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Body Mass Index; CAD: Coronary Arterial Diseases; 
CFAE: Complex Fractionated Atrial Electrograms; CRP: 
C-Reactive Protein; CRT-D: Cardiac Resynchronization 
Therapy Defi brillators; CTI: Cavotricuspid Isthmus; 
DM: Diabetes Mellitus; GFR: Glomerular Filtration 
Rate; FAT: Focal Atrial Tachycardia; HF: Heart Failure; 
ICD: Implantable Cardioverter-Defi brillators; ICE: 
Intracardiac Echocardiography; LA: Left Atrial; LAT: 
Left Atrial Tachyarrhythmia; LsAF: Long-standing 
perAF; LVEF: Left Ventricular Ejection Fraction; OAC: 
Oral Anticoagulation; PE: Pericardial Effusion; perAF: 
Persistent AF; PM: Pacemakers; PV: Pulmonary Veins; 
PVI: Pulmonary Vein Isolation; Proc.: Procedure; 
pxAF: Paroxysmal AF; RA: Right Atrial; RAT: Right Atrial 
Tachyarrhythmia; Re-PVI: Repeat Pulmonary Vein 
Isolation; RF: Radiofrequency; RMN: Remote Magnetic 
Navigation
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Abstract

Background: Remote magnetic navigation (RMN) enables precise three-
dimensional catheter control with stable contact force, potentially enhancing 
safety and lesion quality. Previous studies demonstrated reduced radiation 
exposure and comparable effi cacy to manual navigation, primarily in paroxysmal 
atrial fi brillation (pxAF). Evidence in persistent AF (perAF), particularly advanced 
stages, remains scarce. This study presents the fi rst very long-term outcomes of 
RMN-guided ablation in perAF.

Methods: 383 patients were retrospectively analyzed (mean age 62.6 ± 9.1 
years; 85.4% perAF, 14.6% pxAF) who underwent RMN-guided pulmonary vein 
isolation (PVI) with additional linear lesions as indicated (2009–2019).  The cohort 
represented advanced atrial disease (85.4% persistent AF) with elevated CHA2DS2-
VASc scores and frequent atrial tachyarrhythmias (AT); 96 repeat RMN procedures 
were additionally analyzed. Long-term success was defi ned as freedom from AF 
or AT recurrence beyond a 3-month blanking period. Survival and predictors were 
assessed using Kaplan–Meier and multivariable analyses.

Results: AF-free survival after the initial RMN procedure was 61.1%, 43.4%, 33.0%, 
23.7%, and 18.0% at 12, 24, 36, 48, and 60 months, respectively. Freedom from any 
AT declined from 52.5% at 12 months to 11.5% at 60 months. Early recurrence during 
the blanking period strongly predicted long-term failure. Mean fl uoroscopy and 
procedure times were 9.1 ± 10.1 minutes and 276 ± 84 minutes. Severe complications 
occurred in 5.0%.

Conclusion: Advanced persistent AF, RMN-guided ablation achieves modest 
long-term arrhythmia control with low complication rates. Early post-procedural 
AT recurrence is the strongest prognostic marker. RMN remains a feasible strategy 
for complex AF ablation and warrants further evaluation in high-risk populations.

https://crossmark.crossref.org/dialog/?doi=10.29328/journal.jccm.1001227&domain=pdf&date_stamp=2026-08-04
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Introduction
Manual RF catheter ablation has become an established 

treatment for atrial ϐibrillation (AF) and has consistently 
demonstrated superiority over antiarrhythmic drug therapy 
in patients with both pxAF and perAF [1,2]. Nevertheless, 
achieving durable rhythm control remains particularly 
challenging in patients with persistent and long-standing 
perAF because progressive atrial remodeling, ϐibrosis, and the 
increasing contribution of non-pulmonary vein (PV) triggers 
substantially reduce procedural success [3–9]. Consequently, 
repeat ablation procedures are frequently required and may 
improve long-term rhythm outcomes, especially in patients 
with preserved cardiac function [3,6–8].

RMN (Niobe®, Stereotaxis, St. Louis, MO, USA) was 
developed to improve catheter stability, navigation precision, 
and operator safety during complex catheter ablation 
procedures [14–17]. Earlier studies consistently demonstrated 
efϐicacy comparable to conventional manual RF ablation while 
substantially reducing ϐluoroscopy exposure and operator 
radiation [3,4,18–25]. However, the landscape of AF ablation 
has evolved considerably with the widespread adoption of 
contact-force sensing catheters, high-power short-duration 
RF applications and, more recently, pulsed-ϐield ablation [26–
28]. Consequently, contemporary evaluation of RMN should 
no longer focus solely on comparisons with conventional 
manual RF ablation but rather on its role within this evolving 
technological environment.

Recent comparative studies have therefore shifted towards 
comparisons with contemporary contact-force guided RF 
ablation rather than conventional manual catheter navigation 
[29,30]. Although these studies conϐirmed the feasibility and 
safety of RMN, robust very long-term outcome data in patients 
with advanced persistent AF remain scarce. Likewise, pulsed-
ϐield ablation has emerged as a promising non-thermal energy 
source; however, long-term outcome data beyond ϐive years 
are currently unavailable, particularly in advanced persistent 
AF populations [31,32].

Therefore, this study evaluates the very long-term clinical 
outcomes of RMN-guided catheter ablation in one of the 
largest single-center cohorts predominantly comprising 
patients with advanced persistent AF, thereby addressing an 
important evidence gap in contemporary AF ablation.

Methods
This retrospective single-center cohort study included 

383 consecutive patients undergoing RMN-guided catheter 
ablation for AF at the Heart and Diabetes Center North Rhine-
Westphalia (HDZ NRW) between 2009 and 2019. The study 
population was considered representative of an advanced 
persistent AF cohort because more than 85% of patients had 
persistent AF, exhibited a substantial comorbidity burden, 
and frequently required repeat procedures and adjunctive 
substrate modiϐication beyond PVI.

Patients with implanted cardiac rhythm management 
devices were not excluded. Baseline data included CHA₂DS₂-
VASc score, BMI, device implantation, AADs, OAC, renal 
function, and inϐlammatory markers. 

Because of the retrospective study design, neither 
operators nor investigators performing follow-up assessments 
were blinded.

Electroanatomical mapping was performed using Carto 3®

(Biosense Webster, Irvine, CA, USA) or EnSite NavX® (St. 
Jude Medical, St. Paul, MN, USA). Intraprocedural imaging 
predominantly relied on Dyna-CT® (82.5%), whereas 
preprocedural CT was available in 4.2% of patients 
[33]. Intracardiac echocardiography (AcuNav®, Siemens 
Healthineers) was routinely used to guide double transseptal 
puncture using a Brockenbrough® BRK1 needle (Medtronic) 
and Fast-Cath Swartz® SR0 sheath (St. Jude Medical) and to 
facilitate catheter positioning.

The Niobe® RMN system (Stereotaxis, St. Louis, MO, USA) 
employs two externally positioned permanent magnets that 
remotely align the magnetic elements incorporated into the 
distal catheter tip, thereby enabling highly precise catheter 
steering while catheter advancement is controlled via the 
V-CAS® system in conjunction with the V-Drive® and V-Loop® 
devices (34). Ablation catheters included Thermocool Navistar 
RMT® (Biosense Webster) and Trignum Flux® Gold (Biotronik, 
Berlin, Germany). Antral irrigated RF-PVI was performed with 
40 W for max 120 s per site. The endpoint was complete PVI 
with bidirectional block.

Repeat procedures conϐirmed PVI, with re-PVI performed 
in case of reconnection. Additional lesions included complex 
fractionated atrial electrograms (CFAE), mitral isthmus line, 
roof line, and box lesions. Endpoints were PVI durability and 
block across ablation lines.

Heparin was given after transseptal puncture to maintain 
ACT ≥300 s. Puncture sites were closed by pressure 
bandage. Post-procedural care included 48 h monitoring and 
echocardiography. AADs were continued during the 3-month 
blanking period, then dependent on the CHA₂DS₂-VASc score.

Patients were routinely followed at 3, 6, and 12 months 
after ablation, followed by continued long-term clinical follow-
up according to institutional routine. Long-term follow-up 
data were available for up to 60 months and included history, 
ECG, Holter, and device interrogation. The primary endpoint 
was freedom from documented AF or atrial tachyarrhythmia 
after completion of the 3-month blanking period. Secondary 
endpoints included procedural characteristics, complications, 
and predictors of arrhythmia recurrence.

Statistical analysis was performed using SPSS v28. 
Kaplan–Meier estimates were calculated for AF-free and 
AT-free survival. Predictors were evaluated by log-rank and 
multivariable testing. A p ≤ 0.05 was considered signiϐicant.
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Results
Overall, 383 consecutive patients underwent RMN-guided 

AF ablation and were included in the ϐinal analysis (mean age 
62.6 ± 9.1 years; female-to-male ratio 1:3.1; BMI 28.8 kg/m² 
in women and 29.2 kg/m² in men, 85.4% perAF). Baseline 
characteristics conϐirmed an advanced atrial disease cohort, 
with 85.4% perAF, a substantial cardiovascular comorbidity 
burden (mean CHA₂DS₂-VASc score 2.23 ± 1.44), mild left atrial 
enlargement (mean LA diameter 46 ± 6 mm), and preserved 
left ventricular systolic function (LVEF 52.0 ± 6.5%). Detailed 
baseline characteristics are presented in Table 1.

PVI alone was performed in 89% of patients, whereas 
adjunctive substrate modiϐication included linear lesions, 
CFAE ablation, and focal atrial tachycardia ablation (Figure 3).
Mean procedure duration was 276 ± 84 min; ϐluoroscopy 
9.1 ± 4.6 min; dose area product averaged 1143 cGy*cm² 
(Table 1). AF type did not signiϐicantly affect duration (pxAF 
268 ± 97 vs. perAF 278 ± 81 min, p = 0.49). Additional ablation 
prolongs the procedure duration (360 ± 92 vs. 265 ± 76 min, 
p < 0.01) (Table 1). Mean ablation time was 3539 ± 957 s. 
Carto 3® was used in 60.0%, EnSite NavX® in 40.0% (Table 1).

Long-term outcomes

At 12, 24, 36, 48, and 60 months after the initial procedure, 
AF-free survival was 61.1%, 43.4%, 33.0%, 23.7%, and 18.0% 

(Figure 1).  Freedom from any AT declined from 52.5% at 12 
months to 11.5% at 60 months (Figure 1). AF represented the 
predominant recurrent arrhythmia, followed by atypical atrial 
ϐlutter (Figure 3). Recurrence during the blanking period 
strongly predicted failure (p < 0.01) (Table 2) and occurred 
in 41.5%, mainly AF (76.9%) but also typical/atypical atrial 
ϐlutter and right AT. 

Predictors of AT-free survival additionally included age 
(p = 0.047) and CHA₂DS₂-VASc (p = 0.044). No signiϐicant 
inϐluence on AF recurrence-free survival was found for sex 
(p = 0.54), BMI (p = 0.41), age (p = 0.53), LA diameter (p = 
0.60), CHA₂DS₂-VASc score (p = 0.60), or AF stage (p = 0.24). 
After 24 months, pxAF showed numerically higher recurrence-
free survival (50%) vs. perAF (42%), without statistical 
signiϐicance (p = 0.24) (Table 2).

Repeat ablations were mostly manually performed 
(Figure 2). RMN procedures (n = 96) were associated with more 
ATs involving different ablation targets (mitral isthmus 17.7%, 
roof line 11.5%, box lesion 8.3%, CFAE 7.3%, LA substrate 6.3%, 
LA focal AT 2.1%, CTI 10.4%) (Figure 3) and improved AF-free 
survival to 66.8%, 50.4%, 40.4%, 26.0%, and 22.7% at 12, 24, 
36, 48, and 60 months, respectively (Figure 1). AT-free survival 
was 63.3%, 43.3%, 33.3%, 19.2%, and 16.0% (Figure 1).
Compared with initial ablation, multiple procedures improved 
AF-free (p = 0.022) and AT-free survival (p = 0.039) (Table 2).

Ablation number 1 2 3 4 
Number of patients 383 81 14 1 
Sex, female / male (Ratio) 93/290 (1:3.1) 18/63 3/11 1/0 
Age [years] 62.6 ± 9.1 63.9 ± 8.1 64.2 ± 7.3 68 
BMI [kg/m²] 29.05 ± 4.82 29.0 ± 4.6 28.1 ± 2.9 29.0 
Kind of AF - px / per (Ratio) 56/327 (1:5.8) 10/71 (1:7.1) 4/10 (1:2.5) 0/1 
CHA2DS2-Vasc-Score [Points] 
- Arterial Hypertension [%] 
- Diabetes mellitus [%] 
- HF oder LVEF ≤ 40 % [%]  
- Stroke or equivalent [%] 
- CAVD [%] 

2.23 ± 1.44 
74.9 
13.8 
8.1 
12.0 
25.3 

2.26 ± 1.4 
77.8 
12.4 
8.6 
9.9 
23.5 

2.4 ± 1.1 
100 
14.3 
7.1 
7.1 
28.6 

3 
100 
0 
0 
0 
0 

Heartfunctionparameters: 
- Left atrial diameter �  [mm] 
- Left atrial Diameter �  [mm] 
- LVEF [%] 

 
44.78 ± 6.2 
46.80 ± 6.1 
52.0 ± 6.5 

 
43.2 ± 5.4 
46.0 ± 6.0 
52.8 ± 5.8 

 
41.7 ± 6.8 
44.9 ± 5.0 
49.2 ± 8.8 

 
46 
k.A. 
55 

Devices:  
- Eventrecorder, n / [%] 
- Pacemaker, n / [%] 
- ICD-System, n / [%] 
- CRT-D-System, n / [%] 

 
19 / 5.0 
34 / 8.9 
14 / 3.7 
8 / 2.1 

   

Medication: 
- OAC, pre- / post ablation [%] 
- AAD, pre-/ postablation [%] 

 
89.0 / 99.7 
93.7 / 97.9 

 
97.5 / 100 
96.3 / 97.5 

 
100 / 100 
92.9 / 100 

 
100 / 100 
100 / 100 

CRP-Value [mg/dl] 0.4 ± 0.8 0.3 ± 0.4 0.2 ± 0.2 0.2 
Creatinine [mg/dl] 1.0 ± 0.4 1.0 ± 0.2 1.0 ± 0.2 0.8 
GFR [ml/min] 79.1 ± 18.9 76.5 ± 16.6 75.1 ± 18.4 79 
Intraproc. Dyna-CT, n / [%] 332 / 86.7 0 0 0 
Ablationtarget - PVI only [%] 88.5 97.5 85.7 100 
Procedure (Proc) data: 
- Procedure duration [min] 

- PVI only 
- PVI + further ablations 

- Fluoroscopy time [min] 
- Area dose product [cGy*cm²] 
- Ablation time [Min] 
- 3D-Map., Ensite/Carto 
- Premature Proc. Term. n / [%] 

 
276.3 ± 83.8 
265.4 ± 76.1 
360.1 ± 92.2 
9.1 ± 10.1 
1143 ± 1800 
59 ± 19  
153 / 230 
6 / 1.3 

 
216 ± 79 
 
 
6.9 ± 5.8 
828 ± 1304 
26 ± 17 
37/44 
0 (0) 

 
247 ± 105 
 
 
8.7 ± 4.6 
895 ± 809 
28 ± 18 
7/7 
1 (7.1) 

 
339 
 
 
4.6 
266 
32 
1/0 
0 (0) 

AT in the blanking interval [%] 41.5 22.0 7.1 0 

Table 1: Baseline Characteristics of the Study Population. Baseline demographic, clinical, echocardiographic, and procedural 
characteristics of the study cohort. The predominance of persistent AF and the substantial comorbidity burden are consistent with 
an advanced persistent AF population.
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Figure 1: Kaplan–Meier estimates of arrhythmia-free survival following RMN-guided catheter ablation.
(A) Freedom from atrial fi brillation (AF). (B) Freedom from supraventricular tachyarrhythmia (SVT). (C) Freedom from AF according to 
AF type (paroxysmal vs. persistent AF). (D) Freedom from AF stratifi ed according to the number of previous electrical cardioversions 
(ECVs). (E) Effect of repeat RMN-guided ablation procedures on freedom from AF.

Figure 2: Distribution of repeat ablation procedures.
Distribution of repeat catheter ablation procedures performed with (+S) or without (−S) remote magnetic navigation (RMN). Green 
shading indicates the most recent RMN-guided procedure for each patient.
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Table 2: Predictors of AF and AT Recurrence Following RMN-Guided Catheter Ablation
Univariable and multivariable analyses of predictors of atrial fi brillation (AF) and atrial tachyarrhythmia (AT) recurrence following 
RMN-guided catheter ablation. Results are presented as hazard ratios (HRs) with 95% confi dence intervals (CIs), where applicable.

  

Figure3: Roadmap for future research in AI-Based cardiac reporting.

Complications occurred in 5.0% peri-/postprocedural: 
pericardial effusion (1.0%), peri-/postprocedural stroke 
(1.3%), major groin bleeding (1.7%), AV ϐistula (0.4%), 
retroperitoneal hematoma (0.2%), ICD lead dislocation 
(0.2%), AV block (0.2%). No mortality, atrioesophageal ϐistula, 
PV stenosis, or phrenic nerve injury occurred.

Discussion
Principal fi ndings

To our knowledge, this study provides one of the 
longest follow-up analyses of RMN-guided AF ablation in a 
predominantly advanced persistent AF cohort. The principal 
ϐindings are: (1) acceptable long-term safety, (2) moderate 
single-procedure efϐicacy reϐlecting advanced atrial remodeling 
rather than limitations of RMN, (3) improved outcomes after 
repeat procedures, and (4) early recurrence as the strongest 
predictor of long-term failure.

Comparison with previous studies

The present results are consistent with previous manual 
and RMN series, demonstrating comparable 12-month AF-
free survival and conϐirming that long-term efϐicacy primarily 
reϐlects patient selection and atrial substrate complexity rather 
than catheter navigation strategy [3–7,13,20,21]. Repeat 
ablation signiϐicantly improved long-term rhythm control, in 
agreement with previous studies [7]. 

The low ϐluoroscopy time (9.1 min) conϐirms one of the 
major advantages of RMN [3,15,18–22,34], although procedure 

Alternative targets were ablated more often at repeat than 
initial procedures (39.6% vs. 11.0%).

Procedure and ϐluoroscopy duration were signiϐicantly 
shorter in repeat compared with initial RMN ablations (p < 0.01
and p = 0.027, respectively). Compared with initial vs. ϐinal 
ablations, procedure duration, ϐluoroscopy, and area dose 
product were all signiϐicantly reduced (p < 0.01, p = 0.004, 
p < 0.01). Higher CHA₂DS₂-VASc scores were associated with 
AT recurrence, suggesting that increasing comorbidity burden 
primarily reϐlects a proarrhythmic substrate rather than AF 
recurrence alone (Table 2).

Post-ablation, 99.7% received OAC; 97.4% continued AADs 
(25% β-blocker monotherapy, 75% β-blocker plus another 
AAD).
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duration remained longer than manual ablation because of the 
high proportion of advanced persistent AF, adjunctive lesion 
sets and routine Dyna-CT imaging [33]. Repeat procedures 
were signiϐicantly shorter, reϐlecting procedural simpliϐication 
and durable pulmonary vein isolation in many patients. 
Complication rates remained within the expected range for 
complex AF ablation [5,10,11,17–20,22,35]. The relatively 
high incidence of vascular access complications may in part 
be explained by the lack of routine Z-suture closure during the 
study period [35].

Recent comparisons with contact-force guided RF 
ablation demonstrated comparable clinical outcomes despite 
substantially shorter follow-up and less complex patient 
populations [29]. 

Future perspectives

The AF ablation landscape has evolved considerably 
with the introduction of contact-force guided RF ablation 
and, more recently, pulsed-ϐield ablation [26–32]. Although 
recent PFA studies have demonstrated excellent short- and 
intermediate-term outcomes, comparable very long-term data 
in patients with advanced persistent AF remain unavailable. 
Consequently, the present study provides complementary 
evidence by describing long-term RMN outcomes in one of the 
most challenging AF populations.

Within this evolving landscape, RMN should increasingly 
be regarded as a navigation platform whose value lies in 
integration with contemporary energy delivery systems 
rather than direct competition with the Consequently, the 
present study provides complementary evidence by focusing 
on long-term clinical outcomes in one of the most challenging 
AF populations. Within this evolving landscape, RMN should 
increasingly be regarded as a navigation platform whose 
value lies in integration with contemporary energy delivery 
systems rather than direct competition with them.

Technological developments including the Genesis® 
platform, novel magnetically navigable mapping catheters, 
artiϐicial intelligence-assisted navigation and future 
integration with pulsed-ϐield ablation may further improve 
procedural efϐiciency and expand the clinical applicability of 
RMN [27,28]. Prospective multicenter studies are required 
to evaluate these developments in patients with advanced 
persistent AF.

Clinical perspectives
Competency in medical knowledge

In patients with advanced persistent AF, RMN enables safe 
catheter ablation with low ϐluoroscopy exposure and durable 
rhythm control in a highly complex patient population. Early 
recurrence strongly predicts long-term failure, whereas 
repeat procedures signiϐicantly improve long-term rhythm 
control.

Translational outlook

Future RMN systems may combine robotic magnetic 
navigation with artiϐicial intelligence, advanced mapping 
technologies, and pulsed-ϐield ablation. Rather than 
representing an alternative energy source, RMN should be 
regarded as a future-ready navigation platform capable of 
integrating emerging ablation technologies.

Study limitations

This stThe study has several limitations. First, its 
retrospective single-center design may limit generalizability 
and is inherently susceptible to selection bias. Second, the study 
period (2009–2019) spans a decade during which catheter 
technology and ablation strategies evolved considerably. 
However, this long recruitment period also enabled one of 
the longest available follow-up analyses of RMN-guided AF 
ablation. Third, rhythm follow-up was based on routine clinical 
assessment rather than continuous monitoring and therefore 
asymptomatic recurrences may have been underestimated. 
Finally, this study was not designed as a direct comparison 
with contemporary contact-force guided RF or pulsed-ϐield 
ablation technologies; consequently, conclusions should be 
limited to the long-term clinical performance of RMN in a 
complex real-world cohort. 

Moreover, the predominance of patients with advanced 
persistent AF limits extrapolation of the present ϐindings to 
patients with pxAF or less advanced disease. Nevertheless, 
this highly selected population represents one of the major 
strengths of the study by providing rare very long-term real-
world data in a particularly challenging clinical setting.

Conclusion
RMN-guided catheter ablation provides acceptable 

long-term outcomes in patients with advanced persistent 
AF despite only moderate single-procedure efϐicacy, which 
primarily reϐlects advanced atrial remodeling rather than 
limitations of the navigation technology. Early recurrence 
during the blanking period is the strongest predictor of 
long-term failure, whereas repeat procedures signiϐicantly 
improve long-term rhythm outcomes. Taken together, these 
ϐindings provide unique very long-term real-world evidence 
supporting the role of RMN-guided catheter ablation in one of 
the most challenging AF populations encountered in routine 
clinical practice.

Con licts of interest: PS is a member of the advisory board 
of Abbott, Boston Scientiϐic, J&J MedTech and Medtronic. All 
other authors declare no conϐlicts of interest.

Central Illustration

Remote Magnetic Navigation for Advanced Persistent 
Atrial Fibrillation.
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Advanced persistent AF → Complex atrial substrate → 
Moderate single-procedure efϐicacy → Improved outcomes 
after repeat ablation

Key ϐindings:

• Acceptable long-term safety

• Low ϐluoroscopy exposure

• Early recurrence predicts long-term failure

• Repeat procedures improve rhythm control

Future perspective: RMN is evolving from a catheter 
steering technology into a robotic navigation platform that 
may integrate artiϐicial intelligence, advanced mapping, and 
future pulsed-ϐield ablation technologies.
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