 
complications

3 (8%) 1 (2%) 1 (4%) 5 (5%) 0.437

All 
procedures

1st 
generation 
(n=115)

2nd 
generation 
(n=106)

Total (n=221) P-value

All 
complications

24 (21%) 9 (9%) 33 (15%) 0.010

Major 
complications

6 (5%) 4 (4%) 10 (5%) 0.606

Minor 
complications

18 (16%) 5 (5%) 23 (10%) 0.008

The investigators observed a significantly higher mean procedure 
time in the RMN group, when compared to the MAN group. 
Also, a significant difference in mean ablation time was found in 
favor of the MAN group. Similar results of higher procedural time 
of RMN guided RF ablation, in comparison to MAN guided RF 
ablation, were also described by Miyazaki et al. and Arya et al. and 
found in two meta-analyses[18,19,27,28]. A mean CB procedure time of 
124 ± 39 minutes was observed in the Fire and Ice trial [23], whereas 
the current study noted a higher mean CB procedure time. This 
could be attributed to the standard 30 minutes of waiting time 
which is performed in all procedures in our center as standard of 
care. Moreover, due to the retrospective nature of our study with 

Major, minor and total complication rates are visualized in [Table 5]. Percentages represent 
occurrence within procedure type. Comparison within first generation procedure types and within 
second generation procedure types was performed, as well as comparison between all first 
generation and between all second generation procedures. Analysis was performed using the 
Chi-square test.

Table 4:  12-month outcomes

Paroxysmal AF MAN-1 (n=26) CB-1 (n=36) RMN-1 (n=18) MAN-2 (n=28) CB-2 (n=39) RMN-2 (n=14) All patients (n=161) P-value

AF recurrence 8 (31%) 14 (39%) 7 (39%) 6 (21%) 11 (28%) 4 (29%) 50 (31%) 0.708

Redo procedure 4 (15%) 15 (42%) 3 (17%) 1 (4%) 8 (21%) 1 (7%) 32 (20%) 0.004

Paroxysmal AF MAN-1 (n=26) CB-1 (n=36) RMN-1 (n=18) MAN-2 (n=28) CB-2 (n=39) RMN-2 (n=14) All patients (n=161) P-value

AF recurrence 6 (46%) 1 (33%) 9 (47%) 4 (50%) 1 (25%) 4 (31%) 25 (42%) 0.880

Redo procedure 1 (8%) 1 (33%) 2 (10%) 0 (0%) 1 (25%) 2 (15%) 6 (10%) 0.622

[The documented AF recurrence rates and redo procedure rates 12-months following the PVI procedure are presented in [Table 4]. Results were analyzed for patients with paroxysmal AF and patients 
with persistent AF separately. Analysis was performed using the Chi-square test. ECG = electrocardiogram

this study is that the magnitude of procedure time improvement was 
most explicit in RMN guided RF CA procedures. The progress made 
in robotic navigation guided CA has resulted that nowadays ablation 
and procedure times are comparable with CB and MAN guided CA. 
Furthermore, the RMN guided RF CA has the highest potential for 
future advance.
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which made the data incomparable (e.g. in CB-1 group a standard 
of two applications per PV were performed regardless of electrical 
isolation). Prospective studies comparing the efficiency and outcomes 
of the three treatment modalities, as well as the presented new 
ablation strategy for RMN guided PVI, are desired to clearly define 
the role of RMN in CA of AF.

Conclusions
The highest magnitude of procedural efficiency improvement, as 

defined by procedure times, ablation times and first-pass isolation 
rates, was detected in RMN guided PVI. Because of the technical 
advances made in the robotic navigation ablation technique, it has 
become as efficient as CB and MAN guided PVI. The efficiency 
evolution observed in RMN guided PVI, highlights that this 
technique has most potential for future advance.
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Table 1: Post-hoc analysis of procedure time (min)

Procedure Number Mean SD Compared 
to procedure 
type

P-value

MAN-1 39 251 89.41 CB-1 0.018

RMN-1 0.256

MAN-2 <0.001

CB-2 <0.001

RMN-2 <0.001

CB-1 39 198 77.96 MAN-1 0.018

RMN-1 <0.001

MAN-2 0.046

CB-2 0.033

RMN-2 <0.001

RMN-1 37 293 65.14 MAN-1 0.256

CB-1 <0.001

MAN-2 <0.001

CB-2 <0.001

RMN-2 <0.001

MAN-2 36 153 52.09 MAN-1 <0.001

CB-1 0.046

RMN-1 <0.001

CB-2 1.000

RMN-2 0.141

CB-2 43 150 32.13 MAN-1 <0.001

CB-1 0.033

RMN-1 <0.001

MAN-2 1.000

RMN-2 0.212

RMN-2 27 113 48.10 MAN-1 <0.001

CB-1 <0.001

RMN-1 <0.001

CB-2 0.212

MAN-2 0.141

Table 1 presents results of the post-hoc analysis of procedure time. Post-hoc analysis was 
performed by the Tukey’s honestly significance difference test as part of the one-way ANOVA to 
investigate the in-between relationships between the 6 ablation techniques.

Table 2a: Post-hoc analysis of encirclement time of left PVs

Procedure 
type

Number Mean (min) SD Compared 
to 
procedure 
type

P-value

MAN-2 36 28 13.76 CB-2 <0.001

RMN-2 <0.001

CB-2 43 5 1.83 MAN-2 <0.001

RMN-2 0.004

RMN-2 27 13 5.40 MAN-2 <0.001

CB-2 0.004

Table 2a presents results of the post-hoc analysis of the mean encirclement time of left PVs. 
Post-hoc analysis was performed by the Tukey’s honestly significance difference test as part of 
the one-way ANOVA to investigate the in-between relationships between the 3 second generation 
ablation techniques. PVs = pulmonary veins

Table 2b: Post-hoc analysis of encirclement time of right PVs

Procedure 
type

Number Mean (min) SD Compared 
to 
procedure 
type

P-value

MAN-2 36 28 15.27 CB-2 <0.001

RMN-2 <0.001

CB-2 43 6 1.83 MAN-2 <0.001

RMN-2 0.003

RMN-2 27 13 5.40 MAN-2 <0.001

CB-2 0.004
Table 2b presents results of the post-hoc analysis of the mean encirclement time of right PVs. 
Post-hoc analysis was performed by the Tukey’s honestly significance difference test as part of 
the one-way ANOVA to investigate the in-between relationships between the 3 second generation 
ablation techniques. PVs = pulmonary veins.

Table 3: Post-hoc analysis of TU application duration of left PVs

Procedure 
type

Number Mean (min) SD Compared 
to 
procedure 
type

P-value

MAN-2 36 65 66.37 CB-2 0.026

RMN-2 0.911

CB-2 43 229 322.28 MAN-2 0.026

RMN-2 0.003

RMN-2 27 37 78.40 MAN-2 0.911

CB-2 0.003

Table 3a presents results of the post-hoc analysis of the touch up application duration of left PVs. 
Post-hoc analysis was performed by the Tukey’s honestly significance difference test as part of 
the one-way ANOVA to investigate the in-between relationships between the 3 second generation 
ablation techniques. TU = touch up. PVs = pulmonary veins.
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